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Abstract: This paper aims to cost-effectively improve the energy efficiency of large vessels in shipping
by the optimum design of propeller boss cap fins (PBCFs). First, a model propeller of the modern
four-blade propeller in a Ro-Ro ship, with no boss cap fin in its original design, is experimentally
and numerically investigated. The computational fluid dynamics (CFD) model reproduced all the
experiments very well. Then, the CFD model is used to conduct a comprehensive optimum design of
PBCFs for the down-scaled propeller. Besides the commonly used rectangular PBCFs, nine airfoils
are investigated, due to their favorable lift-to-drag ratio and great potential of being effective PBCFs.
The best performing profile, among the 10 shapes, is chosen as the PBCF for further optimization.
Finally, the optimum design of the PBCFs for the propeller/rudder system is achieved. It was found
to yield remarkable efficiency gains for the modern propeller/rudder system under both design and
off-design operation conditions, mainly due to the suppressed hub vortex and partly due to the extra
thrust. The yield strength analysis confirmed that the optimum design is feasible in practice and can
be used in industrial vessels. The generalized criteria for the optimum design of PBCFs also benefit
other propeller/rudder systems for cost-effective energy saving.

Keywords: energy efficiency; shipping; CFD; cost-effective; propeller boss cap fins; optimization

1. Introduction

As one of the most widespread transport modes, sea shipping accounts for nearly
3% of global greenhouse gas emissions, making it the 6th largest CO, producer in the
world [1]. The growing concerns about emissions from shipping and fuel price push the
shipping sector for new regulations. The International Maritime Organization (IMO) has
set strict regulations to reduce gas emissions and improve energy efficiency. For example, a
target was set in 2018 to reduce CO, emissions from the shipping sector by 70% by 2050,
benchmarked to the 2008 levels [1]. The energy efficiency design index enacted by the IMO
obligates newly manufactured shipping vessels to meet the minimum requirements on
energy efficiency. There are various energy efficiency measures for ships, e.g., bow opti-
mization [2], thrusters allocation optimization [3], main switchboard redimensioning [4],
design of energy-saving ducts [5], smart speed adjustment [6], use of renewable energy and
alternative fuels, operational measures optimization including various propeller/rudder
designs, and so on [1]. These measures result in efficiency gains of different levels, which
also demand investments of different levels.

Among the different energy saving measures, this paper focuses on aftship energy
saving devices which demand little investment. These devices can be implemented at
different regions, depending on their purposes. As shown in Figure 1, they can be imple-
mented upstream of the propeller (Region I), to accommodate a more favorable wake to the
propeller or to reduce drag. They can also be implemented in the propeller region (Region
II), or in the rudder region (Region III), in both of which the devices are usually used either
to lower the torque on the propeller shaft or to increase the thrust from the propeller blades.
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Figure 1. Classification of the regions for aftship energy saving devices.

Propeller boss cap fins (PBCFs) are a cost-effective aftship energy saving device and
do not require vessel modification. PBCFs can weaken or eliminate the hub vortex created
by propeller rotation, lower the torque on the propeller shaft, and increase the propeller
efficiency. Here, the three key points for an efficient design of PBCFs, proposed in the first
patent for PBCFs, are summarized. (1) The number of fins and propeller blades should stay
the same, (2) the fin radius should be less than one-third of the propeller radius, and (3) the
difference between the PBCFs installation angle and the propeller blade root pitch angle
should be in the range of —20°~30° [7].

The large room for diversity in the profile, dimension, and installation of PBCFs for
the best possible gain in energy efficiency has spurred interest in PBCF research. Table 1
summarizes the representative investigations in the past years, including model- and full-
scale tests [7], numerical analysis [8,9], numerical study with model-scale tests [10-12], and
model-scale tests [13]. Here, two issues need to be mentioned. First, the information is
incomplete because some parameters or ranges are not explicitly stated in the relevant
literature. Second, all the parameters or terms in the table are elaborated in detail later,
combined with illustrations or equations. The results or findings in different references
may be inconsistent, which can be understood since PBCFs are typically designed for a
particular propeller system. In general, implementation of PBCFs is more effective on an
old propeller than on a modern propeller.

Table 1. The PBCF dimensions and installation—the parameters and ranges chosen by
different researchers.

PBCFs Installation
Propeller Advance Boss Cap: ‘PBCFs Dimension: Clrcumf.erentla‘l .I’osmon a, Propeller
Authors Ratio Slope Angle Diameter Dpgcr, Chord Axial Position b, Efficiency Gain
P glep Length I, Camber ¢ Installation Angle &, Rake Y
Angle 6, Phase Angle v
. Dppcr = 0.09 ~ 0.175D), a < 0.07Dy, b =0 ~ 0.08D, <70
Ouchi etal. [7] 0~1.1 o = 0.09D,, 0.12D, o =45 ~ 105°, 0 = +£30° <7%
Hsin et al. [8] Dppcr = 0.2 ~ 0.25D, b < 0.025D, 1.4~1.6%
Ghassemi et al. [9] 0~15° Dppcr = 0.33D) Increase
Lim et al. [10] 0~1.0 -12°~—6° Dppcr = 0.28 ~ 031D, a =615 ~715°6=+10° 1.4~2%
Seo et al. [13] 0.1~0.9 I =0.078 ~ 0.14D, o =32 ~56° =0 ~ 60° 1.6%
Mizzi et al. [11] Il =0.053 ~ 0.11D, a=450°, y=0 ~71° 1.3%
Dppcr = 0.25 ~ 045D, b =0.05 ~ 02D,
Gaggero [12] 0.4~1.1 Ic =0.07 ~0.15D, a =30 ~ 60°, 0.9, 4.0%
c=-0.015 ~ 0D, v = —45 ~40°

