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a b s t r a c t

In this paper, a Wavy Twisted Rudder (WTR) is proposed to address the discontinuity of the twisted
section and increase the stalling angle in comparison to a conventional full-spade Twisted Rudder (TR).
The wave configuration was applied to a KRISO Container Ship (KCS) to confirm the characteristics of the
rudder under the influence of the propeller wake. The resistance, self-propulsion performance, and
rudder force at high angles of the wavy twisted rudder and twisted rudder were compared using
Computational Fluid Dynamics (CFD). The numerical results were compared with the experimental re-
sults. The WTR differed from the TR in the degree of separation flow at large rudder angles. This was
verified by visualizing the streamline around the rudder. The results confirmed the superiority of the
WTR in terms of its delayed stall and high liftedrag ratio.
© 2018 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In recent years, ship collisions and stranding have caused hu-
man injury and loss of life as well as marine pollution. This has
focused international attention on improving the maneuverability
of large ships. The International Maritime Organization (IMO) has
implemented the Energy Efficiency Design Index (EEDI) for appli-
cation to ships built since 2013. Recently, the IMO divided the
implementation process into four phases, in each of which the EEDI
reduction factor increases by 10%, ultimately culminating in a total
reduction of 30% by 2025 (Bazari and Longva, 2011). Research on
and development of high-performance rudders are being actively
conducted at research institutes, universities, and companies
around the world. Energy-Saving Devices (ESDs) and hybrid pro-
pulsion systems are also being actively studied to reduce the EEDIs
of ships (Lee et al., 2017). Along with ship propellers, ship rudders
are a key component of propulsion systems and use the wake flow
of the propellers to generate lift. This provides seakeeping abilities
such as straightness and maneuverability. Almost all ships built to

date have had semi-spade rudders (Heo, 2017). Because a semi-
spade rudder is supported by a horn structure near the pressure
center of the rudder, moments in the length direction of the rudder
can be minimized. However, cavitation caused by the cap between
the horn and rudder is the biggest disadvantage of semi-spade
rudders. Paik et al. (2008) verified cavitation flow of the
hornerudder cap inside cavitation tunnels. Lucke and Streckwall
(2009) verified cavitation patterns generated by the size of semi-
spade rudder models through experiments and numerical anal-
ysis. Oh et al. (2009) performed experimental and numerical
research to verify cavitation and attached a blocking device to
minimize the size of the cap and reduce the cavitation generated at
the hornetap cap. However, completely eliminating cavitation in
the cap is still a challenge. For high-speed container ships in
particular, the resulting corrosion of the rudder surface reduces the
propulsion efficiency and kinematic performance. Rudder damage
caused by cavitation occurs mostly on the leading edge and horn/
pin frame and between the running wings, as shown in Fig. 1.
Because the rudder's driving force increases when the ship oper-
ates, more fuel is consumed, causing the ship's efficiency to
decrease.

Thus, full-spade rudders are being actively researched. Full-
spade rudders are used in high-speed vessels, mainly container
ships, to alleviate cavitation problems. However, they have recently
started to be installed in all types of ships to reduce fuel costs and
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cavitation. A Twisted Rudder (TR) is a type of full-spade rudder with
upper and lower sides that are designed asymmetrically to consider
the wake inlet angle of the propellers, as shown in Fig. 2. This type
of rudder is better than a semi-spade rudder in terms of efficiency
and cavitation performance.

Shen et al. (1997) verified the superiority of TRs through ex-
periments in large cavitation channels. Ahn et al. (2012) compared
the hydrodynamic characteristics and cavitation performance of
semi-spade rudders and TRs numerically and experimentally. They
verified that TRs provided better efficiency and cavitation perfor-
mance. However, Kim et al. (2009) showed that cavitation is
generated in the twisted part connected to the asymmetric section
of the upper and lower sides of a TR when the angle of attack is
more than 10�, as shown in Fig. 3.

