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Abstract -- In the presence of hydrodynamics phenomena occur surrounding propeller evidently affects
accuracy’s prediction of thrust, torque and its efficiency. A Computational Fluid Dynamics (CFD)
simulations approach is proposed to obtain a reliable prediction of the thrust (Kt), torque (Kg), and
efficiency (n) coefficients in an open water conditions. The effect of various blade numbers associated
with constant propeller revolution (RPM=1320) and pitch ratio (P/D=1.0); is performed within the range
of advance ratio from 0.1<J<1.0. The results revealed that the increase of blade number from Z=3to 5
was proportional to the increase of thrust (K1) and torque (Kq) coefficients; meanwhile, it was reduced
the maximum efficiency (n) that possibly lead to downgrading the propeller performance. It should be
noted here, the propeller with three blade numbers (Z=3) provides the highest efficiency (n) up to 78.8%
at J=0.9. These CFD simulation results are very useful as a preliminary study of propeller characteristics.
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INTRODUCTION

The evolution from the fan blades idea has
been successfully modified and explored to be a
new generation of screw propeller by the ship
propulsion engineer many years ago. Along with
the advancement of the screw propeller, various
shapes, sizes, angles, and the thickness of the
propeller have been created to obtain a matched
propeller design with the hull’s physical and its
operating profile [1].

Marine propeller also has a major influence
on converting deliver power from the main engine
to achieve the required thrust horsepower (THP).
The poor propeller quantities resulted in the
inadequate propeller performance will lead to
negative effects during its operation, such as
propeller slip and cavitation problem [2]. To
estimate an adequate propeller configuration, a
preliminary prediction of propeller performance
open water was highly required.

Several researchers have investigated the
propeller performance using theoretical and
experimental approaches. The theoretical
prediction of propeller performance was
conducted via circulation or lifting line theory [3, 4,
5]. However, applying the theoretical approach

has been offered disadvantages and impractical to
predict the propeller performance due to neglect a
few parameters. Meanwhile, the different method
was employed using modeling test by Arazgaldi et
al. [6], Taheri and Mazaheri [7] and Elghorab et al.
[8] at towing tank and cavitation channel. The
experimental method produces a lot of
advantages that will create an actual flow situation
and obtain an accurate prediction of propeller
performance. However, this method approach
also offered disadvantages in terms of a time-
consuming process, an expensive and complex
procedure for various test configurations [9].
According to [10, 11, 12], the Computational Fluid
Dynamics (CFD) simulation offered several
advantages such as allow to simulate using actual
and model geometry scale. Reliable prediction
results in the extreme condition of the fluid flow
and also have a good agreement with
experimental data. Therefore, the CFD method
has been recommended to be an alternate
solution to predict the propeller performance.
This paper presents a CFD simulation
approach to analyze the effect of blades number
on propeller performance in the open water. The
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simulation here is conducted on NUMECA
Fine™/Turbo. This software is utilized by grid
generation, flow solver, and post-processing
capabilities. The package of CFD, including
Autogrid5™ to generate fully hexahedral grid
generation, 3D Reynolds Averaged Euler and
Navier Stokes flow solver and CFView™ as a
post-processing module to visualize the results
[13]. In this computational simulation, several
numbers of blades are considered, and the result
of Kr, Ko, and n has been comprehensively
discussed by visualizing the magnitude of scalar
torque and static pressure.

THEORETICAL BACKGROUND
Governing Equation

The cornerstone of computational fluid
dynamics application, there is consists of
fundamental mathematical equations such as
continuity, momentum, and energy conservation
equation. CFD flow solver (ISIS-CFD) on Numeca
Fine™/Turbo was based on the incompressible
unsteady Reynolds-Averaged Navier-Stokes
equation (URANSE) in which the solver applied
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where p is the static pressure, gjis the gravitational
acceleration, F;is an external body force in an
averaged Cartesian component of the velocity-
vector in jth direction (i=1,2,3), and ¢; is the
Kronecker delta and is equal to unity i = j and zero
when j % j.

Turbulence Model
During the simulation, a simple one-
equation model has relatively applied to compute
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The eddy viscosity and damping function are
defined as Equations (4) and (5), respectively.
Where,
x — 2 and the kinematic viscosity v = ;/p.
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It should be noted here that the best practice in
turbulence model quantities by considering an
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the Finite Volume Method (FVM) for representing
the inflow and outflow areas, where the fluid flow
is well behaved.