This paper presents our optimum design of PBCFs for a modern four-blade controllable

pitch propeller attached to a Ro-Ro ship. The propeller has a diameter of 4.8 m and has
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no fin on its boss cap in the original design. First, the experiment was performed on a
down-scaled propeller/rudder system and a CFD model was developed to accurately
reproduce the experiment. Then, the validated CFD model was deployed to perform the
optimum design of PBCFs for the down-scaled propeller/rudder system. Ten different
fin profiles, including the rectangle fin commonly used as PBCFs, and nine airfoils with
good potential for being used as PBCFs, were numerically assessed for their impacts on the
propeller /rudder system when they are used as the PBCFs. NACA4412 was found to be
the best performing profile in terms of energy efficiency gains. Therefore, NACA4412 was
selected as the fin profile for further optimum design of the PBCFs. The performance and
flow characteristics of the propeller/rudder system with the new and optimized PBCFs
were compared against the original system under both design and off-design operating
conditions, showing consistently good energy efficiency gains. To implement the optimized
PBCFs onto the real propeller, a yield strength analysis was finally performed, which shows
that this is a feasible optimum design.

2. Methodology
2.1. Experimental Tests on a Model-Scale Propeller/Rudder System

The original propeller is a modern four-bladed controllable pitch propeller without fins
on its boss cap. For a complete description of the propeller, many parameters are needed,
in which the diameter and blade pitch angle are essential for a proper design of PBCFs. The
propeller has a diameter of D, = 2R, = 4.8 m. The propeller blade root profile is located
atryp, = 0.281R;, and has a pitch of 5.6 m. The blade root pitch angle, defined as the angle

between the rotation plane and profile chord, is determined as ¢ = tan ! ( 27r5}6 - ) = 52.89°.
p,br

Though the propeller on the Ro-Ro ship is a controllable pitch propeller, it is analyzed
in this study as a fixed pitch propeller with a constant blade root pitch angle of 52.89°.
The propeller/rudder system is down-scaled by a factor of 21.24, resulting in a model-
scale system on which all the work presented in this study is conducted. The model-scale
propeller is shown in Figure 2. The main geometrical parameters are summarized in Table 2.

o . Ro
Direction of rotation

Boss Cap Length (k)

Boss Cap Radius
(o)

Direction of rotation

Hub/Boss ~ ="~~~ 0

Bolt Notch

Slope Angle (@) *

(b) (c)

Figure 2. The model-scale propeller and propeller boss cap, in which R, represents the radius of the
propeller, and Dy, 74, lp., and @ denote the diameter, radius, length, and slope angle of the boss cap,
respectively. In this project, the slope angle ¢ < 0, i.e., a converging boss cap. (a) Frontal view of the
propeller. (b) Side view of the propeller. (c) Side view of the boss cap.

Table 2. The model-scale modern propeller investigated in this paper.

Term Propeller Diameter Blade Root Pitch  Boss cap Base Diameter Boss Cap Blade Root Radius
Dy (=2Ry) Angle ¢ Dy (=2Ry,) Length [, Tp,br (=0.281R;,)
Value 226 mm 52.89° 53.02 mm 46.74 mm 31.75 mm
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First, open water tests were conducted for the model-scale propeller/rudder in the
large towing tank of the Hamburg Ship Model Basin with a length of 300 m, width of
18 m, and depth of 5.6 m. Self-propulsion tests were conducted on the down-scaled hull
model including all appendages such as propellers, rudders, brackets, and thrusters in calm
water with fixed ship motion. Each test run was made to reach self-propelled equilibrium
of longitudinal forces between the ship resistance, propeller thrust, and external towing
force by adjusting propeller rotational velocity at a constant towing speed. The external
towing force was applied along the line of the propeller shaft for taking into account the
difference in the hull surface friction coefficients between the model and full scales. The
towing speed (i.e., ship speed V) and propeller rotational velocity w were varied to keep
the similar advance ratio J, and the corresponding thrust and torque values were measured.
From them, the thrust coefficient K, torque coefficient Kg, and propeller efficiency 7, were
determined. One of the advantages of open water tests is the elimination of cavitation
effects. Commonly used ship propeller terminology is introduced below.

Va

1= ob; M)
T
Kr=— 2
" w3 ?
Q
K= —5— ©
POO(WDP)2'D%
_J K _VaT
=57 Ky ~ 2mwQ @)
p= LI 5)

1 2

2 P (wDp)

where |, V4, w, Dy, K1, T, poo, Kg, Q, 110, Cp, p, and pe represent the advance ratio, ship
speed, propeller rotational velocity, propeller diameter, thrust coefficient, thrust, density

of freestream flow, torque coefficient, torque, propeller or propulsive efficiency, pressure
coefficient, pressure, and pressure of freestream flow, respectively.