Research is also being conducted on Wavy Twisted Rudders
(WTR), which are variants of TRs created by applying biomimetic
technology to simulate the fin of a humpback whale. This design
delays the increase in lift and stall when the angle of attack is more
than 10� and mitigates the discontinuous parts caused by the
asymmetry of the upper and lower sides of the TR (Lee et al., 2010,
Chun, 2012). Research is underway on the application of the
humpback whale fin shape to the leading edge. Fish and Battle
(1995) proposed that the humpback whale fin morphology and
arrangement can be used to control the surrounding flow and
maintain the lift, even at high angles of attack. Watts and Fish
(2001) verified the impact of the wing leading edge numerically
for a 10� angle of attack using the panel method. Miklosovic et al.
(2004) verified the load characteristics of simulated humpback
whale fins experimentally in wind tunnels. They observed a 6%
maximum lift increase and a 40% increase in stall angle. Fish and

Lauder (2006, 2013) and Fish et al. (2011) noted that the Tubercle
Leading Edge (TLE) concept is the same as that of a vortex generator.
As Fig. 4 shows, a wave-shaped vortex is forcibly created stream-
wise. Vortexes created in this way flow over the surface and ex-
change energy with high momentum inside the boundary layer. In
other words, the wave shape acts like a vortex generator in aviation
(Wei et al., 2015).

The fluid that flows through a TLE is deflected into the troughs
and produces vortices. These vortices interact with the fluid in the
crest region, thereby energizing the flow. This results in an increase
in momentum and energy downstream of the flow (Aftab et al.,
2016).

At Pusan National University (PNU), research is being con-
ducted on the application of biomimetic technologies to simula-
tion of the form of a humpback whale fin at the leading edge of a
full-spade rudder. Yoon et al. (2011) examined the impact of the
hydrodynamic characteristics caused by a wavy leading edge of
the rudder and verified the potential improvement in rudder
performance numerically by ensuring rudder lift at large attack
angles of more than 15� in a Three-Dimensional (3-D) viscous
flow. Lee et al. (2010) developed a WTR with a humpback whale
fin form at the leading edge and numerically verified a normal TR,
lift and drag at different angles, and the flow distribution at the
leading edge under uniform flow conditions. Chun (2012) exper-
imentally verified the resistance and self-propulsion achieved by
attaching the previously developed WTR to a container ship. The
efficiency was increased by 3.1% in comparison to an existing bare
hull semi-spade rudder. The present authors (Tae et al., 2017) used
Computational Fluid Dynamics (CFD) to examine the effect of the
wave height on the resistance and self-propulsion performance of
a WTR developed in previous research. A final wave height of
0.65Hwave was used to compare the lift, drag, and torque of a WTR
with those of a TR at angles of attack of 35� and 40�. The results
confirmed the superiority of the WTR in terms of the liftedrag
ratio and torque.

In the present research, numerical simulations and experiments
were performed to determine whether the WTR developed in the
previous study (Tae et al., 2017) can maintain high lift at large an-
gles of attack while achieving the efficiency of a TR. In addition, the
performance of a TR and WTR in terms of resistance and self-
propulsion were compared by means of numerical simulation and
model tests. The results clearly demonstrate the effects of the wave
shape on the characteristics of rudders and contribute to a better
understanding of the effects of substituting currently used high-lift
rudders with WTR.

Fig. 1. Typical erosion profile of a semi-spade rudder due to cavitation (Oh et al., 2009).

Fig. 2. Principle of a twisted rudder adjusted to the propeller's upper and lower inflow.

Fig. 3. Cavitation of twisted part at angle of attack of 10� .
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2. Target ship and rudder design

2.1. Target ship and propeller

The target ship used in this study was a 3600 TEU KRISO
Container Ship (KCS), as shown in Fig. 5. The scale was determined
to be 39.5:1, based on the propeller diameter and the tank size.
Table 1 lists the dimensions of the real andmodel ships. Table 2 lists
values of the principal parameters of the KCS propeller.

2.2. Definition of the twisted rudder section

As Fig. 6 shows, twist angles of 5� to the port and 5� to the
starboard were formed based on the maximum thickness point for
the NACA0018 section. A twist angle between 4� and 7� is typically
used to allow for maneuverability while reducing the angle of
attack and reducing the stall caused by separation flow at the front

Fig. 5. 3600 TEU KRISO container ship model.

Table 1
Principal parameters of the target and model ship.

Real ship Model ship

Length PP (m) 230.00 5.82
Length WL (m) 232.50 5.89
Breadth (m) 32.20 0.82
Depth (m) 19.00 0.48
Design draught (m) 10.80 0.27
Block coefficient 0.651 0.651
Design speed (m/s) 12.346m/s 1.964m/s
Froude number 0.259
Scale ratio 39.5

Table 2
Principal parameters of the KCS propeller.

