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Abstract

In the maritime world, carbon composite material has been used as a propeller on ships. Research on the use of carbon composite materials began
in the early 2000s. With features including reduced cavitation and pressure fluctuations, improved acoustic attenuation, corrosion resistance,
lower maintenance costs, enhanced efficiency, and longer propulsion system service life, carbon composite materials offer several benefits. The
propeller’s strength and performance should increase with the use of carbon composite materials. This research uses the Fluid Structure Interaction
method by conducting computational fluid dynamic simulations followed by finite element analysis. This study analyzed the deformation and
stress on the propeller blades by comparing epoxy carbon fiber that was woven and unidirectional with quasi-isotropic laminate; additionally, it
will be compared with other metal materials like bronze, titanium alloy, and copper alloy. Through the process of study and observation of the
numerically derived data, which represent the propeller blade’s maximum deformation and equivalent stress. By comparing two types of carbon
fiber, it can be analyzed from the results of maximum deformation and equivalent (Von-Mises) stress using the fluid structure interaction method.
The results show that the epoxy carbon fiber is five times lighter than the copper alloy material, and the stress distribution has a similar pattern, but

the deformation results of the two epoxy carbon fiber materials differ from those of the metal materials.
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1. Introduction

Composite propellers are more technologically advanced
than traditional metal propellers because they have
better acoustic attenuation, less cavitation and pressure
fluctuations, less magnetic interference, lower maintenance
costs, and longer propulsion system service lives. Examples
of these composite propellers are those made of manganese-
nickel-aluminum bronze and nickel-aluminum bronze [1-3].
Aside from all of these advantages, a particular alignment of
the fibers can improve the propeller’s flexibility and weight-
carrying capacity. This prevents flapping by enabling
the propeller to autonomously modify its form based on
flow conditions and rotational speed [4]. A computational
fluid dynamics (CFDs) approach was used for a number
of propeller analyses, such as determining how a pre-duct
affects ships with Propeller-Hull Interactions, altering the
trailing edge shape to make it less likely to singe, assessing
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the propeller’s performance, and using numerical methods to
find cavitation noise in marine skew propellers [5-7].

The propeller’s complex shape and loading conditions make
structural analysis challenging. The propeller’s structure can
be studied using two main methods: analytical techniques
and numerical analysis. The theories of curved beams,
plates, and shells, and Taylor’s approach, are examples of
analytical techniques [8]. The numerical method computes
the displacement and stresses quantitatively using finite
element method (FEM) solvers [9]. Researchers at Bureau
Veritas, a classification society, have recently developed an
analytical method tailored to composite propellers. Based on
the cantilever beam method, this method produces findings
that are quite similar to numerical ones [10]. Compared
with numerical methods, the ten analytical methods are
faster, simpler, and easier to use. However, because of the
assumptions made to simplify the problem, the solutions
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are less precise. On the other hand, numerical procedures
produce greater precision but require more time and money
to process computationally.

Using the commercial program ANSYS Workbench, we
investigated the hydrodynamic and structural characteristics
of a large screw, seven-bladed composite propeller. Their
findings demonstrated that it is critical to consider the effects
of FSI when analyzing flexible composite propellers [11].
Using numerical modeling in one-way coupled situations,
it is possible to forecast the fatigue life of the two naval
propellers. In addition, they used coupled FSI assessments
for various currently used materials, including stainless steel
and aluminum alloy [12]. The bidirectional FSIs of glass
fiber composite propellers and nickel-aluminum bronze
propellers is calculated using finite element software and
CFDs based on viscous flow theory [13]. Numerous studies
that evaluated copper and composite propellers discovered
that the latter are more vulnerable to hydrodynamic loads
[14-16].

Propeller blades can be made of a composite material
consisting of fibers and resin to lessen the cavitation impact
(up to 70 percent) [17]. Composite materials can decrease
cavitation damage while simultaneously enhancing fatigue
resistance, corrosion resistance, and damping performance
[18]. After several studies on the potential of carbon fiber
in marine propellers, many more potentials need to be
investigated. One such potential is the use of carbon fiber in
patrol boats or fast boats, for which the stress on the material
when it meets the pressure generated by the rotating propeller
needs to be examined. As a result, CFDs and lifting surface
theory can be used to assess thrust performance. Metallic
materials such as bronze, titanium alloy, and copper alloy
will be used for comparison.

