<]
TUDelft

Delft University of Technology

Impacts of the rudder profile on manoeuvring performance of ships

Liu, Jialun; Quadvlieg, Frans; Hekkenberg, Robert

DOI
10.1016/j.oceaneng.2016.07.064

Publication date
2016

Document Version
Accepted author manuscript

Published in
Ocean Engineering

Citation (APA)
Liu, J., Quadvlieg, F., & Hekkenberg, R. (2016). Impacts of the rudder profile on manoeuvring performance
of ships. Ocean Engineering, 124, 226-240. https://doi.org/10.1016/j.oceaneng.2016.07.064

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.oceaneng.2016.07.064
https://doi.org/10.1016/j.oceaneng.2016.07.064

Impacts of the rudder profile on manoeuvring performance of ships

Jialun Liu®*, Frans Quadvlieg®, Robert Hekkenberg?

“Delft University of Technology, Mekelweg 2, 2628 CD, Delft, The Netherlands.
bMaritime Research Institute Netherlands (MARIN), Haagsteeg 2, 6700 AA, Wageningen, The Netherlands.

Abstract

The profile of a ship rudder influences the forces it generates, which in turn influence the manoeuvring performance of
a ship. Thus, rudder forces and moments should be calculated considering the profile. Instead of an empirical estima-
tion of the rudder normal force coeflicient, this paper applies a RANS method to determine the hydrodynamic charac-
teristics of various profiles, i.e. lift and drag coefficients. The RANS method is validated with a classic NACA 0012
profile and applied to 9 profiles from the NACA series, the wedge-tail series, and the IFS series. Furthermore, the 2D
open-water RANS results are corrected for the effects of the propeller slipstream and the rudder aspect ratio. New
regression formulas of the normal force coefficients are proposed for the tested profiles. These formulas are then
integrated into a standard MMG model. Taking the KVLCC2 tanker as a reference ship, the manoeuvring model is
validated with free-running tests executed by MARIN. Finally, the manoeuvring performance of the reference ship
with various rudder profiles are quantified with turning and zigzag manoeuvres. The simulation results confirm that
the wedge-tail series is most effective (largest manoeuvring forces) while the NACA series is most efficient (highest
lift to drag ratio) among the tested profiles. The IFS series achieves a balance of effectiveness and efficiency.
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Re Reynolds number

SST  Shear Stress Transport

Greek Symbols

aR Effective rudder angle

B Ship drift angle

Bp Drift angle at propeller position

0 Rudder angle

5 Rudder rate

n Ratio of propeller diameter to rudder span
YR Flow straightening coefficient of the rudder
¢ Flow-straitening factor due to the yaw rate
K Experimental constant for expressing ug
Ag Rudder geometric aspect ratio, Ag = Bg/Cr
v Ship displacement volume

W Ship heading angle

P Water density

Roman Symbols

Ap
Ap
ag

AR

Tp

Advance of turning circle test

Non-dimensional advance of turning circle test, A}, = Ap/Lp,
Rudder force increase factor

Rudder lateral area without the horn part

Tactical diameter of turning circle test

Non-dimensional tactical diameter of turning circle test, T}, = Tp/L,,
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Bg

Cp

Cyn

Cr

Cy,

)

Ny

np

Ng

Rudder span

Maximum moulded breadth at design water line

Block coefficient

Normal force coefficient of the rudder with specific aspect ratio in propeller slipstream
Rudder chord length

Normal force coeflicient of the rudder with infinite aspect ratio in open water
Propeller diameter

Rudder normal force

Yaw moment of inertia of the ship around centre of gravity

Propeller advance ratio

Added moment of inertia of the ship around centre of gravity
Propeller thrust coefficient

Length between perpendiculars

Ship mass

Added mass due to ship motion in x-direction

Added mass due to ship motion in y-direction

Hydrodynamic moment due to hull acting on the ship around z-axis
Propeller revolution

Hydrodynamic moment due to rudder acting on the ship around z-axis
Yaw acceleration around midship z axis

Yaw rate around midship z axis

Ship draught

Rudder profile section thickness
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Tp

ip

IR

Up

UG

Uur

Va

VG

Vi

VR

wp

WR

wp,

XG

Xy

XH

Xp

Xp

Propeller thrust

Propeller thrust deduction factor in manoeuvring motions
Steering resistance deduction factor

Ship acceleration in the direction of x axis

Surge speed in the direction of x axis, u = V cosf

Service speed of the ship (the initial speed for manoeuvring simulations)

Longitudinal speed in the direction of x axis at centre of gravity, ug = u
Longitudinal velocity of the inflow to rudder

Ship acceleration in the direction of y axis

Ship velocity on midship, V = Vi +v2

Sway speed in the direction of y axis on midship, v = -V sinf
Propeller advance speed

Sway speed in the direction of y axis at centre of gravity, vg = v + xgr
Rudder inflow velocity

Lateral velocity of the inflow to rudder

Wake factor at propeller position in manoeuvring

Wake factor at rudder position in manoeuvring

Wake factor at propeller position in straight moving

Longitudinal position of centre of gravity in o0 — xyz

Hydrodynamic force due to hull acting on midship in x-direction
Longitudinal position of acting point of additional lateral force
Hydrodynamic force due to propeller acting on midship in y-direction

Longitudinal position of propeller in 0 — xyz
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Xr Hydrodynamic force due to rudder acting on midship in x-direction ™)