Real Model

Diameter (m) 7.90 0.20
Number of blades 5
(P/D)mean 0.950
AE/AO 0.800
Skew (�) 32
Hub ratio 0.180
Section profile NACA66 (a¼ 0.8 mean line camber)
Scale ratio 39.5

Fig. 6. Definition of the rudder section.

Fig. 7. Configuration and parameters of the WTR.

Fig. 4. Sketches of vortex structures produced by leading-edge tubercles (Wei et al., 2015).
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of the blade. Numerical analysis has shown that the hydrodynamic
angle of attack is approximately 30� at the top and bottom parts. In

this study, a prototype twist angle of 5� was selected because it is
the most widely used twist angle for TRs applied to large container
ships (Ahn et al., 2012).

2.3. Definition of the WTR shape

As with the TR, the upper part of the WTR was twisted toward
the port side, and the lower part was twisted toward the starboard
side from the propeller shaft. The difference between the WTR and
the conventional TR was that the discontinuity was mitigated by
connecting discontinuous parts in the shape of a tangent function
when viewed from the front. When a wavy shape is applied to the
leading edge, the chord length from the top to the bottom of the
rudder changes. Eqs. (1) and (2) were applied to connect the wave
form smoothly from top to bottom. The sine form, which is a
triangular function, was used for the basic waveform. Fig. 7 defines
the overall angles used in the formulas to implement the rough
waveform. Because the waveform was simulated with a sine
function, the required range of angles could be defined by multi-
plying the desired number of waves by 360�, which was one cycle
of the sine function, as shown in Eq. (3). This angle was applied to
the sine function to determine the value of the constant
fcðcons tan tÞ for each section Hwave is a constant that determines
the maximum and minimum wave heights in the range of 0e1.
Finally, Clnth for the final waveform can be determined by multi-
plying the value of fc for each section by the existing chord length
ðClorinth Þ. Fig. 8 shows the final model shapes of the TR and WTR.

Fig. 8. Shape difference between (a) TR and (b) WTR at the twisted part.

Table 3
Principal dimensions of the TR and WTR.

TR WTR

Top chord (mm) 151.0 152.3
Bottom chord (mm) 125.1 120.1
Mean chord (mm) 137.5 136.2
Span (mm) 251.4 248.5
Aspect ratio 1.82 1.82
Wetted surface area (mm2) 71749.7 71290.5
Area difference (%) e �0.6

Table 4
Analysis conditions.

Program Star CCMþ (Ver. 9.04)

Governing equation Incompressible RANS
Discretization Cell-centered FVM
Turbulence model Realizable keε model
Wall function Non-equilibrium
Velocityepressure coupling SIMPLE algorithm
Rotation method Sliding interface moving mesh
Ypþ 100
Time step 0.002 s
Physical time 50 s

Fig. 9. Computational domain.
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Clnth ¼ Clorinth � fc (1)

fc ¼ 0:95þ 0:05 sinðaÞ � Hwave (2)

a ¼ 360
� � Numwave

�
nmax � n
nmax

�
þ 90

�
(3)

where Cl�nth is the nth chord length implementing the wave shape,
Cl�ori�nth is the original chord length,Hwave is the height of thewave,
Numwave is the number of waves, a is the overall phase of the sine
function according to the number of waves, and fc is the factor used
to implement the wave shape.

2.4. Dimensions of the TR and WTR

Table 3 lists the dimensions of the rudders. The percentage
difference at the bottom of the table indicates the difference be-
tween the wetted surface areas of the TR and WTR.

3. Computational set-up

The propeller, rudders, and ship model presented in Tables 1e3
were modeled and analyzed numerically using the commercial
program STAR-CCMþ (v9.04). The resistance, self-propulsion, and
rudder force at different angles of the TR and WTR were compared
for a design speed of 1.964 m/s.

3.1. Governing equations

The Reynolds-averaged NaviereStokes (RANS) equations were
used to consider unsteady, incompressible, and viscous flows.
These are expressed as follows:

vui
vxi

¼ 0 (4)

vðruiÞ
vt

þ v
�
ruiuj

�
vxj

¼ �vr

vxi
þ v

xi

"
m

 
vui
vxj

þ vuj
vxj

!#
þ v

vxi

 
� rui

�
uj
�

!

(5)

where ui, p, t, r, m, and �rui
�
uj
�

are the velocity, pressure, time,
density, viscosity coefficient, and Reynolds stress, respectively.