2. Methodology

2.1. Geometrical Propeller B-5 Series

This study used the Wageningen B-5 Series propeller. An
illustration of the propeller geometry can be seen in Figure 1.

Leading edge

%

re surface.

—

Suction surface

Figure 1. Geometry of the propeller B-5 series

Data can be found in Table 1, and it will be used as a research
object for analyzing their effect using CFD simulation using
the Open Water Test method from J=0 until J=1. By using
this method, the pressure distribution will be produced on the
propeller blade. In this study, only one blade representing the
propeller will be analyzed. The blade model on the propeller
is in Figure 2.

Table 1. Geometrical parameters of the propeller B-5 series

Parameter Value
Diameter (mm) 290
AE/AO 1.05
P/D 1.1
Propeller Orientation Right-hand Rotation
Number of Blades (Z) 5
Rotational Speed (RPM) 600

Figure 2. Geometry of the blade propeller

2.2. Propeller Theory

Hydrodynamic characteristics are a set of dimensionless
coefficients that express a propeller’s relative performance
with respect to its mechanical attributes and fluid conditions.
These parameters were designed to allow different propeller
sizes and types to be compared. The propeller model was
tested in open water to determine the intrinsic propeller
performance while the ship was moving forward without the
distribution of the ship. The terms thrust (T), torque (Q), and
efficiency (1) are frequently used to describe the CFD results.
With the torque coefficient (KQ) and thrust coefficient (KT)
dimensionless and plotted against the advance ratio, the
performance statistics are given in (J). The following non-
dimensional terms are used to express the performance [19]:

T

k= pn2D* ey
Q
Ka = Sn2ps @)

where n is the speed at which the propeller rotates, the
propeller diameter is D, the fluid density is r, T is thrust, and
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Q is torque. Furthermore, the advance ratio J, a dimensionless
coefficient, is used to show the ratio of propeller speed Va to
propeller tip speed:

A

nD
Finally, the propeller’s open-water efficiency can be calculated
as follows:

_J ke 4)
" 2nK,

3)

n

where p is the water density, n the number of propeller
rotations per second (RPS)D is D the propeller diameter, and
va represents water advance velocity (m/s).

2.3. Hydrodynamic Analysis

The flow around a marine propeller was effectively solved
using Fluent, an unstructured mesh finite volume solution.
The finite volume method applies Newton’s second law in
a model of fluid flow. The problem was resolved using the
linear momentum conservation principle in the global Navier-
Stokes equation. A few identities that are highly helpful for
converting an equation of conservation for a quantity per unit
mass to a quantity per unit volume can be derived using mass
conservation.

Continuity equation:

dpA DA
T L VpAy = p— )
at PAY =Py
RANS equation:

T = pfi + 0 0x [ poij +u Gt o)~ pufr]  (6)
PY 5 =pfi xj | —pbij “(axj o) Pl

The variables S, pui for liquid density, kg/mm?, p for turbulent
viscosity, and p for static pressure, measured in Pa, are all
related to the Reynolds stress term. The rotating coordinate
system of the propeller is used in the computation, which is
performed under stable conditions. The governing equations
are the incompressible Newtonian fluid continuity equation
and the Reynolds-averaged Navier-Stokes equations. Fluent
version 2021 R2, a commercial CFD package, was used as
the solver. The following equations express the k-e Shear
Stress Transfer (SST) turbulence model used in this study:

Dk 0 ug\ 0k
-2 [ i — e — 7
P Dt  0dx; [(H + Jk> 6xi] i+ Gy = pe =Yy @
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where k represents the energy of turbulent kinetics, reflects
the rate of turbulent dissipation, is the amount of kinetic

energy that is turbulent due to buoyancy, and is the energy

released during turbulent turbulence when a fluid particle’s
average velocity gradient changes. While the constant
coefficients are C,, C,, and C,, YM denotes the influence
of turbulent fluctuation expansion on the overall dissipation
rate. The viscosity coefficient of the turbulence is represented
by. Open-water numerical models were used to determine the
propeller’s hydrodynamic and hydroacoustic characteristics,
which were later confirmed by the propeller’s hydrodynamic
performance [20]. The current computational approach for
forecasting the hydrodynamic performance of cavitating and
non-cavitating propellers in open water situations is accurate
and reliable [21].