XR Longitudinal position of rudder in 0 — xyz (m)
Vi Non-dimensional first cell height (-)
Yy Hydrodynamic force due to hull acting on midship in x-direction ™)
Yr Hydrodynamic force due to rudder acting on midship in y-direction N)

1. Introduction

Rudders are the most common steering devices of ships. They determine the response of a ship to navigation
orders and affect the manoeuvrability. To satisfy the mandatory manoeuvrability criteria of the International Maritime
Organization (IMO) (International Maritime Organization, 2002b,a), a ship must achieve sufficient turning forces
and moments from its rudders. Furthermore, the rudder induced resistance also impacts the overall fuel consumption.
Thus, rudders do not only affect navigation safety but transport efficiency as well. In the initial design stage of a rudder,
a decision has to be made regarding the profile, which has significant impacts on its hydrodynamic performance for
manoeuvring (Kim et al., 2012). Additionally, Liu and Hekkenberg (2016) reviewed the design choices of rudders
and their impacts on rudder performance in ship manoeuvrability, fuel consumption, and rudder cavitation.

Yasukawa and Yoshimura (2014) introduced the standard MMG model for ship manoeuvring simulations. The
MMG model calculates rudder forces (Xg and Yz) and moments (Ng) based on the rudder’s normal force (Fy) as the

following:

Fy = 0.5pAgV3Cy, (1)
where p is the water density, Ay is the rudder lateral area, Vj is the rudder inflow velocity, and Cy is the rudder normal
force coefficient, which depends on the rudder profile. Routinely, Cy is obtained by empirical formulas (Fujii, 1960;
Fujii and Tsuda, 1961, 1962) as the following:

Cy = 6.13sinag

T @
where Ag is the rudder geometric aspect ratio, which is the ratio of the rudder span (Bg) to the rudder chord length
(CR), ag is the effective rudder angle. Normally, the rudder effectiveness is judged by the rudder side force (Yz), which
primarily depends on Ag, Vg, and Cy as shown by Eq. 1 and Eq. 2.

The rudder area (Ag) is determined by the rudder span and chord, which are constrained by design draught and

capacity of the steering gear. Achieving the required rudder area may not be a problem for seagoing ships, but it
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is critical for inland vessels (Liu et al., 2015). When the rudder size is limited, a twin-rudder or multiple-rudder
configuration is the solution. This solution, for example, is frequently applied to inland vessels with multiple rudders
and very large seagoing ships with twin rudders.

The rudder inflow velocity (Vi) relates to the ship speed, the propeller working load, the propeller rate of rev-
olution, and the location of the rudder relative to the propeller. However, these parameters are rarely optimised on
purpose for the rudder effectiveness. Therefore, the rudder normal force coefficient (Cy) mainly depends on the rudder
profile. As the empirical method (Eq. 2) only considers the aspect ratio, it does not enable an analysis of the profile
impact on rudder forces and moments regarding the ship manoeuvring performance.

To obtain the normal force coefficients of various profiles, the rudder hydrodynamic characteristics should be
analysed, i.e. the lift and drag coefficients. These coefficients are traditionally obtained in wind tunnels (Thieme,
1965), towing tanks (Vantorre, 2001), or by Computational Fluid Dynamics (CFD) (S6ding, 1998; El Moctar, 2001).
Even though CFD methods may encounter challenges in convergence and accuracy, they are convenient to study
various cases as a primary study. Thus, this paper applies a Reynolds-Averaged Navier-Stokes (RANS) method to
achieve the actual rudder force coefficients of different profiles for manoeuvring simulations.

This paper presents manoeuvring simulations of a KVLCC?2 tanker based on RANS calculation results of 9 rudder
profiles from 3 series, i.e. National Advisory Committee for Aeronautics (NACA), Institute fiir Schiffbau (IFS), and
wedge-tail. Section 2 discusses the characteristics of the rudder profiles. Section 3 describes the mesh and solver
of the applied RANS method, which is then validated with wind tunnel results of a NACA 0012 profile. Section 4
presents the hydrodynamic characteristics of the tested profiles. These results are then corrected with the propeller
slipstream and the rudder aspect ratio impacts. Section 5 introduces the mathematical model used for manoeuvring
simulations, which is validated with free-running tests of the KVLCC?2 tanker with a NACA 0018 profile. Section 6
presents the manoeuvring performance of the KVLCC2 tanker with various rudder profiles in turning and zigzag

manoeuvres. Section 7 obtains conclusions.

2. Rudder profiles

Profiles are generally classified into different families differing in the maximum thickness and its location. Various
rudder families have different hydrodynamic characteristics (Thieme, 1965). The choice of profiles should depend on
the ship particulars and sailing conditions. Molland and Turnock (2007) presented an overview of rudder types. This
paper compares the hydrodynamic characteristics of 9 profiles from 3 common families, i.e. NACA, wedge-tail, and

IFS.



2.1. NACA

To achieve an efficient rudder, which can generate sufficient lift with minimum drag, the NACA series is most
widely used (Kim et al., 2012). The conventional NACA 00 series is suitable for a large range of ships while the
low-drag NACA 65/66 series is more applicable for high-speed vessels which are vulnerable to cavitation (Molland
and Turnock, 2007). In this paper, 5 NACA profiles are used for validation and comparison as shown in Fig. 1. The
NACA 0012 profile is taken as the validation profile for the RANS method. The NACA 0018 profile is applied for
the validation of the manoeuvring model as it is the original rudder profile for the KVLCC2 tanker. Furthermore,

NACA 0015, NACA 0020, and NACA 0025 profiles are tested to compare with other series of similar thickness.