2.2. Development of a Digital Twin to Reproduce the Experiment

Then, a CFD model was developed to numerically reproduce the experiment, using
our experience in this area [14,15]. A cylindrical computational domain with a radius of
4D, was defined, as shown in Figure 3. The computational domain extends 3D, and 6D,
upstream and downstream of the propeller reference line, respectively. The left, right, and
side of the cylindrical domain are defined as a velocity inlet, pressure outlet, and wall with
slip, respectively, to replicate the open water condition in the tests. The zoom-in of the
rotational cylindrical subdomain around the propeller is also shown in Figure 3.

Since all the stationary boundaries with respect to the inertial frame are surfaces of
revolution about the axis of rotation, a single moving reference frame (MRF) was used
in the CFD study [11,12] to render the problem, which is instability in the inertial frame,
steady with respect to the moving frame. As a preliminary sensitivity study, both the MRF
and sliding mesh method were used and compared in a simulation of a base case. The
computationally expensive sliding mesh method was expected to better estimate the hub
vortex evolution and describe how the PBCFs mitigate the hub vortex. Our simulation
shows that the two methods yielded very similar results in the thrust coefficient, torque
coefficient, and propeller efficiency, which is the main concern of this study. As a result, the
computationally efficient MRF method was finally used in the study. As shown in Figure 3,
an MRF subdomain surrounding the propeller was defined, on which a rotational velocity
was specified. The equations of fluid dynamics defined with respect to the MRF needed
to be modified accordingly. For this problem in which the MRF has a constant rotation
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and zero translation, the Coriolis acceleration due to the rotation of the frame and the
centripetal acceleration due to the fluid motion in a uniform circular path were accounted
for and treated as source terms in the modified momentum equations.

Propeller Reference Line Wall

Velocity Inlet

— “

Pressure Outlet
/ Propeller Reference Line

i
3
|
|

Quter Domain

I
I
|
I
I
I
I
I
I
:
! Propeller
|

z

! \MRF Domain

4D,

0.6D,

3D,

1l

6D,
Figure 3. The entire computational domain (left); the zoom-in of MRF domain and rudder (right).

For the propeller flows, the transition from laminar to turbulent boundary layer can
strongly influence flow blockage and boundary layer separation. To properly account for this
effect, the transition SST k — w model was employed, which is based on the coupling of the
SST k — w model with two other transport equations. One is for the intermittency . The
other is for the transition onset criterion in terms of momentum-thickness; Reynolds number
Rey. SST k — w model is commonly used in the relevant literature, e.g., [11,12]. However,
as discussed in [11], the accuracy of the simulation results can be improved by employing
a transition model, especially for model-scale propellers in which the transition behavior
within the boundary layer is more significant than that for full-scale propellers. As a result,
the transition SST k — w model was used with the all-y™ wall treatment in this study.

The computational domain is carefully meshed in both mesh quality and mesh density,
especially in the near-wall region. To perform a grid convergence index (GCI) analysis, three
different meshes with 2.20 x 10%, 1.75 x 10°, and 1.41 x 107 cells, respectively, were created
for the experimental cases in which the original model propeller without PBCFs was tested.
Due to the complexity of the geometry, all three were unstructured meshes in overall, but
with the fine and structured boundary layer meshing in the near-wall region. The average
y T on the walls in the MRF domain was 3.12, 0.41, and 0.39 for the coarse, medium, and fine
mesh, respectively. Based on the three meshes, the key simulation results were compared
and a GCI analysis was conducted. The mesh finally used in numerically reproducing the
experimental cases and the corresponding GCI analysis results is summarized in Table 3.
The detailed procedure for a GCI analysis in CFD applications can be seen in [16]. The low
relative error and extrapolated relative error in the GCI study indicate that the fine mesh is
expected to generate practically grid-independent simulation results. The GCI = 1.9% and
0.2% means that based on the fine mesh, the numerical error in the solution of the thrust
coefficient K and the torque coefficient K is estimated to be 1.9% and 0.2%, respectively.
This is very good for a CFD study. As seen in Table 3, the fine mesh has an average
yT = 0.39 on the wall surfaces in the MRF domain, which is important for correctly
predicting the forces on the propeller and the performance of the propeller system. The
meshes used in the subsequent simulations for screening the appropriate fin profiles and
for optimizing the PBCFs were developed from the fine mesh here, with the similar average
yT on both the blades and fins. The total number of cells depends on the shape and size of
the PBCFs, slightly above 1.41 x 107 in all the computational cases with PBCFs. The CFD
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simulation was performed using STAR-CCM+. To ensure that the simulations are well-
converged, both the scaled residuals and the thrust and torque of the blade are monitored
during the iterations. After ca. 600-1000 iterations, the scaled residuals in all the governing
equations reduce and stabilize below 1073, and both the thrust and torque converge to

constant values.

Table 3. The fine mesh used in a base simulation and the grid convergence index (GCI) based on the

thrust and torque.