The hydrodynamics of propellers are computed numerically
and contrasted with available experimental data. Then, the
propeller’s hydrodynamic force is applied using the finite
element approach in open water, and the axial strain and
corresponding force of propellers made of various materials
are calculated along with their size and distribution.
This information can serve as a theoretical foundation for
propeller design optimization [22].

2.4. Boundary Conditions

CFDs modeling of open water tests serves as the boundary
condition for this study. There are B-5 propellers, rotating
domains, and static domains in these boundary conditions.
And condition the position of the intake and outlet of the
seawater. Compared with employing a reduced scale, the
results are more accurate when the size of the modeling is
made in accordance with the original or true scale, which
brings the modeling closer to real conditions.

Three domains are identified in the initial development of
this boundary condition: rotating domain, static domain, and
propeller with hub. The static and rotating domains were
originally joined to create space for the rotating domain.
Because this domain is fluid, it is essentially used as a stream
of water. Use vacuum or empty domains in static domains
with hubs and rotating domains themselves to replicate open-
water testing conditions found in real life. Figure 3 shows a
comprehensive domain determination.

Velocity-inlet is the zone name that has been set on the
meshing and previously in the inlet boundary conditions.

Static Domain Rotating Domain

Inlet ‘ ™~

I

| \

| \ 4
|

|

4D 3D

Figure 3. Geometry of the computational domain of the B-5
propeller
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Therefore, it is filled in by inputting the flow velocity value
in meters per second (m/s). In this case, the speed value is
derived from the value of Va (advanced Velocity). Va can
be a parameter that is entered as the initial Va at a speed of
0 m/s because this open-water test inputs variations in the
value of Va based on the value of J.

Since this output is the consequence of the propeller’s
motion, the pressure at the outlet is set to 0, and the CFD
solver computes the value. Considering that the propeller’s
diameter is four times the outlet’'s maximum seawater
discharge. Fluent adapts to 1 atm conditions for operational
conditions. The mesh configuration on the propeller and the
domain is shown in Figure 4.

2.5. Fluid Structure Interaction

Therefore, loads and stresses must be computed
simultaneously using hydrodynamic and structural analyses
to precisely predict the performance of composite propellers.
This relationship is called fluid-structure interaction analysis
[23].

Inthe third section, the propeller hydrodynamics are estimated
numerically. In contrast to the experimental evidence that
has been published. The strength research and computation
are then completed by applying the hydrodynamic force to
the propeller using the FEM.

Utilizing the fluid-solid interaction analysis methodology,
which combines a CFD approach based on the RANS
equation with a FEM method for composite structures, the
composite propeller’s mechanical performance analysis
is finished. Using the pressure-based solver and the k-w
SST model, the CFD technique analyzes the propeller’s
hydrodynamic performance in all simulations. A fluid-solid
interface is how the blade’s surface is set up.

2.6. Materials Assignment

The material used in this study is epoxy carbon fiber, with two
comparisons, namely unidirectional and woven fabric. First,
epoxy (EP) matrix, high-strength carbon fiber unidirectional
tape prepreg, quasi-isotropic laminate (0/+45/-45/90) s
(unidirectional tape prepreg, fiber Vf: 0.55-0.65, autoclave
cure at 115-180 °C, 7-6 bar) (Table 2).

Figure 4. Meshing configuration of the B-5 propeller

Second material, epoxy (EP) matrix, high-strength carbon
fiber woven fabric prepreg, quasi-isotropic laminate
(0/90/+45/-45) s (woven fabric prepreg, fiber Vf: 0.48-
0.58, autoclave cure at 120-180 °C, 6-7 bar). The material
properties can be seen in Table 3, these two materials will
also be compared with two other materials such as titanium
alloy and copper alloy. The properties of the materials are
shown in the table below. Therefore, in this analysis, 2 of
the lightest carbon fiber materials were taken, namely epoxy
carbon fiber UD and epoxy carbon fiber Woven with mass of
8.65E-02 kg and 8.71E-02 kg respectively. When compared
to metallic materials such as copper alloys with non-metallic
materials such as epoxy carbon fiber UD, obtained a ratio
value of 1: 5. The material comparison is illustrated in
Figure 5.

a) - ’
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P
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% % ) @ %

Figure 5. Pressure distribution on a) pressure surface and b)
suction surface
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3. Results and Discussion

The B-5 propeller was subjected to CFDs simulations. A
sequence of modifications, ranging from J=0 to J=1, yielded
pressure distribution data on the propeller, with particular
attention paid to the blade, which will require additional
analysis to determine the impact of the pressure on the
material on the blade.