NACA 0012

03+ NACA 0018
— NACA 0015

— — NACA 0020

0.2 _._.NACA 0025

y coordinates [y/C]

-03F

01 02 03 04 05 06 07 08 09 1
x coordinates [z/Cp]

Figure 1: Tested NACA profiles.

2.2. Wedge-tail

Inland vessels commonly use wedge-tail and fishtail (Schilling) profiles to improve the rudder effectiveness at
slow speed in shallow water. A basic approach to generate a wedge-tail rudder is to attach a tail to a NACA profile.
Commonly, fishtail rudders have smoother geometry and better performance than wedge-tail rudders. However, little
information is publicly available regarding the fishtail geometries. wedge-tail and fishtail rudders commonly have
larger stall angles than the NACA series as the tails can generate high lift but with extra drag (Thieme, 1965; Molland
and Turnock, 2007). As no uniform geometry was found in the literature, we designed three wedge-tail rudders based
on the NACA 0015, NACA 0020, and NACA 0025 geometries. These wedge-tail profiles have a concave point at

0.95 Cg and a trailing edge thickness of 0.1 Cg as demonstrated in Fig. 2.
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Figure 2: Tested wedge-tail profiles.

2.3. IFS

The IFS series is developed to achieve a steeper slope of the lift coefficient, a delay stall, and an increase of the
maximum lift coefficient by optimising the pressure distribution around the profile (Molland and Turnock, 2007).
Thieme (1965) presented wind tunnel tests of the IFS series. Fig. 3 shows the 3 tested IFS profiles, i.e. IFS56 TR15,
IFS61 TR25, and IFS62 TR2S.
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Figure 3: Tested IFS profiles.



3. RANS methods

To obtain the hydrodynamic characteristics of each profile, this paper applies a RANS method. This section

introduces the mesh generation, the solver selection, and the validation of the model based on a NACA 0012 profile.

3.1. Mesh generation

A mesh presents the physical model in a discrete form on which the governing equations can be resolved numeri-
cally. To obtain reliable CFD solutions, the mesh has to be sufficiently refined in the area where high gradients of fluid
characteristics exist. This paper applies hybrid meshes, which have structured inflation layers around the profile and
unstructured cells filling the domain. Hybrid meshes are easier to generate and converge for complex geometries than
structured meshes. In addition, hybrid meshes can better simulate the viscous effects than pure unstructured meshes.
Fig. 4 illustrates the mesh for a NACA 0012 profile. Meshes for other tested profiles are generated with the same
strategy.

The fluid material is incompressible water. The boundary conditions for left, top and bottom, and right sides of the
domain are set as velocity-inlet, symmetry (no-shear wall), and pressure-outlet as shown in Fig. 4. The test Reynolds
number is 6 x 10°. Above this value, small impacts of the Re on the lift and drag coefficients are found (Ladson,
1988). The corresponding inflow speed is 6.0289 ms~! for a rudder model with 1 m chord length. The inflow is kept
normal to the inlet boundary while the profile is rotated by the specified angle of attack. The mesh is implemented
in a rectangular domain of 60 Cg in width and 90 Cy in length to minimise the influence of the far-field boundaries.
The profile locates in the front of the domain, with 30 Cy to left, top, bottom and 59 C to right respectively. This
domain is sufficiently large to minimise the influence of the boundary locations on the rudder hydrodynamics while
not excessively large resulting in a waste of computation resource and time. To improve the accuracy of the solution
and capture the wake area, an inner domain is defined to refine the mesh around the rudder. The dimension of the
inner domain is illustrated in Fig. 4. For the wall effect, the profile is covered by 50 structured inflation layers. The

rest of the domain is filled with unstructured meshes.

3.2. Numerical methods

Instead of resolving the continuous governing partial equations, the Navier-Stokes equations are actually solved
in the discrete form with a numerical solver. This paper applies a Pressure-Based Coupled-Solver (PBCS) in ANSYS
Fluent 16.1. The PBCS solves momentum and pressure-based continuity equations in a coupled manner and speeds up
the overall convergence (Keating, 2011). A second-order upwind spatial scheme is used to decrease the discretisation
errors. Three common turbulence models are Spalart-Allmaras, Realisable k — €, and k — w shear stress transport (k—w
SST) to construct the turbulent effects. Eleni et al. (2012) evaluated the performance of these three models concluding

that the kK — w SST model has a good agreement with the experimental data. Because it combines the best of the k — w
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(a) Test domain and boundary conditions.
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Figure 4: Mesh structures and boundary conditions of the test NACA 0012 profile.
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model in the near wall region and the & — € model in the far field. Thus, the k — w SST model is applied in this paper
for turbulence modelling. The non-dimensional first layer height y* is less than 1 for the k — w Shear Stress Transport

(SST) turbulence model. Based on Re and y*, the first cell height is 4.46E-6 Cg. The mesh growth rate is 1.1.