The Mesh Finally Used in Reproducing the Experimental Cases after a GCI Study: Terms vs. Values

Number of cells 1.41 x 107 (1.15 x 107 in MRF domain)
yT on walls in the MRF domain 0.39 in average (in range of 0.02 — 1.7)
Skewness angle between vector connecting two cell-centers and face normal 1.1° in average (maximum of 88.5°)
Cell volume ratio—the ratio of the volume of a cell to its largest neighbor 0.98 in average (minimum of 0.0001)

GCI Based on the Thrust Coefficient Kt and Torque Coefficient K for the Mesh Summarized above

Kr Kg
Relative error, ¢, 3.8% 1.4%
Extrapolated relative error, eey; 1.5% 0.1%
Grid convergence index, GCI 1.9% 0.2%

2.3. CFD-Based Screening of Appropriate Fin Profile for PBCFs Design

After being validated against the experiment, the CFD model was deployed to screen the
appropriate fin profile for the PBCFs’ design. To facilitate the installation of the PBCFs, the
original propeller boss cap in Figure 2c was slightly redesigned, in which the practical manu-
facturing issues such as the slope angle and internal bolting limitation were all considered.
The new propeller boss cap in Figure 4a has the same length and base diameter as the original
one. The CFD model was used to evaluate the impact of the new boss cap on the performance
of the propeller/rudder system, which shows a slight efficiency increase of 0.17% over the
original propeller/rudder system mainly due to the more streamlined boss cap design. The

new boss cap was found to have an insignificant impact on the hub vortex.

Our comprehensive literature study shows that the overwhelming majority of PBCFs
are based on the rectangular fin profile, e.g., as proposed in the first patent for PBCFs [17],
and airfoils are rarely used as PBCFs. On the other hand, airfoils have been widely used in
the maritime industry. For example, the cross-sections of modern propellers and rudders
are constructed from the basis of airfoils. In our study, nine airfoils with good potential for
being used as PBCFs profiles were chosen, mainly based on their lift-to-drag ratio Cr. /Cp
(i.e., the amount of lift generated by an airfoil, compared to its drag which is a resistance).
It must be emphasized that the selection of these airfoils was rational. The higher the
lift-to-drag ratio Cr,/Cp is, the higher the lift and efficiency tend to be. Table 4 summarizes
all the 10 profiles, in which the maximum Cy /Cp of the airfoils and the corresponding
angle of attack (AoA) are from Airfoil Tools [18]. The maximum C; /Cp is evaluated at

Vsle _ 2.08m/sx0.027m.

a Reynolds number of Re = :¢ = {57557 /s

~ 5 x 10% and a critical number of

Nyit = 5. This critical number, do:epending on the free flow turbulence, is used to simulate
the laminar-to-turbulent boundary layer transition point when no forced transition trip
locations are specified for the top and bottom surfaces of an airfoil. The airfoil profile CH10
was investigated due to its high lift at low Reynolds numbers, despite its high drag. Airfoil

NACA4412, as shown in Figure 4b, has been widely used for nearly a century.
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(a)
Camber Mean Line Max. Thickness, tmax
Trailing Edge
1
e
Leading Edge Chord, I, Camber, ¢
(b) (c)

(d) (e)

Figure 4. New boss cap and propeller with base design of representative airfoil PBCFs. (a) New boss cap
facilitating fin installation. (b) Airfoil—terminology and dimension. (c) Base design of PBCFs of profile 1,
AH-6-40-7. (d) Base design of PBCFs of profile 4, E63. (e) Base design of PBCFs of profile 6, NACA4412.

Table 4. Ten boss cap fin profiles: their max lift/drag ratio and angle of attack (AoA, i.e., the angle
between flow direction and chord line), and their installation angles finally used in our base design.

Profile no. 0 1 2 3 4 5 6 7 8 9
Profile Name Rectangle AH-6-40-7 Bergey BW-3 CH10 E63 GOE79 NACA4412 Cp-100-050-gn 20-32C $1223
Max C;/Cp 46.9 46 124 51.1 427 36.1 239 408 03
AoA for max C; /Cp 48° 5.0° 3.5° 5.3° 5.5° 8.5° 11.0° 3.8° 3.3°
Our base design: 51.5° 53.4° 53.1° 54.6° 52.9° 52.6° 49.6° 47.1° 54.4° 54.9°

Installation angle a

To compare the performance and evaluate the potential of the 10 profiles as the
PBCFs, a literature study was performed first, from which the preferable dimensions
and installations in the PBCFs” design, with respect to the propeller diameter D, and
propeller blade root pitch angle ¢, are given in Table 5. The key terminology, dimension,
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and installation parameters of the PBCFs are visually indicated in Figure 5. In the table
and figure, R and rppcF represent the radius of the propeller and the PBCFs, both from
the shaft axis to the tip. I, t, and s denote the fin chord length from the leading edge to
the trailing edge, fin thickness, and fin span height from the boss cap surface to fin tip,
respectively. a and b are the circumferential and axial distance of the fin leading edge,
indicating the fin installation position. « is the installation angle between the fin chord and
the fin installation plane which is perpendicular to the shaft axis, and is also referred to
as the fin root pitch angle. € represents the propeller blade root pitch angle. It needs to be
mentioned that the rake or inclination angle 6 of the PBCFs, inclined against (¢ > 0) or
towards (6 < 0) the rotation direction, or normal (6 = 0) to the boss cap surface curvature,
was found to have an insignificant impact on the performance of the propeller compared to
others such as PBCF diameter and installation position [10,17].