3.2. Numerical method

To resolve the coupling of the velocity and pressure, the semi-
implicit method for pressure-linked equations (SIMPLE) algo-
rithm was used. The most commonly used turbulence model in
engineering is the keε model. In this study, the realizable keε
model was used. This indicated improved performance for the
boundary layer separation flow with an adverse pressure gradient.
In addition, a sliding interface moving mesh for direct rotation was
used to rotate the propeller during the numerical analysis of the
self-propulsion. Table 4 presents details of the analysis conditions.

In the resistance analysis, the total resistance coefficient was
calculated and compared based on the total resistance at model
scale (RTM). The performance of the two types of rudders was
compared on the basis of the wetted surface area.

For the self-propulsion analysis, the propeller rotation was
simulated with a sliding mesh, and the surroundings of the pro-
peller (e.g., suction and pressure surfaces) were processed as

Fig. 10. Numerical grid system for the present computations: (a) stern grid, (b) twisted
rudder grid, and (c) wavy twisted rudder grid.
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interfaces. The calculation time step was 0.002 s, and calculations
were performed for a total time of 50 s. Five internal calculations
were repeated every hour. The analysis method proposed by Choi
et al. (2009) was used for the performance comparison. The anal-
ysis results for both propeller rotation speeds were used to find the
model total resistance (RSPTMÞ, thrust (TM), torque ðQM), and number
of revolutions (nMÞ at the self-propulsion point. The wetted surface
area was considered to determine the towing force (TF) of each
rudder type. For the purpose of the performance comparison, the
delivery power of themodel ship (PDM) was determined as follows:

TF ¼ RSPTM � TM (6)

PDM ¼ 2pnMQM (7)

The rudder forces at different rudder angles were compared by
considering the lift, drag, and torque on the rudder's port and
starboard sides within an angle range of 20�e40� in increments of
5�.

3.3. Boundary conditions and grid system

Fig. 9 shows the boundary conditions applied in this study. The
Dirichlet conditions were applied to the inlet and outlet bound-
aries, i.e., the free-stream velocity U and a static pressure of zero. A
no-slip boundary condition was assumed for the ship and rudders,
and symmetry was assumed for the rest of the boundaries. The
computational domainwas from the mid-ship to �1.5� X/Lpp � 3.0
in the x direction, �1.5� Y/L� 1.5 in the y direction, and �1.5� Z/
L� 1.5 in the z direction.

The grid system was constructed with trimmer grids by means
of automatic grid generation using Star CCMþ. Approximately 2.2
million and 3.0 million grids were considered for the numerical
analysis of the resistance and self-propulsion, respectively. Fig. 10
shows the configurations. The first position of the grid point on
the surface corresponds to yþ ¼ 100. The prism layer, wherein the
shear force around the hull is important, was divided into six layers,
and the wall function was applied to them. The Volume Of Fluid
(VOF) was used to consider the free water surface, and the grids
were densely formed to compute the flow more accurately at lo-
cations where two phases met (see Fig. 11).

4. Experimental set-up

Model testing was conducted in the towing tank at PNU, which

is 100m in length, 8m in width, and 3.5m in depth. The maximum
speed of the towing tank carriage was 5m/s.

The results of the numerical analysis were verified by per-
forming tests with the same model properties. Fig. 12 shows
models of the manufactured TR and WTR (see Fig. 13).

The model tests were conducted in accordance with Froude's
law of similarity. The measurement speeds in the resistance and
self-propulsion test were 23, 24, and 25 knots. The rudder force test
was conducted only at the design speed (24 knots). The number of
revolutions used was the number of revolutions at the self-
propulsion point measured in the self-propulsion test. Table 5
summarizes the cases and conditions of the model tests.

In the resistance test, the ITTC, 1978 performance prediction
method was followed, but a two-dimensional (2-D) analysis
method was used to compare the model's total resistance coeffi-
cient at model scale CTM . As in the numerical analysis, in the self-
propulsion test, the rudders' performance was assessed by
comparing each model's number of revolutions nM , torque QM , and
transmission power 2pnMQM.

Rudder force was measured by rotating the rudder angle in the
port and starboard directions within a range of 20�e40� in in-
crements of 5�. The angle was rotated precisely using an angle
controller, and the lift, drag, and torque of the rudders were
measured with a rudder force measurement instrument. Fig. 14
shows the rudder force measurement instrument and the angle
controller.

Fig. 11. (a) Towing carriage and (b) towing tank at Pusan National University.