3.3. Grid independence

A grid independence test shows that the solutions are independent of the change in grids. This paper refines the
mesh based on the chord-wise element size along the rudder profile, which determines the aspect ratio of boundary
layers. This parametric refinement addresses the crucial impact factors on the mesh quality and avoids waste of cells
by overall refinement (Stern et al., 1999). As the first cell height is 4.46E-6 Cg, the chord-wise element size is tested
in range of 2.68 x 1073 to 2.23 x 107*. The corresponding range of aspect ratios is 50 to 600 at an interval of 50. The
RANS results are compared to wind-tunnel tests (Ladson, 1988). Fig. 5 presents the relative differences of the lift and
drag coefficients with a decrease of the aspect ratio, i.e. an increase of the number of cells, at an angle of attack of
10°. It indicates that the accuracy of the drag coefficient is more sensitive to the number of cells than the accuracy of

the lift coefficients. A mesh of 400000 cells can be sufficient to keep the results independent from the grid.

1.105 0.0162
0.016
L1t
0.0158 |
1095 —0.0156
= =
! g 0.0154
o
= & 00152+
3 o
S 1.085} °©
: ¥ 0.015
= LogL A 0.0148 -
0.0146
1.075
0.0144 |
107 L L L L L ] 00142 L L L L L ]
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Number of cells [-] x10° Number of cells [-] %10°

Figure 5: Grid independence study of lift and drag coefficients at an angle of attack of 10°.

3.4. Validation of the RANS method

To validate the RANS method, a classic validation profile NACA 0012 is utilised under angles of attack in a
range of 0° to 15° at an interval of 1°. The lift and drag coefficients are compared to one experimental data (Ladson,
1988) and three independent CFD codes (Langley Research Center, 2014), which are CFL3D (NASA LaRC, USA),
FUN3D (NASA LaRC, USA), and NTS (NTS, Russia), as shown in Fig. 6. It is worthwhile mentioning that the three
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benchmark CFD cases were carried out with structured meshes in a domain of 500 Cg around the profile. Each CFD

case has three data points at angles of 5°, 10°, and 15°.

161 0.03
—6&— Fluent
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1.2 0.025
= 1 =
-— c
€ $ 0.02
S 0
2 08 S
£ @
L 06 8
S 20.015
5 04 =z
0.2 0.01
0%
-0.2 ! 0.005 !
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Angle of attack [deg] Angle of attack [deg]

Figure 6: Comparison of Fluent results to numerical and experimental tests.

The comparison in Fig. 6 shows that the RANS method with hybrid meshes predicts the lift coefficient well
but overestimates the drag coefficient. Inaccurate lift prediction is mainly due to numerical diffusion. The applied
RANS method has a larger overestimation of the drag coefficients than the CFD benchmarks because hybrid meshes
introduce larger discretisation errors than the structured meshes applied in the benchmark cases. The overestimation
is also partly caused by the assumption that the flow is fully turbulent around the profile while in fact there are always
laminar and transition parts near the leading edge (Eleni et al., 2012).

The accuracy of the drag coefficient can be improved by using fully-structured meshes, a larger domain, or more
advanced CFD methods like Large Eddy Simulations or Direct Numerical Simulations (DNS). However, these im-
provements are quite expensive in computation resource and time. Since the drag coefficient is a relatively small value,
which contributes to the normal force coeflicient much less than the lift coefficient, here we accept the inaccuracy of
the drag coefficients for angles in the range of 0° to 15°.

The presented validation proves the usability of the RANS method for the NACA series. For the IFS series, only
low-Reynolds-number results were found in the literature, which was given by Thieme (1965). The validation for
the IFS series was not performed with these data which may be affected by the low Reynolds number. Since both
the NACA and IFS series are well-streamlined profiles, it is reasonable to assume the method is applicable for the
IFS series. Yet, no uniform geometry nor validation data for the wedge-tail rudders were available in the literature.
The tail shape may cause stronger flow separation than the NACA and IFS series at large angles of attack while not

significantly change the stall angle, which causes uncertainty of using the RANS method.
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Due to the availability of the experimental data, the validation was only performed for 0° to 15°. For angles of
attack larger than 15°, uncertainty is caused by less validation and the strong flow separation, especially for the wedge-
tail series. The accuracy of the drag coefficient also becomes more important as its contribution becomes larger to the
normal force coefficient. To minimise these uncertainties, in Section 4, the regression formulas of the normal force
coeflicients are based on the data points in the range of 0° to 10°. The results are shown in the full range of the applied
rudder angles, i.e. 0° to 35°, for manoeuvring simulations to show the tendency of the coefficients, but the uncertainty

for the results at large angles of attack should be noticed.

4. Hydrodynamic characteristics of various rudder profiles

The RANS method applied in this paper was explained and validated in Section 3. With this RANS method,
hydrodynamic characteristics of the rudder profiles, which are introduced in Section 2, are presented in Section 4.1.
Accordingly, new regression formulas for rudder normal force coefficients are proposed. Subsequently, the effect of

the propeller slipstream (Section 4.2) and the effective aspect ratio (Section 4.3) are considered.

4.1. Rudder hydrodynamic characteristics in 2D open water

2D open-water rudder hydrodynamic coefficients, i.e. the hydrodynamic characteristics of 3D rudders with infinite
aspect ratios in open water (Cy,_ ), are obtained through RANS simulations. Fig. 7 illustrates these results and shows
the impact of the profile on rudder efficiency (lift to drag ratios) and effectiveness (normal force coefficients). The
NACA series is most efficient while the wedge-tail series is most effective. However, the NACA series and the
wedge-tail series are least effective and efficient respectively. It does not seem possible to achieve high efficiency and
effectiveness at the same time. The IFS series, which is initially designed for ships (Thieme, 1965), achieves a balance
of the efficiency and the effectiveness.

