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ABSTRACT

The purpose of this study is to develop a design method
for composite propellers for the ships. Recently, the
composite materials propeller has attracted attention from
the viewpoint of improvement of propulsive performance
and cavitation performance. The method to predict the
elastic deformation and propeller characteristic of
composite propeller with sufficient accuracy becomes an
important technology. The authors have been
investigating the method to predict propeller blade
deformation and propeller characteristic of composite
propeller by using Fluid-Structure Interaction (FSI)
analysis.
In this paper, we measured three-dimensional shape of
deformation composite model propeller by Combination
line CCD camera measurement method developed by
NMRI (National Maritime Research Institute). Then, by
performing comparison with the results of these
experiments, we enhanced the FSI analysis technique to
predict the performance of the marine propeller in nonuniform flow. Moreover, we carried out comparison of
the experimental results and FSI analysis with regard the
hydrodynamic characteristics. From these results, it was
confirmed that the present FSI analysis technique have a
sufficient accuracy for estimating hydrodynamics
characteristics and blade deformation of the marine
propeller.
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1 INTRODUCTION

Improvement of propulsive performance and the fuel
consumption of ships are strongly expected by an
international demand of the environmental friendly ecoship by the GHG (CO2) reduction. In addition, reduction
of structural vibration due to the propeller cavitation is
expected from the viewpoint of safety, livability due to
hull vibration and noise. Yamatogi et al. (2011)
performed the investigation and development of CFRP
(carbon fiber reinforced plastics) marine propellers. It is
general agreed that the composite material propeller is

expected to reduce cavitation by deforming it in
conformity with unsteady flow field variation behind the
hull, but it is not always understood how to use it for
effectively utilizing it. To design the safe and high
performance composite propellers, we need to examine
the subject more closely.
According to past studies, we studied about the twodimensional deformation about the composite model
propellers, because it was difficult to measure shape of a
propeller rotating (Taketani et al 2012 and 2013).
However, it is essential to grasp the three dimensional
shapes to evaluate the overall performance of the
composite marine propeller.
In the few years, several measurement methods have been
developed to measure shape of a propeller rotating. And
several studies have been conducted on composite model
propellers three-dimensional deformation (Gert-Jan
Zondervan, 2017).
Combination-Line CCD camera measurement method
was developed to measure cavity shapes on a model
propeller by NMRI (Hoshino et al 2004; Shiraishi et al
2017). While there are several studies on measurement of
composite model propellers deformation by the method,
there has been little result to date regarding compare with
the result of FSI.
This paper describes on the result of comparison between
the results of FSI analysis and two model tests. An
aluminum propeller and a carbon propeller were used for
model test and calculations. Both of model propellers
were measured propeller characteristics, and carbon
propeller was measured deformation by CombinationLine CCD camera measurement method in uniform flow
and simulated wake. Moreover, we have enhanced the FSI
analysis to predict performance of propeller in nonuniform flow. It was confirmed that both calculated
hydrodynamic characteristics and deformation of the
propeller blade agree well with experimental results.
We present that the developed FSI analysis becomes the
practically method of design for the composite marine
propeller with sufficient accuracy.

2 MODEL PROPELLER

An aluminum propeller A and carbon propeller B were
used for model test and calculations. Figure 1 shows
photographs of model propellers. Those propellers were
made with the same CAD model (Seiun-Maru-I’ HSP),
but propeller B which made by method of selective laser
sintering using powder of carbon was different from
intended shape. To grasp actual shape of propeller B, the
three-dimensional scan was carried out. Table 1 shows the
principal particulars and properties for the model
propellers.
In this study, the main subject is propeller B, which
causes elastic deformation when it is operated. Propeller
A is regarded as a rigid body, and it was used for test and
analysis conditions setting of propeller B.
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Where VA = flow speed; n =propeller rotational speed; D
= propeller diameter; and ρ = water density. In order to
obtain the propeller characteristics, measurements were
carried out 0.1 interval from J = 0.30 to 0.70. The
rotational speed of the propeller was set to n = 10, 15, and
22rps.

3.2 Deformation Measurement

Figure. 1 Photo of the model propellers. (Left: A, Right: B).
Table 1 Principal particulars of model propeller
A

B

Material

Aluminum

Carbon

Diameter [m]

0.250

0.250

Pitch Ratio at 0.7R

0.944

0.910

Expanded Area Ratio

0.700

0.700
0.1972

Boss Ratio

0.1972

Number of Blade

5

5

Skew Angle [deg. ]

45.00

46.90

Young’s modulus[MPa]

68000

6249

Poisson's ratio

0.33

0.44

density[kg/m^3]

2702

1100

3 EXPERIMENTS
3.1 Propeller Open Test

Propeller open test was carried out at the small towing
tank in Akishima Laboratories (Mitsui Zosen) Inc. A
propeller dynamometer was used to measure the propeller
thrust T[N], and torque Q[Nm]. The advance ratio J and
the non-dimension values of the measurement results are
defined using following equations.