The results of the open-water simulation with the CFD
method obtained results in the form of pressure distribution,
which will then be used as input from structural analysis.
Figure 6 shows the pressure distribution that was produced
by the CFD simulation. with a pressure surface and a suction.
Furthermore, data analysis was carried out by comparing
the simulation results on open water with the CFDs method
with data on the Wageningen B-Series Propellers curve. The
results are obtained in Figure 7. Experimental data were
obtained using calculations to validate numerical results.
Non-dimensional thrust and torque coefficients, efficiency
values, and cavity patterns on the blades are examples of
such parameters.

Table 2. Carbon fiber Ply angle

Unidirectional tape prepreg Woven fabric prepreg
0 Ply 0 Ply
+45 Ply 90 Ply
-45 Ply +45 Ply
90 Ply -45 Ply

Testing by comparing several lightweight materials like
carbon fiber has been carried out. This is useful for choosing
the lightest carbon fiber material and will be used as a sample
in this study. There are metallic and non-metallic materials
such as bronze, titanium alloy, copper alloy, epoxy carbon
fiber UD, and epoxy carbon fiber Woven and carbon fiber.

Therefore, in this analysis, two of the lightest carbon fiber

materials were taken, namely, epoxy carbon fiber UD and
epoxy carbon fiber Woven, with masses of 8.65 E-02 kg

1
| . x—--KT

- X— - 10KQ
- x---no

0,8 — O 10KQ CFD

—— no CFD

0,6

KT, 10KQ, n

0,4

0,2

] 0,2 0,4 0,6 0,8 1

J (advance coefficient)

Figure 6. Open-water test comparisons between the numerical and
experimental results for propeller propulsion performance

Table 3. Properties of material assignment (ANSYS engineering data)

Properties of the materials Composite, epoxy/CF, UD prepreg, QI Composite, epoxy/CF, woven prepreg, QI
Density 1565 kg/mm?3 1575 kg/mm?3
Young’s modulus 5.465e+10 Pa 4.616e+10 Pa
Poisson’s ratio 0.306 0.337
Bulk modulus 4.695e+10 Pa 4.7198e+10 Pa
Shear modulus 2.0923e+10 Pa 1.7263e+10 Pa
Isotropic secant coefficient of thermal 1.2036-06 1°C 1976-05 1/°C
expansion
Tensile ultimate strength 6.667e+08 Pa 5.402e+08 Pa
Tensile yield strength 6.667e+08 Pa 5.402e+08 Pa
Properties of the materials Titanium alloy Copper alloy
Density 4620 kg/mm3 8300 kg/mm3
Young’s modulus 9.6e+10 Pa I.le+11 Pa
Poisson’s ratio 0.36 0.34
Bulk modulus 1.1429e+11 Pa 1.1458e+11 Pa
Shear modulus 3.5294e+10 Pa 4.1045e+10 Pa
Isotropic secant coefﬁcient of thermal 9.46-06 1°C 1.8¢-05 1°C
expansion
Tensile ultimate strength 1.07e+09 Pa 4.3e+08 Pa
Tensile yield strength 9.3e+08 Pa 2.8e+08 Pa
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Figure 7. Material weight comparison of propeller blades

and 8.71 E-02 kg, respectively. When compared to metallic
materials such as copper alloys with non-metallic materials
such as epoxy carbon fiber UD, a ratio value of 1:5 was
obtained.

Two varieties of carbon fiber were used in this investigation
for each parameter by the result of. Using materials that
have been dispersed in CFD simulations as pressure loads
on open-water tests at values J=0 to J=1, the first parameter
simulates testing with loads in the form of pressure. Epoxy
carbon fiber UD and epoxy carbon fiber Woven are the
materials. In addition, the outcomes of both material types
will be shown in J values in accordance with the ship’s
operating conditions.