Fig. 7 also shows that thinner NACA profiles have higher lift and drag coefficients than thicker NACA profiles
resulting higher normal force coefficients, which are dominated more by the lift coefficients than the drag coefficients.
The thickness of the NACA profile does not significantly influence the stall angle. Unlike the NACA series, the thinner
wedge-tail and IFS profiles have lower lift coefficients than the thicker ones. In addition, thinner wedge-tail and IFS
profiles have higher drag coefficients. Due to the change of the profile thickness (from IFS58 TR15 to IFS61 TR25
and IFS62 TR25), the IFS series has a significant change in the lift coefficient and the stall angle. Moreover, change of
the tail thickness (from IFS61 TR25 to IFS62 TR25) extends the stall angle and raises the lift to drag ratio. Compared
to the NACA and wedge-tail series, thicker IFS profiles IFS61 TR25 and IFS62 TR25) have smaller stall angles.

Summarising, various rudder profiles have different hydrodynamic characteristics, which further affect ship ma-

noeuvring performance. The NACA series is most economical. Thus, it is widely applied for ships without critical
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Figure 7: 2D open-water hydrodynamic coefficients of the tested rudder profiles.
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manoeuvring requirements. The wedge-tail series is most effective but least efficient. We suggest wedge-tail rudders
for ships that need exceptional manoeuvring performance, sail in constrained waterways, or have limited rudder area,

for instance, inland vessels. The IFS series can be a good choice when trying to balance efficiency and effectiveness.

4.2. Impact of propeller slipstream on rudder hydrodynamic characteristics

The previous section discussed the rudder hydrodynamics in 2D open water. In reality, ship rudders work in the
propeller slipstream. Compared with the rudder working in free stream, Molland and Turnock (1991, 1992) demon-
strated a significant increase in the stall angle when the rudder is working behind a rotating propeller. The propeller
slipstream may also have impacts on the rudder hydrodynamic coefficients depending on the propeller working load,
the propeller revolution, and the arrangement of the propeller and the rudder.

Nienhuis (1987) performed tests for a rudder in open water or in propeller slipstream. The root and tip profiles of
the tested rudder are NACA 0018 and NACA 0015 respectively. The chord of the root is 0.130 m and the chord of the
tip is 0.095 m. The span of the leading edge is 0.30 m and the span of the trailing edge is 0.28 m. The geometric aspect
ratio of the test rudder is 2.58. Nienhuis (1987) tested the rudder at inflow velocity of 1.0ms™!, 1.5ms™!, 2.0ms™!,
2.5ms~! and 3.0ms~'. However, only the open-water results at 3.0ms™!, i.e. at Re of 3.36 x 10°, are compared to
results in propeller slipstream to minimise the impact of the Reynolds number.

When the rudder is tested with the propeller, the distance between the propeller hub and the rudder leading edge is
0.115 m. The propeller has a constant revolution per minute (RPM) of 800. The propeller diameter (Dp) is 0.213 m.
Three pitch ratios (Pp/Dp) of 0.8, 1.0, and 1.2 are tested at three advance ratios (Jp) of 0.0, 0.2, and 0.4. It is
worthwhile to mention that Pp/Dp of the reference KVLCC2 tanker used later in the manoeuvring simulations is
0.721. The tests of the rudder after the rotating propeller refer to a ship advancing with no drift angle. In this paper,
the effect of the drift angle is considered in the calculation of the effective rudder angle and rudder inflow velocity.
The test results of the rudder alone and the rudder with the propeller from Nienhuis (1987) are adopted and compared
in Fig. 8.

As shown in Fig. 8, the propeller slipstream extends the rudder stall angle from the range of 15° to 20° to the range
of 30° to 35°. The changes in Jp and Pp/Dp on the lift coefficients are comparatively small to the influence on the
drag coeflicients. Furthermore, as the drag coefficients are relatively small values compared to the lift coefficients, the
impact of these changes are not very significant on the normal force coeflicients. According to these results, in this
paper, we assume that the effect of the propeller slipstream primarily extends the stall angle without significantly affect
the slope of the rudder normal force coefficient. The stall angle is assumed to be extended larger than the maximum
effective rudder angle in manoeuvring. Further research is suggested to better represent the impact of the propeller
slipstream on rudder hydrodynamics considering the propeller working load and the propeller-rudder arrangements.

Based on our assumption, Table. 1 presents new regression formulas of the normal force coefficients of the rudders
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Figure 8: Comparison of the hydrodynamic coefficients of a rudder in open water to those of the rudder in propeller slipstream. Data are adopted

from Nienhuis (1987).
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with infinite aspect ratio Cy_, for various rudder profiles. These regression formulas are derived from the CFD results
given in Fig. 7. The sample points are taken in the range of 0° to 10°. In this range, the accuracy of the RANS results
is not significantly affected by the strong flow separation at large angles of attack. We observe that the results of the
Fujii formula lie between the RANS predicted NACA 0012 and NACA 0015 profiles.

It should be pointed out that we assume the slope of Cy_ is the same for angles in the range of 0° to 35° and
the rudder does not stall in this range. Similar to the original Fujii method, this assumption may overestimate Cy_
at angles in the range of 25° to 35°. For the tested turning and zigzag manoeuvres, the effective rudder angles are
either smaller than 25° or larger than 25° for a short time in the whole procedure. Therefore, the error induced by our
assumption would be negligible. For manoeuvres that use abnormally large rudder angles, the proposed formulas in
Table 1 may not be valid. High-order polynomial or non-linear regressions may improve the usability of the formulas

and further research is needed to analyse the uncertainty.