Fig. 12. Models of (a) TR and (b) WTR.
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5. Results and discussion

In this section, we present a comparison between the numerical
results and the results of the experiments for a design speed of 24

knots. The resistance, self-propulsion, and rudder force of the two
rudders were compared and analyzed, and their pressure distri-
bution and flow characteristics were verified through simulation.

Fig. 13. Experimental set-up for model tests of (a) TR and (b) WTR.

Table 5
Model test cases and conditions.

Test case Measurement
speed range (kts)

Draught condition Appendage

Resistance 23, 24, 25 Design draught TR, WTR
Self-propulsion 23, 24, 25 Design draught TR, WTR
Rudder force 24 Design draught TR, WTR

Fig. 14. Rudder force and moment calibrator.

Table 6
Comparison of resistance at the model scale.

Rudder Type TR CTM � 103 WTR CTM � 103

Knots 23 24 25 23 24 25

CFD e 3.853 e e 3.857 e

Model test 3.598 3.882 4.243 3.610 3.894 4.257
Difference (%) e 0.747 e e 0.950 e
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5.1. Resistance results

Table 6 shows the self-propulsion results obtained from the
numerical analyses andmodel tests. In both the numerical analyses
and the model tests, the WTR resistance increased slightly.

To determine what caused the minimal resistance increase

observed, CFD was used to verify the pressure coefficient of the
rudder surface, as shown in Fig. 15. Overall, there was no difference
in the pressure distribution on the rudder surface. However, a
minimal pressure decrease occurred locally in the bone part of the
wavy leading edge, causing the resistance to increase slightly.
Nevertheless, the resistance difference between the twisted rudder
and wavy twisted rudder was small.

The numerical and experimental results differed quantitatively
by only 1%. In future research, the quantitative correlation with the
model test results will be analyzed by means of numerical analyses
for different ship speeds.

Fig. 15. Pressure coefficient according to the rudder type.

Table 7
Comparison of the delivered horsepower at the model scale.

nMðRPSÞ QMðNmÞ 2pnMQMðWÞ
TR WTR Diff. (%) TR WTR Diff. (%) TR WTR Diff. (%)

23 kt Model 10.350 10.334 �0.154 1.043 1.048 0.479 10.795 10.830 0.324

24 kt Model 10.900 10.882 �0.165 1.160 1.166 0.474 12.644 12.683 0.308
CFD 10.867 10.866 �0.009 1.179 1.182 0.254 12.812 12.844 0.250
Diff.(%) 0.304 0.147 e �1.612 �1.354 e �1.311 �1.254 e

25 kt Model 11.500 11.480 �0.173 1.284 1.290 0.467 14.766 14.809 0.293

Fig. 16. Comparison of numerical and experimental results for lift: (a) port side and (b) starboard side.

Fig. 17. Area and angle changes in the rudder's upper and bottom sections.
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5.2. Self-propulsion results

Table 7 compares the experimental and numerical models'
number of revolutions, torque, and delivery power. There was no
big difference between the number of revolutions for both rudders,
and theWTR showed a decrease of 0.3% in delivery power owing to
a slight increase in torque.

Previous research (Chun, 2012) has indicated that the self-
propulsion performance of a WTR is 2% better than that of a TR,
which is not very good. Because the WTR used in the present
research exhibited no notable difference in efficiency in compari-
son to the TR, future research will involve developing a WTR with
superior efficiency, such as one that achieves a bulb effect through
the placement of a third wave on the same line as the propeller
shaft center.

5.3. Rudder force results

The ultimate goal of this research was to compare the TR with
the rudder force of the WTR, which is able to maintain a high
liftedrag ratio at high angles due to the stall delay effect caused by
its wavy shape without high resistance or a difference in self-
propulsion efficiency between the two rudder types. Fig. 16
shows the lift values obtained from the numerical analyses and
model tests for various high angles of the port and starboard.

On the port side (see Fig. 16a), the stall point for both the TR and
WTR is 35�, and the lift distributions obtained from the model tests
for both rudders were similar to those obtained from the numerical
analyses. On the other hand, on the starboard side (see Fig. 16b), the
lift distributions for the WTR were higher than those for the TR in
both themodel test and numerical analyses, and it was verified that
the stall point, at which the lift decreases, was delayed according to
both the model test and numerical analysis results. The reasons for

Fig. 18. Comparison of numerical and experimental results for drag: (a) port side and (b) starboard side.