Conservation Equation
CFD simulation consists of fundamental

mathematical equations such as continuity,
momentum, and energy conservation equation.
The mass continuity equation in conservation form
is based on the steady and constant density of
incompressible flows was presented in Equation
(1). Here, the p is the density, y; is the averaged
Cartesian components of the velocity-vector in jth
direction (i =1, 2, 3) [14].

ad 1
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When the fluid element was moving, the net force
on the fluid element equals its mass times the
acceleration of the element. Therefore, the global
Navier-Stokes equation applied the principle of the
linear momentum conservation to solve the
problem as expressed in Equation (2).

2

rotating motions of the propeller. The Spalart-
Allmaras transports equation model made for
eddy viscosity and not required finer grid
resolution to capture the velocity field gradients
with algebraic models [15, 16, 17, 18]. For external
flow application, the kinematic turbulent v; (m2/s)
in this model can be specified and estimate based
on the assumptions, v,/v = 1 [12]. Here, the
transport model for the working variable is shown
in Equation (3).

+ Cp1 PWT — Cyr fin (5) )

appropriate grid to estimate the cell meshing size,
ywan @S Written in Equation (6).

=7 1

Ywar = 6(h) : (Lr_ef)s)’1+ ©)
v 2
Note that the reference velocity, I/.; can be
taken from the body velocity. The reference
length, L,.; should be based on the body length
since the estimation of the boundary layer
thickness is implied in this calculation.
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Hydrodynamics Theory of Propeller

The propeller performance in open water
was examined by quantified the thrust (&7), torque
(Ko, and efficiency (7) coefficients to plot against
the advance ratio (J). The dimensionless
guantities are defined as Equations (7)-(10) [19].

= ¥
Ky = /% ®)
Ko= 25 ©
"= (10)

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

SIMULATION CONDITIONS
Propeller Particular

The principal dimension of the propeller is
clearly shown in Table 1.

Pressure
Outlet

Table 1. Principle dimensions of the propeller
Geometrical

Full Scale Model Scale
parameters

Diameter (mm) 3650 119.25
AE/AO 0.695 0.695
P/D 1.013 1.013
Pitch (mm) 3697.45 120.83
Scale 1:30.6

(P)rrci)é)rftlzla?iron Right-hand rotation

Simulation Parameter

In the CFD simulation, there are three
different numbers of propeller blades considered
with constant propeller rotation, 1320 RPM, and
P/D = 1.0, as summarized in Table 2.

Table 2. Matrix of computational fluid dynamics

solutions
Number of Blades (2)

RPM Z=3 7=4 Z=5
1380 N Ni Ni
Computational Domain and Boundary

Conditions
The CFD simulation in NUMECA

Fine™/Turbo begins with generating an automatic
hexahedral structure grid using AutoGrid5™ tools
and several steps to complete the meshing
process, such as blades raw type configuration,
periodicity number, rotational speed, spanwise
grid point number, and wall cell width. These steps
required to generate domain as presented in
Figure 1.

Velocity
Inlet

Figure 1. Domain generation of local refinement for velocity inlet and pressure outlet flow direction

The meshing generation should generate
surface mesh without any negative cells in a
quality report in order to proceed to the simulation

setup. The rounded streamwise O4H grid topology
type with 97 grid points in the pitchwise direction
has been selected according to the geometry
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configuration and grid level [12]. In this case, the
turbulence model by the one-equation Spalart-
Allmaras model has been applied. The boundary
condition was used to set the inlet velocity of the
fluid flow and the rotational speed for rotating
machinery. This solution serves using the medium
grid with 2.8 million total number of cells meshing.
The convergence criteria considered here require

Pressure
view

Suction
view

a full stabilization of the global quantities, axial
thrust, and torque on blades surface [20]. In the
final stage of the CFD simulation, a package
software in CFView™ was used to visualize the
scalar torque and static pressure for all various
configurations of the propeller, as displayed in
Figure 2.

Scalar Torque (N.m)
80

60

Side view

Perspective view

-80

Figure 2. Scalar torque contour visualization for Z=4, J=0.5, RPM=1320

RESULTS AND DISCUSSION

The analyses for B-series propeller
characteristics in the various blade numbers have
been presented and clearly discussed.
Computational Fluid Dynamics (CFD) was utilized
to quantify the value of torque, thrust, and
efficiency coefficients, as displayed in Figure 3.
Regardless of blade number, the torque and thrust
coefficients have gradually reduced with respect
to the increase of advance ratio from J=0.1 up to
1.0. This results analysis was reasonable since
the increases in the advance ratio will reduce the
drag force on the blade surfaces [21]. As shown in
Figure 4, the higher scalar torque value (orange