3.1. Blade Deformation

The results of these two materials are compared with the
deformation of two metallic materials, titanium alloy and
copper alloy, as a reference for comparison of the total
deformation values. In Figure 8, compared to four materials

7,E-05

—a— Carbon Fiber UD
—o— Carbon Fiber Woven

6,E-05 —— Titanium Alloy

——o— Copper Alloy

5,E-05

4,E-05

Max Deformation (m)

3,E-05

2,E-05

1,E-05
0,4 0,5 0,6 0,7 0,8
J (advance coefficient)

Figure 8. Maximum deformation curve

in the curve in the range of J=0.4-0.8. From metallic
materials, the deformation value of copper alloy is smaller
than that of titanium alloy, while in non-metallic materials,
the deformation value of the epoxy carbon fiber UD material
is lower than that of the epoxy carbon fiber Woven. In
general, both non-metallic materials have a relatively similar
deformation trend when compared to metallic materials; in
other words, these non-metallic materials have a reasonable
deformation value because of their properties.

Deformation on the blade is then analyzed on the basis of the
blade section, with a range of numbers 1-15 corresponding
to Figure 9. Starting from blade section 1 is the largest
deformation value, then continuing down until blade section
15 is the smallest value. On the curve, the deformation
value is displayed on the basis of the blade section for four
comparison materials. The curve in metallic materials tends
to slope compared with non-metallic materials or carbon
fibers, which have a significant difference in deformation
values in each blade section. Of course, this is a consideration
in analyzing propellers with carbon fiber material using
metallic material references. This is only limited to analyzing
and detailing the results of blade deformation in the adjusted
section, and the deformation results will be displayed in the
form of contour only.

Figure 9. Blade section of the propeller

Furthermore, the results of this deformation are depicted
on Figure 10-14 illustrates how variations in the form of
carbon fibers impact the strength of the blades under load,
causing these two materials maximum total deformation
at the blade tips to differ. From the results of structural
analysis with a fluid structure interaction approach, the
largest deformation value was obtained in epoxy carbon
fiber woven material at a value of J=0.4 of 6.81E-O5m.
and the lowest deformation value was in copper alloy
material at J=0.8 of 1.34E-05m. When compared to
non-metallic materials, the deformation value of epoxy
carbon fiber UD is quite low, with a difference of
4.44E-06m, compared to epoxy carbon fiber woven at J=0.8.
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Figure 10. Maximum deformation by blade section at J=0.6
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Figure 11. Maximum deformation c/f UD at J=0.6
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Figure 12. Maximum deformation c/f woven at J=0.6
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Figure 13. Maximum deformation c/f UD J=0.7
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Figure 14. Maximum deformation c/f woven at J=0.8

It is clear from the data in the table and curve that woven and
carbon fiber UD deformation is significantly greater than
that of metallic materials like copper and titanium alloys.

Maximum blade deformation occurs in a carbon fiber woven
material, with an illustration of comparison with solid
materials that do not deform according to the illustration in
Figure 15.

Blade stress analysis was carried out by inputting data from
the results of the open water test in the form of pressure at
conditions J=0.4 to J=0.8. Figure 16 illustrates how the data
comparison is produced as a curve. The curve above show
that UD carbon fiber has a low value, ranging from J=0.4
to J=0.8. This suggests that these two materials respond
differently to loads.The results of equivalent (von-misses)
stress tend to be identical in results. each J value. For carbon
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fiber materials, there is a maximum equivalent (von-misses)
stress that is different from the two materials above. The
difference occurs with a fairly large difference in value
between 4.43E+06 Pa and 4.51E+06 Pa, the minimum value
between 37170 Pa and 41713 Pa. This greater value for the
carbon fiber woven material indicates that the response to
the load received by this material has a greater value. Here,
there is a difference between the maximum value and the
minimum value.