J=

*

VA
nD

(1)

Propeller blade deformation measurement test was carried
out in the cavitation tunnel at NMRI. We used a
combination-Line CCD camera measurement method to
measure model propeller deformation. In this method,
scattered light generated by irradiating a laser to a
measuring object is photographed by three line CCD
cameras, and the three-dimensional position of the point
irradiated with the laser is calculated from the peak
position of each photographed image. Figure 2 shows
photographs of test arrangement.

Figure 2 Test arrangements for measurements of the model
propeller deformation.

One of the blades of propeller B was painted on surface
by white marker and used it as targets to irradiate the
laser: the blade is defined as reference blade in this paper.
The marker positions are total of 35 points, seven points
that divided the code length into eight equal parts at the
positions of 0.60R, 0.70R, 0.80R, 0.90R, 0.95R in the
radial direction. Measurements in the experiments were
made using an O-XYZ spatial coordinate system (Figure
3). A wire-meshed screen was used to conduct
experiments in a non-uniform flow. The axial wake
distribution from the screen is shown in Figure 4. In nonuniform flow, hydrodynamic characteristics varied with
time.
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The analysis proceeded as follows:
1) CFD analysis to calculate pressure distributions at the
blade surface
2) FEM analysis to calculate deformation is performed
with pressure as load condition
3) Morphing CFD mesh based on deformation data
4) Return to step 1 ) and perform CFD calculation for
deformed propeller

Figure 3 Coordinate systems of propeller.

In order to predict performance of propeller in simulated
wake flow, we enhanced FSI analysis method to unsteady
analysis. In the method, exchange of pressure and
displacement data and mesh morphing were carried out
within the time step.

Figure 4 Simulated wake contours by wire mesh.

The rotational speed of the propeller was set to n = 22rps.
First of all, we used propeller A to set the flow velocity so
that the non-dimensional propeller thrust would be KT =
0.201. Subsequently, the model propeller was replaced
with propeller B, and the deformation measurement was
performed under the same inflow condition as propeller
A. The test was carried out at six propeller phase angles:
0.0deg, 10deg, 20deg, 30deg, 40deg, and 45deg.
Also, measurement in uniform flow was carried out at two
conditions of rotational speed n = 15 and 22rps. The flow
velocity setting method was the same as in the nonuniform flow test: used propeller A to set the flow
velocity so that the non-dimensional propeller thrust
would be KT = 0.201.

On the other hand, steady state analysis was used for
performance estimation in uniform flow to reduce
calculation cost. In this method, each calculation in the
flowchart of Figure 5 obtains a steady solution and then
proceeds to the next step. STEP 1-4 were performed
iteratively until residual errors in deformation and
propeller characteristics were negligible.

4.2 Calculation in uniform flow

Figure 6 shows the calculation domains and mesh for
steady state analysis. Since a propeller rotating in a
uniform flow has n-fold symmetries equal to the number
of propeller blades, calculation was performed with a
steady analysis for one blade based on cyclic boundary
conditions. In the structural analysis, the mesh was set in
a solid model for one blade and was performed with a
static analysis under constraining the root of the propeller
blade to the propeller boss.

4 Fluid-Structure Interaction
4.1 Analysis Method

In this study, FSI analysis was performed by Two-way
coupling method by using STAR-CCM+ver11.06
(Figure 5).
STEP1.CFD
(un-deformed)

STEP2.FEM

Pressure
CFD

FEM

STEP3.Mesh Morphing

Deformation

CFD

Figure 6 Calculation domains for steady state analysis
Pressure

STEP4.CFD (deformed)

Figure 5 The calculation flow of FSI analysis.

In order to compare experimental results and propeller
characteristics, propeller rotational speed and the advance
ratio were set equal to the condition of propeller open test.

4.3 Calculation in simulated wake distribution

Figure 7 shows the calculation domains and mesh for
unsteady state analysis. The computational grid consist of
two cylindrical volume parts, one of it around propeller
was overset grid.

clear that FSI can estimate the propeller characteristics
more accurately than CFD.

Figure 7 Calculation domains for unsteady state analysis.

The object of structural analysis is five propeller blades.
Figure 8 shows comparison of the propeller surface mesh
of CFD and FEM.

Figure 9 Comparison of propeller characteristics (n=22rps).

Figure 8 Propeller surface meshes.