Table 1: Regression formulas of rudder normal force coefficients with an infinite aspect ratio.

Rudder profile Cw.,

NACA 0012 6.16 sin
NACA 0018 5.94sina
NACA 0015 6.10sina
NACA 0020 5.78sina
NACA 0025 5.20sina
Wedge-tail 0015 7.12sina
Wedge-tail 0020 7.52sina
Wedge-tail 0025 7.94 sina
IFS58 TR15 6.78 sina
IFS61 TR25 7.19sin @
IFS62 TR25 7.02sina

Fujii method (No specific profile) 6.13sina

4.3. Impact of the effective aspect ratio on rudder hydrodynamic characteristics

The previous section corrects the 2D open-water rudder normal force coefficients with the propeller slipstream
effect. This section considers the rudder aspect ratio effect to transfer the 2D results to 3D. The 2D simulations
assume that the rudder has an infinite aspect ratio. Rudders of seagoing ships commonly have aspect ratios in a range

of 1.5 to 3.5 while inland vessels typically have rudder aspect ratios around 1.
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An increase of the aspect ratio increases the lift slope and reduces the induced drag. Thus, a larger span and aspect
ratio is more efficient than a smaller aspect ratio. A large rudder aspect ratio might also achieve a good course-keeping
with a high lift curve and rapid response while a small rudder aspect ratio may enhance manoeuvring performance
with a large stall angle Molland and Turnock (2007, p. 64). The normal force coefficient with a specific aspect ratio

can be estimated based on the normal force coefficient with infinite aspect ratio as the following:

Ag
Cy=Cy. ———,
N Neo AG +k,\

3
where k, is the rudder aspect ratio impact factor on the normal force coefficient. The existing empirical formula Eq. 2
sets Cy,, = 6.13sin and k = 2.25. In this paper, Cy,, of various rudder profiles are obtained through 2D open-water
RANS simulations and corrected with the propeller slipstream effects (Table 1). We take the empirical ky = 2.25

in terms of the aspect ratio impact factor. A better estimation of k, might be achieved through series of 3D RANS

simulations.

5. Manoeuvring modelling

This paper presents manoeuvring simulations of turning and zigzag manoeuvres based on modular models de-
scribed by Yoshimura and Sakurai (1989); Sano and Yasukawa (2008); Toxopeus (2011); Yasukawa and Yoshimura
(2014). The model expresses manoeuvring forces in three categories: the hull, the propeller, and the rudder. Thus, it
is capable of analysing the contribution of each component, more specifically the impacts of rudder profiles presented
in this paper. Instead of the empirical method for rudder forces, we develop the model based on lift and drag coeffi-
cients achieved from RANS simulations. The manoeuvring model is built in MATLAB and named as MatMan. In the

following sections, this model produces the results presented under the name of MatMan.

5.1. Coordinate systems

Fig. 9 illustrates the static earth-fixed oy — xpyozo and the dynamic body-fixed o — xyz coordinate systems in this
paper. The origin of 0 — xyz locates on midship o. x, y, and z axes are positive to the bow of the ship, the starboard of
the ship, and downwards of the water surface xy respectively. The ship position is determined by the centre of gravity
G of the ship in 09 — x9y0z0, Which is (xg, 0, 0) in 0 — xyz for this three-dimensional model.

If not specified, parameters are defined on midship. Subscript G denotes variables at the centre of gravity. Assum-
ing the ship presented in Fig. 9 is manoeuvring at surge speed u# and sway speed v, the ship speed is V = Vi2 +12.
The heading angle ¢, longitudinal speed us = u, and horizontal speed vg = v + xgr express the ship motion state in

00 — XoYozo. The ship is turning with a rudder angle ¢ at yaw rate r = ¢ with a drift angle 8 = arctan(—v/u).
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Figure 9: Applied earth-fixed and body-fixed coordinate systems.

The superscript prime denotes the non-dimensional form of velocity u, v, r, forces and moments X, ¥, N, mass m,
and moments of inertia I, J;, which are non-dimensionalised by ship length between perpendiculars L,,, ship draught

T, ship velocity V, and water density p as the following:
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5.2. Motion equations

Ship manoeuvring motions in deep clam water are presented with a standard MMG model considering surge,
sway, and yaw (Yasukawa and Yoshimura, 2014). This model describes the hydrodynamic force and moment in three

aspects: hull, propeller, and rudder. The motion equations are expressed as the following:

(m +my)i — (m + my)vr — xemr® = Xy + Xp + Xz
(m + my)v + (m + mour + xgmi- = Yy + Yg 5)
(I, + xtm + J)i + xgm(V + ur) = Ny + Ng,

where subscripts H, P, and R denote hull, propeller, and rudder, m is the ship mass, m, and m, are added mass due to
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motions in surge and sway direction, i, v, and /- are surge, sway, and yaw acceleration, and I, is the moment of inertia

around the centre of gravity, where I, ~ (0.25L,,,,)2m.