Additionally, the maximum equivalent (von-misses) stress
values for metallic materials values of maximum equivalent

Deformed blade

/

Undeformed blade

N

Figure 15. Undeformed and deformed blade carbon fiber woven
material under maximum load

0: Compasite. Epoxy/CF, UD prepreg. QI
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit; Pa

Time: 1
12/13/2023 207PM

4.435e0 Max
H Saucnec
3457766

20636
248006
199176
150316
1.0145¢6
5.2581e5
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a. Carbon Fiber UD

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 15
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4512666 Max
B 401506

1510106

3022366
2525626
202886
15326
1035366
5384865

41713

b. Carbon Fiber Woven

Figure 17. Equivalent (von-misses) stress at J=0.6
carbon fiber materials, suction surface

(von-misses) stress are 4.60E+06 Pa and 4.52E+06 Pa
respectively and minimum values are 32870 Pa for Titanium
Alloy and 33482 Pa for Copper Alloy. Compared with
previous results at J=0.6, the minimum stress distribution
value has a relatively small difference. At both the pressure
surface and suction surface positions, which are dominated
by the minimal stress value throughout nearly the entire
blade surface, the stress distribution patterns in the image
are identical to one another. Figure 17 to Figure 20 illustrates
the difference in maximum equivalent (von-misses) stress

—a— Carbon Fiber UD
6,E+06 y
. —o— Carbon Fiber Woven

—o— Titanium Alloy

—o— Copper Alloy

5,E+06

5,E+06

4,E+06

4,E+06

Maximum Equivalent (Von-Mises) Stress (Pa)

3,E+06

3,E+06

0,4 0,45 0,5 0,55 0,6 0,65 0,7 0,75 0,8
J (advance coefficient)

Figure 16. Maximum equivalent (von-misses) stress curve
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L 251566
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1274266
8604565
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Def Scale Factor; B.2e +
12/19/202312:38PM

3604006 Max
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Figure 18. Equivalent (von-misses) stress at J=0.6
metallic materials suction surface
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17170 Min,

a. Carbon Fiber UD

b. Carbon Fiber Woven

Figure 19. Equivalent (von-misses) stress at J=0.6
carbon fiber materials, pressure surface

in carbon fiber UD and carbon fiber woven materials by
comparing them with metallic materials such as titanium
alloy and copper alloy. The stress distribution on the UD
carbon fiber material is often smaller than that on the woven
carbon fiber material.

The equivalent (von-misses) stress results at J=0.6 for both
materials tend to follow the same pattern at the propeller’s
pressure and suction surface locations, with the minimal
stress distribution coefficient being the determining factor.
Looking at Table 2, it is clear that the maximum equivalent
(von-misses) stress can still be tolerated; therefore, even if it
is at the bottom of the limit, it iS not an issue.

4. Conclusion

In this study, a series of simulations on the use of carbon fiber
in a B-5 propeller were carried out. The research has been
completed with the following conclusions. From the results
of the comparison of metallic and non-metallic materials, it
can be concluded that the mass of the blade for epoxy carbon
fiber material, both UD and woven, is five times lighter than
that of copper alloy material, which has the advantage of the
mass of the blade material being much lighter.

Thus, the use of this material can certainly be an alternative
choice of material in marine propellers. It can be concluded

c. Titanium Alloy

d. Copper Alloy

Figure 20. Equivalent (von-misses) stress at J=0.6
metallic materials, pressure surface

that the epoxy carbon UD material is better and has a low
deformation and equivalent (Von-Mises) stress value when
compared to epoxy carbon fiber woven material. It is highly
recommended to use the epoxy carbon UD prepreg material
for marine propeller use. Deformation of the blade is caused
by the pressure received by the propeller blade, so the
influence of pressure affects the value of deformation in the
blade. This can be used as a further analysis of the optimum
design laminate of carbon fiber on the blade propeller.

Of course, this research can still be developed further
by examining how deformation or deflection affects the
propeller’s operational efficiency, whether the effects of
deformation interfere with performance or can increase
the energy efficiency of the propeller, or in other words,
improve the performance of the propeller compared to
general propeller materials. Additionally, deformation of
the propeller blades will result in deflections, which will
undoubtedly impair the marine propeller’s operational
performance in future analysis.

In addition, the deformation of the propeller will result in
deflection, which will undoubtedly affect the operational
performance of the marine propeller, whether to further
increase or decrease the propeller’s performance in future
analysis.
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