Table 5. Preferable design of PBCFs recommended in the literature vs. Our base design of the PBCFs.

Diameter of Chord of Thickness of

Term Boss Cap Number of Fins Profile of Fins Fin, Dpcr Fin, lc Fin, t Angle, Position, a, b Rake Angle, 6
Preferable N Rectangle or " o o a/ Dp < 0.070 o o
design Converging Same as blades airfoil DPBCF/DP <0.30 Ic/Dp <0.12 f/Dp = 0.005 —5% <a—e<5 b/Dp 20075 —30° <6 <10
Our base . _ X _ _ _ ., a/Dp = 0.044 _qo
design Converging n=4 10 profiles DPBCF/DP =0.296 Ic/Dp =012 t/Dp = 0.0045 See Table 4 b/Dp — 0031 =0

Fin Installation Plane

Blade Root
Leading Edge

(a) (b)

Figure 5. The model-scale propeller with rectangular PBCFs, in which all the key terminologies and
design parameters are visually indicated. (a) Definition of profiles, axes, planes, and points. (b) Key
PBCFs sizing and installation parameters.

By following the preferable design in Table 5, we conducted and compared the base
design of the 10 PBCFs for the model-scale propeller (D, = 226 mm and ¢ = 52.89°). All
the dimension and installation parameters, except the installation angle, are also given in
Table 5, directly in parallel with the recommended design range in the literature.

The installation angles are given in Table 4. For the rectangle PBCFs, the installation
angle was determined to be « = 51.5°, which was calculated directly from a — e = —1.4°.
For the airfoil-based PBCFs, the optimum installation angle x depended on both the
propeller blade root pitch angle ¢ and the angle of attack (AoA) and was determined
from a preliminary simulation-based sensitivity study. As seen in Table 4, the installation
angles finally used in the base design are in the preferable range of the installation angle,
47.89° = ¢ —5° < a < £+ 5° = 57.89°, except profile 7 (Cp-100-050-gn) for which the
installation angle & = 47.1° is slightly out of the range. To gain a visual understanding of
the base design, the propellers with the representative PBCFs based on the airfoil profile 1
(AH-6-40-7), 4 (E63) and 6 (NACA4412) are shown in Figure 4c—e, respectively.

To evaluate which profile can be best used as the PBCFs for the model-scale pro-
peller/rudder system, two sets of CFD simulations were conducted for the base design:
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one under the same design operating condition, and one under the same thrust. From the
comparison, the best performing fin profile can be determined.

2.4. CFD-Based Optimization Design of the PBCFs Using the Best Performing Fin Profile

Finally, a comprehensive CFD-based parametric study and optimization was per-
formed for the best performing fin profile, resulting in the optimum design of the PBCFs.
Mathematically, the target of the optimization was to maximize the propeller efficiency 7,,
with the main constraints being the existing propeller/rudder geometry and dimensions.
Physically, the optimization of the PBCFs was to minimize the hub vortex as much as possi-
ble and to increase the thrust. The performance of the propeller/rudder system with the
new optimized PBCFs was assessed under both design and off-design operating conditions.
A yield strength analysis was also performed, assuring that the optimum design of the
PBCFs is practicably feasible and can be manufactured and implemented in industrial
vessels as a cost-effective energy-saving device.

3. Results and Discussion
3.1. Experimental Validation of CFD for the Original Propeller/Rudder System without PBCFs

The thrust, torque, and efficiency obtained from the experiments were used to validate
the CFD model. The derivation between the CFD results and experimental data under
different test conditions are summarized in Table 6. The very good agreement between
the CFD and experiments over the entire test range of ship velocity also justifies the use
of the transition SST k — w model. As the ship speed or advance ratio increases, the
transition from laminar boundary layer to turbulent boundary layer becomes increasingly
important. Neglecting the transition in turbulence modeling can induce high deviation
from the experimental data. To avoid repetition, the detailed CFD results of the original
model-scale propeller/rudder system, which were used to benchmark the performance of
the propeller/rudder system with new optimized PBCFs, are presented later.

Table 6. Validation of CFD with testing results for the original model-scale propeller/rudder system.

Ship (or Water Inflow) Speed, Vg [m/s] 2.02 2.08 213 219 2.25 2.30 2.36 2.42 2.47
Deviation in thrust coef., M [%] 0.6 0.7 0 14 13 15 18 17 1.9
Deviation in torque coef., (KQC%QPP)WO (%] 11 1.2 15 18 18 19 21 21 23