5.3. Hull force

According to Yasukawa and Yoshimura (2014), hull forces acting on midship Xy, Yy, and Ny are expressed by

polynomials of non-dimensional sway speed v' and yaw rate r’ as the following:

’r ’ ) A ’ 12 ’ 14
Xy=-Ry+ XV +X Vr + X, r +X v

vy

oyl ’_J / 73 / 727 / ’_12 r 13
Yy=YV +Yr+Y, Vvo+Y VI +Y Vit Y, (6)

’ 7.7 7. ’
Ny =Ny + N +N,,

V34 N;wv'zr’ + N/

vrr

X/

vwvy?

’_12 WA
Vir'+ N1,

’
er’

’ ’
var’ Y, vrrs

where Ry is ship’s resistance coefficient in straight moving, X/ , X/

’ ’ ’
v vr? YV’ YV’ YVVV’

’ ’ NG
Yrrr’ Nv’ Nr’N

vwy?

7 7
var’ N,

vrrs

and N/

', are hydrodynamic coefficients on manoeuvring, which are commonly obtained by systematic

model tests. The applied hydrodynamic coefficients in this paper were derived by Yasukawa and Yoshimura (2014)

through towing tests.

5.4. Propeller force

The hydrodynamic force due to the propeller Xp is expressed by the thrust deduction factor #p and the propeller

thrust 7'p as the following:

Xp = -1p)Tp, (7

furthermore, the propeller thrust T'p is written as:

Tp = pnsD3HKr, (®)

where np is the propeller revolution, Dp is the propeller diameter, and Ky is the propeller thrust coefficient. K7 is

commonly expressed by second order polynomials of the propeller advance ratio Jp as:

KT = kz.]g, + kl.]p + k(), (9)
where Jp can be obtained as:
u(l —wp)
Jp= ——=, 10
P oDy (10)
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where wp is the wake factor at propeller position in manoeuvring. It is commonly estimated based on the wake factor
at propeller position in straight moving wp, and the geometrical inflow angle to the propeller in manoeuvring Sp. Bp

is defined as:

Bp =B —xpr’, )

where x}, = xp/L,, and xp is longitudinal potion of propeller. This paper applies the methods of wp introduced by

Yasukawa and Yoshimura (2014) as:

(I =wp)/(1 =wpy) = 1 + {1 = exp(=Ci|BpD}C2 - D), 12)

where wp, is the wake factor at propeller position in straight moving, C; and C; are experimental constants. Further-
more, C and C, are different in motions for port and starboard owing to an asymmetric wake factor with respect to

the propeller rotational effect.

5.5. Rudder force

Commonly, rudder forces and moments are estimated based on the rudder normal force Fy as the following:

Xg =—(1 —tg)Fysinéd
Yr = -1 +ay)Fycosd (13)

Ng = —(xg + agxy)Fy cosd,

where fg, ay, and xg are hull and rudder interaction parameters, which represents steering resistance deduction factor,
rudder force increase factor, and the longitudinal coordinate of the acting point of the additional lateral force respec-
tively, and xg is the longitudinal position of the rudder. In this article, we assume that these interaction parameters are
not influenced by the change of rudder profiles. The rudder tangential force is traditionally neglected as it contributes
far less than the rudder normal force to the rudder induced side force for manoeuvring. This assumption is valid for
manoeuvres that request rudder angles in a common range of —35° to 35°. Further study is needed for simulations of
manoeuvres with large rudder angles.

Fy is conventionally achieved through Eq. 1 and Eq. 2. When the rudder inflow velocity (V) is sufficiently high
(the Reynolds number for the rudder is sufficiently high), Cy is independent of the inflow velocity. The propeller
slipstream effect on Cy is accounted in Section 4.2. Considering the effect of the effective aspect ratio through Eq. 3,
the regression formulas of Cy_ can be transformed to Cy of the rudder with specific aspect ratio in propeller slipstream
for manoeuvring simulations. Furthermore, the drift angle at the position of the rudder is considered in the calculation

of the effective rudder angle (ay) as:
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ag = 6 — arctan R (14)
UR

Considering the effect of the propeller on the increment of the rudder inflow velocity, the longitudinal velocity of

the inflow to the rudder (ug) is expressed as:

2
} +(1 =), s)

8K
up = u(1 —wr) (| nd1+x|+[1+ 2] -1
nJ?

where wg is the wake factor at the rudder position in manoeuvring, « is an experimental constant for expressing ug,

and 7 is the ratio of the propeller diameter to the rudder span. The lateral inflow velocity to the rudder vy is written as:

v = VYr(B = (gr), (16)

where yg is the flow straightening factor and different for port and starboard motions, £ = €g/L,), is the effective

longitudinal coordinate of rudder position as described by Yasukawa and Yoshimura (2014).

5.6. Validation of manoeuvring simulation modelling

5.6.1. The reference ship and applied parameters

A KVLCC?2 tanker is utilised as the reference ship to validate the manoeuvring model and analyse the impact
of rudder profiles on ship manoeuvrability. The KVLCC2 tanker has a single spade-type rudder with a NACA 0018
profile as shown in Fig.1. The free-running model tests carried out by the Maritime Research Institute Netherlands
(MARIN) are referred for the validation (Lee et al., 2007; Quadvlieg and Brouwer, 2011). The scale factor is 45.7.
Simulations are performed with the same model-scale ship particulars as presented in Table 2. Then, both results of
the model-scale simulations and experiments are transformed to full-scale and compared. The applied parameters for

simulations are adopted from Yasukawa and Yoshimura (2014) as shown in Table 2.