The rotational speed of the propeller was set equal to
condition of deformation measurement (n = 22rps).
The wake flow distribution reproduced Figure 4 and the
main flow velocity was determined using propeller A as
in the experiment. In this paper, we adapted an inflow
velocity such that the dimensionless thrust of propeller A
would be KT = 0.204. The thrust was about 1.0% larger
than the experimental result because it was difficult to
adapt the average value closely. Subsequently, calculation
was carried out in the same inflow condition to estimate
performance of propeller B. Moreover, to describe the
effect of deformation, we calculated the case of propeller
B has elasticity of aluminum.

5 RESULTS
5.1 Performance in Uniform Flow

The result of POT shown the thrust and torque of
propeller B were smaller by 20 to 30% than propeller A.
The difference in propeller characteristics of these
propellers is caused by a difference in model shape and
deformation of propeller B.
Figure 9 shows comparisons of propeller characteristic.
The results of POT and FSI are roughly in agreement. It is

In respect of propeller B, Figure 10 shows the effect of
propeller rotational speed for composite propellers
hydrodynamic characteristic. To describe the effect of
deformation, the results of POT, FSI and CFD were
shown. Both the thrust and torque coefficient decrease
with the increasing of propeller rotational speed. In the
same rotational speed, the thrust and torque coefficient
are more reduced at small J. Those tendencies have been
known as characteristics of composite propeller, see
Kawakita (2016). One explanation for such a tendency is
that the increasing of absolute value of thrust cause
deformation of composite propeller. It has been found that
deformed propeller characteristic in uniform flow could
be estimated by FSI. But the estimation accuracy of the
propeller characteristics decline at lower advance ratio.

and FSI analysis, it became possible to compare three
dimensional shapes as shown in Figure 12. The red
spheres indicate measurement results. The black spheres
indicate positions of the markers on un-deformed
propeller. These positions were obtained from threedimensional scanning of the model propeller. And the
meshes indicate propeller surface mesh (Gray: undeformed, Pink: deformed). If the mesh and markers
appear to overlap, that is shown the experiment and the
estimation results are qualitatively agreement. In the
experiment, the propeller was shown deforming such that
the blade tilts to the upstream side (-X), it is an advantage
of this visualization method that the three-dimensional
visualization is easy to imagine the deformed blade shape.
But only in Figure 12, it is difficult to compare the result
in detail, and to evaluate it. Therefore, we show another
visualization result. Figure 13 shows examples in which
marker positions were compared in x-y plane. The black
squares indicate positions of the markers on un-deformed
propeller. It can be seen from Figure 13 that the position
of blade section did not change measurably in both
condition of propeller rotational speed. The reason is that
propeller thrust and load are low at these conditions (J >
0.60). Based on the result shown in figure 10, it is
assumed that the difference of deformation under high
load is larger than these results.
Figure 10 Effect of propeller rotational speed (Circles: Exp,
Solid Lines: FSI, Broken Lines: un deformed CFD).

In order to compare with the result of deformation
measurement test, more calculation was carried out with
conditions where the non-dimensional thrust of aluminum
propeller estimated by FSI becomes KT = 0.201. Figure
11 summarizes the thrust and torque coefficient in case of
n=22rps. In case of propeller B, the accuracy of
hydrodynamic characteristic estimation was about 5.0%
in this condition.

Figure 11 Comparison of the propeller characteristics at
deformation measurement condition (n=22rps / uniform flow).

According to past studies, we compared two-dimensional
deformation with pictures. As a result of the experiment
by Combination-Line CCD camera measurement method

Figure 12 Comparison of the propeller deformation by the
three-dimensional visualization. (Black spheres: positions of
Marker , Red spheres: Exp, Gray mesh: CFD mesh, Pink
Mesh: FSI deformed mesh / n=22rps / uniform flow)

As for the calculation result, it is also possible to confirm
thrust and torque fluctuation of arbitrary one blade. Figure
15 shows comparison of the fluctuation of hydrodynamic
characteristics and inflow velocity. In this Figure, it is
clearly observed that hydrodynamic characteristics
fluctuated under the influence of inflow velocity.
The important point to observe is that the change of
hydrodynamic characteristics between two cases in
different materials of propeller B; it helps to clarify the
relationship between deformation and propeller
characteristics. We can see that hydrodynamic
characteristics of composite propeller particularly
decrease around θ < 60 deg. These results show that
propeller deformation was increased with the increasing
load around the peak of wake flow.