(o oop) <100 11 05 —05 -05 04 05 -04 04 04 03

Deviation in propeller eff., 7
0,exp

3.2. CFD-Based Screening of the Best Performing Fin Profile for PBCF Design

For each fin profile, the improvement of efficiency over the original propeller without
PBCFs, Ay, /1,, are shown in Figure 6. Under the same advance ratio and rotational speed,
airfoil profiles 1 (AH-6-40-7), 4 (E63), and 6 (NACA4412) obviously outperformed the
rectangular fin in terms of efficiency improvement. However, the efficiency gain could
be partly induced by the increased thrust. To better compare the propeller with PBCFs
against the original propeller as well as cross compare the different PBCFs, one needs
to maintain the same thrust, which is achieved by adjusting the rotational speed of the
propeller and, thus, adjusting the forward motion of the propeller. In the simulation,
we used a proportional controller to retain the thrust as close to the original propeller
as possible. The updated improvement of efficiency showed the same trend, as seen in
Figure 6. Airfoil profiles 1, 4, and 6 were still the three best performing PBCFs, in which
profile 6 (NACA 4412) stood out as the best under the optimal installation angle of &« = 52°.
A further inspection of the thrust and torque coefficients shows that profile 6 achieved
the best thrust coefficient before implementing the thrust controller, which lowered the
rotational speed of profile 6 to a larger extent than other profiles and, thus, improved
the efficiency.
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Figure 6. Propeller efficiency increase (A, /10) by implementing different profiles as the PBCFs in
the base design: under the same advance ratio and rotational speed (blue bar, on the left in each pair)
and under the same thrust (red bar, on the right in each pair).

This is in good alignment with the recent study [19], in which four airfoil-based PBCFs
were numerically investigated for their impacts on the performance of a model five-blade
propeller in open water conditions and NACA4412 airfoil-based PBCFs were found to have
the greatest effect on the propeller efficiency.

3.3. CED-Based Optimum Design of the PBCFs

NACA4412 (i.e., profile 6) was finally used in the optimum design of the PBCFs. Besides
the optimal number of fins (1 = 4) and installation angle (¢ = 52°), the other dimension and
installation parameters in Table 5, as well as the shape or profile of NACA4412, were further
investigated for their impacts on the performance of the propeller/rudder system.

To better understand NACA4412 shape optimization, the terminology of the four-digit
NACA airfoils will be briefly introduced. The first digit expresses the maximum camber in
percent chord, the second digit defines the location of the maximum camber point in tenths
of the chord, and the last two digits gives the maximum thickness in percent chord. Thus,
4412 has a maximum camber of 4% of the chord located at 40% chord from the leading
edge and has a maximum thickness of 12% of the chord.

Figure 7 shows the effects of the key PBCFs dimension, shape, and installation param-
eters on the efficiency gains of the model-scale propeller/rudder system under the design
operating condition. The propeller under study has a diameter of D), = 226 mm, a blade
root pitch angle of ¢ = 52.89°, and a boss cap base diameter of Dy, = 53.02 mm.

The PBCFs’ span height shows a great impact on the propeller efficiency. As a result,
much attention needs to be paid to the span height (or the diameter) of the PBCFs. For our
model propeller, a span height of s = 7.5 mm yielded the highest efficiency, corresponding
to a PBCFs-to-propeller diameter ratio of Dppcr/Dp = 0.3. It is in the recommended range
of Dppcr/ Dy despite being above the stated optimum in the literature [12,17]. This is
mainly because the boss cap utilized in our project has a larger diameter, with a boss ratio
of Dy, /Dy = 53.02/226 = 0.23, whereas a boss ratio of 0.18 is applied in the literature. The
boss cap of a larger diameter makes the PBCFs’ root placement farther away from the shaft
axis. As the span height increases in the range of 3 < s < 13 mm, the thrust coefficient first
increases and then decreases and the torque coefficient decreases monotonically, yielding
the highest efficiency at a span height of s = 7.5 mm. Compared to the span height, the
chord length showed a less pronounced impact on the efficiency. Figure 7 indicates that
a chord length of [. = 30 mm yielded the highest propeller efficiency. It is equivalent
to a chord length of /. = 0.13 D, which also aligns with the recommendation for PBCF
design [12,17]. Since the chord length indirectly affects the propeller efficiency via NACA
airfoil shape optimization (e.g., maximum camber and its position, maximum thickness), it
is still considered an important parameter in PBCF design.
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Figure 7. Effects of the overall NACA4412 airfoil fin dimension (span height, chord length), airfoil shape
(maximum chamber X412 and its position 4X12, maximum thickness 44XX), and fin installation (rake
angle, circumferential, and axial position) on the efficiency improvement of the propeller/rudder system.
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Optimization of the NACA4412 airfoil profile was also performed. The maximum
camber X = 4 in X412, i.e., the maximum camber ¢ = 4%:-;, yielded the largest efficiency
gain, as seen in Figure 7. Similarly, the position of the maximum camber X = 4 in 4X12,
i.e., the maximum camber located at 4-10%-I, from the leading edge, resulted in the largest
efficiency improvement. The latter showed a much less pronounced impact on the efficiency
than the former. Compared to the two parameters, the maximum thickness showed a
different trend in efficiency improvement. As the maximum thickness decreased in the
range of investigation (i.e., XX = 05-20 in 44XX), the efficiency increased monotonically.
The lower limits of the maximum airfoil thickness, e.g., XX = 04, 03, 02, or 01, were not
investigated, since too thin fins may fail due to stresses or fatigue. XX = 05, i.e., maximum
thickness being 5% of the chord length (t;ax = 5%-I), was equivalent to t;qx ~ 0.01R, in
our study, which is close to what was used in [17]. In our optimum design, the maximum
thickness of XX = 06 in 44XX was used, which means that the maximum airfoil thickness
tmax equals to 6% of the chord length I.. Compared to ¢,y = 5%-I;, the maximum thickness
of tiax = 6%:I. yielded almost the same efficiency but improved the robustness. A yield
strength analysis will be performed later to further examine if the PBCFs of a maximum
thickness of 6%:I. can withstand practical operation.