0.7

color) decreased as the advance ratio increased.
Furthermore, the efficiency coefficient has
relatively increased at a low advanced ratio and
decreases at a high advance ratio. With respect to
the four blade numbers (Z=4), the efficiency
increased within the range of 0.10<J<0.80 and
drastically decreased at J>0.80. This is similar to
what was reported by Colley [22] and Yeo et al.
[23]. The blue colour region has been expanded at
the suction side, which led to a decrease in the
propeller efficiency, as shown in Figures 5 (b) and

(©).
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Figure 3. Torque, thrust and efficiency coefficients of the propeller at various blade numbers versus
advance ratio
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Figure 4. Scalar torque for Z=4 at various advance ratio, J= 0.10 (a), J=0.85 (b) and J=1.0 (c)
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Figure 5 Blade-to-Blade view (top) and meridional view (bottom) of static pressure for Z=4 at J= 0.10
(a), J=0.85 (b) and J=1.0 (c)

By comparing the prediction results
obtained from CFD, the propeller with three blade
numbers (Z=3) produce the highest efficiency with
78.8% at J=0.90. The subsequent increase of
blade number from Z=3 to 4 and Z=4 to 5 was
proportional to torque and thrust coefficients;
meanwhile, it was reduced the propeller efficiency.
Merely, the increase in blade surface area from
Z=3 to 5 was proportional to the total drag force
(orange contour region) on the blade surface of
the propeller, as displayed in Figure 6. The
condition is possibly affecting the static pressure
at the pressure and suction side of the propeller
blade. Similar to what was found by [24], the
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increase of thrust coefficient at Z=5 was basically
occurred due to the dark blue contour region (low
pressure area), as clearly displayed in Figure 7 (c).
It can be concluded here that the increase of blade
numbers will reduce the static pressure around the
propeller blade as supported by [25]. Referring to
the CFD simulation results above, it can be
concluded that the propeller performance
achieved maximum p within the range of
0.8<J<0.9 regardless of a number of blades (see
Table 3). This inherently indicated that the
increase in blade number was degraded the
propeller performance.
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Figure 6. Scalar torque for Z=3(a), Z=4(b) and Z=5(c) at J= 0.90
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Figure 7. Blade to Blade (top) and meridional (bottom) view of static pressure for Z=3(a), Z=4(b) and
Z=5(c) at J=0.90

Table 3. Torque, thrust and efficiency coefficients of propeller at various blade numbers

z=3 zZ=4 z=5
J
10Kq Kr n 10Kq Kr n 10Kq Kr n
0.10 0.4729 0.3282 0.1105 0.5441 0.3585 0.1049 0.6079 0.3861 0.1011
0.20 0.4537 0.3117 0.2187 0.5192 0.3375 0.2069 0.5824 0.3640 0.1990
0.30 0.4317 0.2924 0.3233 0.4936 0.3151 0.3048 0.5537 0.3388 0.2921
0.40 0.4047 0.2690 0.4231 0.4640 0.2894 0.3971 0.5181 0.3083 0.3788
0.50 0.3715 0.2411 0.5164 0.4271 0.2585 0.4817 0.4747 0.2726 0.4570
0.60 0.3266 0.2084 0.6094 0.3765 0.2219 0.5627 0.4195 0.2324 0.5289
0.70 0.2774 0.1725 0.6926 0.3196 0.1808 0.6301 0.3598 0.1885 0.5836
0.80 0.2249 0.1341 0.7593 0.2578 0.1360 0.6716 0.2931 0.1396 0.6064
0.90 0.1623 0.0893 0.7882 0.1883 0.0863 0.6566 0.2167 0.0847 0.5602
1.00 0.0893 0.0387 0.6894 0.1284 0.0474 0.5873 0.1278 0.0212 0.2637
CONCLUSION REFERENCES
The Computational Fluid Dynamics [1] J. Carlton, Marine propellers and propulsion,

simulation using Numeca Fine™/Turbo was
carried out to predict the torque, thrust, and
efficiency coefficients of the B-series propeller.
The effect of various blade numbers with respect
to advance ratios within the range of 0.1 <J < 1.0
has been considered. The situation can be
concluded as an increase of the blade numbers
results in a subsequent increase of the torque and
thrust coefficients. However, this was inversely
proportional to the magnitude of its efficiency
coefficient. The propeller with Z=3 has gained the
highest efficiency of 78.8% as compared to blade
numbers of Z=4 and Z=5.In general, the maximum
values of the efficiency occurred within the range
of 0.8<J<0.9 regardless of the various blade
numbers.
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