Fig. 19. Comparison of numerical and experimental results for torque: (a) port side and (b) starboard side.
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this are an angle of attack difference that is caused by the twisted
section and a difference that occurs between the areas of the lower
and upper part centered on the propeller shaft, as shown in Fig. 17.
The result is a lift difference during rotation toward the starboard
side. The reason for the angle difference between the model test

results and the numerical analysis results with respect to the point
at which the WTR's stall point occurs on the starboard side is
presumed to be that the model test was not conducted under fully
turbulent conditions, whereas the numerical analysis was con-
ducted for fully turbulent conditions. As a result, the stall point was
generated later in the CFD analysis.

Figs. 18 and 19 show the drag and torque value obtained,
respectively. According to numerical analysis and model test re-
sults, the drag and torque values of the WTR are low. To confirm
this, the pressure coefficient and streamline were verified by nu-
merical simulation with a starboard side angle of 40�.

Fig. 20 shows the pressure coefficients of the two rudders.
Because the TR exhibited a high pressure distribution difference in
the bottom section, its drag was found to be higher than that of the
WTR.

As shown in the streamline of the top view of Fig. 21, exfoliation
occurred in both rudders. However, it was verified that the extent of
exfoliationwas severe in the TR. A closer examination of this via the
side view shown in Fig. 22 indicates that exfoliation occurred all
over the TR. However, in theWTR, exfoliation occurred only locally,
centered on the propeller hub. Thus, a streamline difference be-
tween the two rudders can be observed.

Fig. 23 shows comparisons of the liftedrag ratios of the two
rudders obtained from the numerical analysis and model test
results.

With a WTR, a streamwise vortex is generated by the pressure
and speed differences at the vortex location. This is caused by the

Fig. 22. Visualization of streamline, side view: (a) TR and (b) WTR (starboard side 40�).

Fig. 20. Pressure coefficient for a rudder angle of 40� on the starboard side.

Fig. 21. Visualization of streamline, top view: (a) TR and (b) WTR (starboard side 40�).
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wave form of the bone and floor, which is like a sine wave. This
causes the fluid to acquire a highmomentum and actively exchange
energy within the boundary layer. At the end of a TR, the flowing
fluid does not have the power to overcome the frictional force of the
surface. However, delamination is delayed with a WTR because
energy is continuously supplied so that the flow can overcome the
frictional force of the surface. This delays the stall, which makes it
possible for the WTR to maintain a higher liftedrag ratio and an
efficient rudder angle.

6. Conclusions

In this study, experimental tests and numerical analyses were
conducted to assess the performance of TRs and WTRs. The wave
shape of the latter was confirmed to produce an excellent liftedrag
ratio in a complex flow, such as a propeller wake. The resistance
and self-propulsion performances of the TR and WTR were inves-
tigated while the rudder was rotated at large angles. The conclu-
sions are as follows:

(1) The resistance values obtained from the numerical analyses
for the TR and WTR were 0.10% and 0.48%, respectively,
which are not significantly different. In terms of the self-
propulsion performance, when the efficiency was
comparedwith the delivered power (PD) at a 0� rudder angle,
the difference between the TR and WTR was 0.3%. Thus, no
significant difference in delivery power efficiency was found
between the two types of rudders.

(2) The lift, drag, and torque of each rudder were computed and
measured for rotation angles between 20� and 40� in 5� in-
crements toward the port and starboard sides. No significant
differences in lift were found on the port side for the TR and
WTR. On the starboard side, however, the WTR had a greater
lift than the TR. This difference in lift between the port and
starboard sides was caused by the difference in area between
the upper and lower parts of the rudder from the twisting
point. Thus, the stall point at which the lift began to decline
was delayed for theWTR, as verified by the experimental and
numerical results.

(3) The torque was altered by both the direction and size of the
force. The torque of the WTR was small because the distance

from the stock to the resultant force point was shorter than
that for the WTR. The resultant force point for the torque
should be investigated through further tests.

(4) The starting angle of the stall point differed in the numerical
and experimental results, presumably because the experi-
mental tests were not conducted under fully turbulent con-
ditions, whereas the CFD analysis represented fully turbulent
conditions for a given flow condition. Thus, the stall point
formed later according to the CFD results.

(5) The WTR displayed superior drag performance on both the
port and starboard sides. The proposed WTR is superior to
the conventional TR and has the advantages of a high
liftedrag ratio for a wide rudder angle range. More in-depth
research is needed to optimize the wave shape and flow
mechanism to balance the rudder forces on the port and
starboard sides.
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