Besides the overall PBCFs dimension and NACA4412 airfoil shape, the PBCFs’ instal-
lation was optimized for the highest possible efficiency gain. The impact of the rake angle is
inconclusive in the literature. For example, an optimum rake angle of 6 = —30° was found
among 30°, 0°, and —30° in [7], whilst the rake angle was concluded to be insignificant and
no clear tendency was observed for the three angles (10°, 0°, and —10°) in [10]. In our study,
an optimum rake angle of 6 = 30° can be seen in Figure 7, i.e., fins not perpendicular to the
boss cap surface curvature but 30° inclined towards the direction of rotation. As the rake
angle increased in the range of investigation, the thrust coefficient increased slightly, while
the torque coefficient first decreased slowly and then increased slowly. Compared to other
installation parameters such as installation angle and circumferential and axial positions,
the impact of the rake angle on the propeller efficiency was much less pronounced and can
be considered insignificant. Regarding the circumferential position a, Figure 7 shows that
it has a significant influence on the efficiency, which is consistent with the findings in [9].
The optimum circumferential position 2 = 10 mm (i.e., a = 0.044 D,) yielded the highest
efficiency gain for the propeller/ rudder system under study. This is in good alignment
with the requirement on the circumferential position, a < 0.07 Dy, as proposed in the
patent [17]. The axial position b also has a great impact on the propeller efficiency. Hsin
et al. suggested the axial position should be located near the trailing edge of the propeller
blade root and the axial position of b = 0.05 D, may be the optimum [8]. Ogura et al. stated
in their patent that the axial distance should be kept b < 0.075 D,, [17]. In our study, a
wide range of the axial position, —5 < b < 14 mm, was investigated. The lower end of this
range was included to assess whether the leading edge of the PBCFs could better interact
with the slipstreams or not, since the main slipstreams are close to the trailing edge of the
propeller blades. However, as observed in Figure 7, it had only a negative effect. As the
axial position decreased from b = 3 mm to —5 mm, the thrust coefficient decreased slightly
and the torque coefficient increased rapidly, which lowered the efficiency compared to
the original system. In the upper end of the range, there were only slight changes in both
the thrust and torque coefficients, yielding relatively insignificant changes to the propeller
efficiency. The axial position of b = 9 mm was determined as the optimum point from the
plot. It is equivalent to b = 0.035 D), which is in accordance with the literature.

A thorough understanding of the key design parameters of the PBCFs was achieved
via the above parametric study, in which only one parameter was changed at a time and
other parameters were retained at the values of the base design. To more appropriately
account for the interactions between the key design parameters, the individual optimums
were combined into CFD simulation, and minor adjustments were made and assessed. This
resulted in the final optimum design of the PBCFs, as summarized in Table 7. To make the
results beneficial for other propeller /rudder systems, the optimum design was generalized,
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which is also presented in Table 7. Figure 8 shows the new propeller boss cap with the
optimized PBCFs, together with the original boss cap for comparison.

Table 7. The optimum PBCF design for the model-scale propeller (D, = 226 mm, ¢ = 52.89°,
Dy, = 53.02 mm) vs. the derived general optimum PBCF design appliable to other propellers.

Design Parameter

Optimum Design

Generalized Optimum Design

Dimension
Number of fins, n 4 n = number of blades
Span height, s = P2act=Dic (] 7.5 s = 0.083 Dy or Dppcr = 0.3 D,y
Chord length, /. [mm] 30 le =013 Dy
NACA profile
Max. camber, ¢ [% of chord /] 4 -
Max. camber position [%-10 of chord 4 _
from the leading edge]
Max. thickness [% of chord] 6 -
Installation
Installation angle, « [°] 52 «—e=—0.89°
Rake angle, 0 [°] 30 0 —e=—2289°
Circumferential position, a [mm] 10 a=0.044 D,
Axial position, b [mm] 8 b =0.035 D,
Efficiency gain
Percentage point 0.728 -
Percentage [%] 1.043 -
(a) (b)

Figure 8. The original boss cap vs. the new boss cap with optimized fins. (a) Original boss cap.
(b) New boss cap, with optimized PBCFs.

3.4. Performance of the Propeller/Rudder System with the New Optimized PBCFs

Figure 9 compares the pressure coefficient C, contour on or around the original
propeller/rudder and the propeller/rudder with the new optimized PBCFs under the
design operating condition. The main difference lies in the downstream of the propeller boss
cap. Implementation of the new optimized PBCFs cost-effectively weakens or eliminates
the low-pressure zone induced by the hub vortex behind the propeller boss cap, reduces
the drag and improves the propeller efficiency. Under the design operating condition, a
propeller efficiency improvement of 0.728 percentage points or 1.043% over the original
system was attained by the new optimized PBCFs. The streamlines were found to follow
the fin profile at the leading edge, indicating that the installation angle of the PBCFs was
properly optimized in our study. Figure 9b also shows the pressure profiles on both sides
of a fin. As expected, on the pressure side, a zone of high pressure is observed at the fin’s
leading edge and on the boss cap, which needs to be minimized to further reduce the drag
and, therefore, increase the efficiency. Recently, ducted PBCFs (i.e., PBCFs inside a nozzle)
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were investigated as an attempt to mitigate possible side effects of conventional PBCFs,
e.g., secondary vortical structures from the PBCFs tip, while not largely compromising the
beneficial effects [20].