Figure 13 Comparison of effect of propeller rotational speed
for deformation at 0.90R x-y plane.
5.2 Performance in simulated wake distribution

Figure 14 summarizes the average value of the thrust and
torque coefficient. As mentioned earlier, the thrust
coefficient of propeller A is KT = 0.204: it was larger
than experimental result about 1.5%. Then, the torque was
also about 1.2% larger than experimental result. In case of
propeller A, hydrodynamic characteristics could be
estimated well. In respect of propeller B, calculation
result was larger than measurement result: thrust was
about +3.4%, torque was about +10.7%. Although the
accuracy of fluid force estimation by FSI analysis of
propeller B was lower than that of propeller A, relative
difference due to propeller shape and material difference
could be shown.

Figure 14 Comparison of the propeller characteristics at
deformation measurement condition (n=22rps / wake
flow).

Figure 15 Comparison of the fluctuation of hydrodynamic
characteristics and inflow velocity.

Figure 16 shows displacement of the estimated by FSI
analysis. The amount of displacement increases from the
root of the blade to the tip of the blade. It can be seen that
the deformation of the tip is particularly large when the
reference blade is at 45deg; the reference blade shown at
top of each Figure.

Figure 16 Predicted deformation contours at varying blade
angles (propeller B / Carbon).

Figure 17 shows examples in which marker positions
were compared in x-y plane. The black square indicate
positions before deformation. The colored circle, square,
triangle and diamond indicate results in each blade angle.
In the experiment, the propeller was shown deforming
such that the blade tilts to the upstream side (-X), the
same tendency obtained from calculation.

Figure 18 Comparison of relations of blade angle and
deformation (Circles: Exp, Lines: FSI ).
6 CONCLUSIONS

Figure 17 Comparison of effect of blade angle for
deformation at 0.90R x-y plane.

To clarify the relationship between deformation and blade
angle, the deformation in the direction of x axis caused by
the difference in the propeller blade angle was confirmed
on several positions. Figure 18 shows comparison of
relations of blade angle and deformation. The legend is a
marker name numbered 1 to 7 from the trailing edge side
to the leading edge side, and 4 markers of each cross
section were compared. The white circle shows the
experimental results, the solid line shows the calculation
results, and the two results were shown to be in agreement
in general. Deformation increased as the blade angle
increased from 0 to approximately 40 degrees of the blade
angle, and deformation decreased at 45 degrees after
reaching the maximum value. The skew angle of the
propeller B is about 47 degrees. These facts suggested
that the maximum deformation occurred at the angle
position of the blade tip around the peak of the wake flow.

In this paper, we measured three-dimensional shapes of
deformed composite model propeller by CombinationLine CCD camera measurement method, and have
enhanced the FSI analysis to predict performance in nonuniform wake and compared with these results of
experiments. It has been found that deformed propeller
characteristic could be estimated relatively well by FSI
analysis, both in uniform flow and non-uniform flow.
As a result of the experiment and FSI analysis, we
observed the behavior of elastic deformed model
propeller operating with periodic shape change, the
calculated hydrodynamic characteristics and deformation
of propeller blade surface agree well with experimental
results. The objective of this paper is to verify accuracy
of developed FSI analysis by comparing the calculated
results to the experimental results, and it was achieved. It
seems reasonable to conclude that the developed FSI
analysis can be used as a concrete method of design for
the composite marine propeller.
In a future work, we will try to apply the methodology to
various propeller shapes and materials, and accumulate
achievements.

REFERENCES

propellers, Fifth International Symposium on Marine
Propulsions, Espoo, Finland.

Yamatogi, T., Murayama, H., Uzawa, K., Mishima, T. &
Ishihara, Y. (2011). Study on Composite Material
Marine Propellers, Marine engineering: journal of the
Japan Institution of Marine Engineering, 46(3), 330340

Hoshino, K. and Tamura, K. (2004). Development of
Three-Dimensional Shape Measurement Method of
the Object in Water, OCEANS ’04.MTTS/IEEE
TECHNO-OCEAN’04, Vol.3.

Taketani, T., Ando, S., Kimura, K. & Yamamoto, K.
(2012) . Study on cavitation behavior of a composite
hydrofoil blade. The 16th Symposium on Cavitation,
Kanazawa, Japan.

Shiraishi, S., Sawada, Y. & Hoshino, K (2017). Cavity
Shape Measurement Using Combination-Line CCD
Camera Measurement Method, Fifth International
Symposium on Marine Propulsions, Espoo, Finland.

Taketani, T., Ando, S., Kimura, K. & Yamamoto, K.
(2013). Study on Performance of a Ship Propeller
Using a Composite Material, Third International
Symposium on Marine Propulsions, Launceston,
Tasmania, Australia.

Kawakita, C et.al. (2016). Experimental Study on
Hydrodynamic Performance of the Flexible
Composite Marine Propeller, Conference proceedings,
the Japan Society of Naval Architects and Ocean
Engineers,(22)

Gert-Jan Zondervan et.al. (2017). Hydrodynamic design
and model testing techniques for composite ship