(b)

-0.50  -0.25 0.0 0.25 0.50
DI i

Figure 9. Pressure coefficient Cy on or around (a) the original propeller/rudder and (b) the new
propeller /rudder with optimized PBCFs with the water flow of 2.25 m/s from the left to the right and
rotational speed of 608 rpm. (a) Original propeller/rudder system: side view (left) and downstream
view from the rudder (right). (b) Propeller/rudder system with new optimized PBCFs: side view
(top left), downstream view from the rudder (top right), pressure side of a fin with the flow from left
to right (bottom left), and suction side of a fin with the flow from right to left (bottom right).

To better visualize the impact of the optimized PBCFs on the hub vortex, simulations
were performed for the original propeller and the propeller with the new PBCFs, both
without the rudder. The pressure coefficients in Figure 10 clearly show that the PBCFs
effectively eliminate the low-pressure zone induced by the hub vortex, reduce the drag and
improve the efficiency. A zone of low pressure further downstream of the propeller boss
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cap is still observed in the new system, which is insignificant since it does not compromise
the PBCFs’ performance.

-0.50 -0.25 0.0 0.25  0.50
. o .

(a) Original propeller without PBCFs (b) Propeller with new optimized PBCFs

Figure 10. Pressure coefficient C, contour around the propeller without the rudder: (a) original
propeller, (b) propeller with optimized PBCFs.

To further evaluate the performance of the propeller/rudder system with the new
PBCFs, simulations were performed for different ship speeds in the range of 2-2.5 m/s
with a step of 0.05 m/s. For the original propeller/rudder system, the propeller rotational
velocity was adjusted to assure that the advance ratio remained the same or similar under
the different ship speeds. For the propeller/rudder system with the new PBCFs, the
propeller rotational velocity was controlled to yield a similar thrust to the original system
at each ship speed. The simulation results show that the optimized PBCFs yielded an
improvement in the propeller efficiency under all the different ship speeds. Compared to
the original system, the propeller/rudder system with the new PBCFs lowers the torque
at each ship speed, and thus improves the efficiency. At each ship speed in the range of
2-2.5 m/s, a propeller efficiency improvement above 1% is achieved by implementing
the new PBCFs. The efficiency gain increases slightly as the ship speed increases, e.g., an
efficiency gain of 1.00% and 1.04% at the ship speeds of 2.0 and 2.5 m/s, respectively.

Simulations were also performed for different advance ratios in a range of 0.3-1.0,
with different ship speeds but a constant rotational velocity. The new optimized PBCFs
were found to improve the propeller efficiency for the entire range of the advance ratio. As
the advance ratio increased, the PBCFs improved the propeller efficiency more remarkably,
e.g., an efficiency gain of 1.05% and 1.19% at the advance ratio of 0.5 and 1.0, respectively.

Such gains in the propeller efficiency by implementing the optimum PBCFs can reduce
a remarkable amount of fuel consumption [8,21]. Up to 4-5% fuel saving is reported by
using PBCFs on real ships [8].

Finally, to ensure the optimized PBCFs are practicably feasible in real-life applications,
a comprehensive yield strength analysis was performed. The results indicate that our
optimized design has no structural fatigue issue at all under normal load conditions and
can be manufactured and installed on the real propeller boss cap. The results also indicate
that in case the PBCFs cannot withstand the loads, one should improve the design of the
span height and maximum thickness.

4. Conclusions

A comprehensive theoretical, experimental, and numerical study was performed
to optimize the propeller boss cap with fins for cost-effective improvement of energy
efficiency of large vessels in shipping. An optimum design of the PBCFs was attained and
implemented in a model-scale modern propeller /rudder system, which had no PBCFs in its
original design. Under the design operating condition, an efficiency gain of 0.728 percentage
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points or 1.043% over the original propeller /rudder system was achieved by the new PBCFs.
Similar gains were obtained under off-design operating conditions. The efficiency increase
was achieved mainly by the suppressed hub vortex and partly by the extra thrust. Two
issues about the efficiency gains are stressed here. One is that the rudder is included in our
investigation as it should be. This limits the gains to some extent as the rudder also has
an effect on the hub vortex. The other is that our study is for a modern propeller/rudder
system on which PBCFs are generally not as effective as on old propellers. Such gains in
the propeller efficiency by implementing the optimized PBCFs can achieve up to a few
percentages of fuel saving in real ships. The yield strength analysis shows that the optimum
design of the PBCFs is not subject to structural failure under normal load conditions and is
practicably feasible for industrial vessels. Table 7 not only summarizes the optimum design
of the PBCFs for the propeller/rudder system under investigation but also generalizes
the optimum design criteria, which are applicable to other propeller/rudder systems for
cost-effective energy saving.
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