5.6.2. Validation of turning manoeuvres

The above-mentioned manoeuvring model is applied with the rudder normal force coefficient of a NACA 0018
profile obtained in Section 4. Fig. 11 and Fig. 10 compare the simulated trajectories and histories to the free-running
tests of —35° and 35° turning manoeuvres (Lee et al., 2007; Quadvlieg and Brouwer, 2011). The simulated turning
trajectories roughly agree with the free-running tests. The starboard side turning simulation fits better than the port side
simulation. It shows that the manoeuvring model underestimates the asymmetry motions of the port and starboard
sides manoeuvres. Table. 3 compares the turning indices of MatMan with the free-running tests (Lee et al., 2007;

Quadvlieg and Brouwer, 2011).
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Table 2: Applied parameters in the simulations of the KVLCC2 tanker. Source: Yasukawa and Yoshimura (2014).

Main particulars of the KVLCC?2 tanker

L, 7.0 Bui 1.1688 T 0.455
Y 32724 G, 0.8098  x¢ 0.244
m, 0.022  m 0223 J 0.011
1o 1.179

Parameters for hull forces and moments

Ry 0.022 Y] -0315 N -0.137

X/, -0.040 Y/ 0.083 N, -0.049

X, 0.002 Y/, -1.607 N, -0.030

X, 0.011 Y., 0.379 N, -0.294

X 0771 Y, 0391 N/, 0.0550
Y], 0.008 N,.. -0.013

Parameters for propeller forces and moments

Dp 0216  x, -0.48 np 10.4

ko 0.2931 Kk -0.2753 Kk -0.1385

tp 0.220  wp, 0.40

Parameters for rudder forces and moments

Agr 0.0539 Ag 1.827 Xp -0.50

IR 0.387 ap 0.312 Xy -0.464

C 2.0 C,(Bp>0) 1.6 CBp<0) 1.1

yr Br<0) 0395 yr(Br>0) 0.640 ly -0.710

€ 1.09 K 0.50 5 15.8
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Figure 10: Trajectories and time histories of the simulated and tested motion parameters in the 35° turning manoeuvre.
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Figure 11: Trajectories and time histories of the simulated and tested motion parameters in the —35° turning manoeuvre.

Table 3: Comparison of the simulated turning indices and the tested turning indices.

Turning criteria MatMan [-] MARIN [-] Relative difference
Al (6 =35°) 3.21 3.07 4.56%
T, (6 =35°) 321 3.33 -3.60%
A, (6=-35°) 3.23 2.98 8.39%
T,(6=-35°) 321 3.09 3.88%
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5.6.3. Validation of zigzag manoeuvres

Fig. 12, Fig. 13, Fig. 14, and Fig. 15 show the trajectories and histories in 10°/10°, —10°/-10°, 20°/20°, and

—20°/-20° zigzag manoeuvres respectively. The simulated results roughly agree with the experimental ship motions

in zigzag manoeuvres. We observe a larger speed drop in the simulated time histories than the experiments. The

histories of rudder angles ¢, drift angles 5, and turning rates r agree well. Table. 4 compares the simulated overshoot

angles to the benchmarks. The manoeuvring indices are underestimated. The largest differences are about 30% in the

first and second overshoot angles. It is actually very difficult to predict accurate overshoot angles in degrees. Here,

the underestimation is mainly induced by the larger speed decrease, which may be caused by a larger hull damping

force calculated in the manoeuvring model.
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Figure 12: Time histories of the simulated and tested motion parameters in the 10°/10° zigzag manoeuvre.

Table 4: Comparison of the simulated overshoot angles and the tested overshoot angles.

Zigzag criteria MatMan [°] MARIN [°] Relative difference
Ist OSA (10°/10°) 5.48 7.9 -30.63%

2nd OSA (10°/10°) 15.14 21.6 -29.91%

Ist OSA (20°/20°) 11.11 13.3 -16.47%

1st OSA (-10°/-10°)  7.94 9.3 -14.62%

2nd OSA (-10°/-10°)  9.55 14.7 -35.03%

Ist OSA (-20°/-20°)  15.08 14.7 2.59%

Thus far, the applied manoeuvring model, which is a combination of the standard MMG model (Yasukawa and
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Figure 13: Time histories of the simulated and tested motion parameters in the —10°/—10° zigzag manoeuvre.
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Figure 14: Time histories of the simulated and tested motion parameters in the 20°/20° zigzag manoeuvre.
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Figure 15: Time histories of the simulated and tested motion parameters in the —20°/-20° zigzag manoeuvre.

Yoshimura, 2014) and RANS-based rudder normal force coefficients, is validated with free-running tests. The model
can capture the manoeuvring motions and related parameters. We observe underestimations of the asymmetry motions
in turning manoeuvres. Besides the first overshoot angle of —20°/-20° zigzag test, the overshoot angles are underes-
timated due to a larger speed decrease simulated in the manoeuvring model than experiments. Since the rudder forces
and moments are calculated based on a specific profile, the model is applicable to investigate the impacts of rudder

profiles on manoeuvring performance.

6. Impacts of rudder profiles on ship manoeuvring

Using the manoeuvring model introduced and validated in the last section, this section presents the manoeuvring

performance of the KVLCC2 tanker with various rudder profiles in turning and zigzag manoeuvres.

6.1. Turning manoeuvres

Fig. 16 and Fig. 17 show trajectories of the reference ship with various rudder profiles in 35° and —35° turning
manoeuvres. As discussed in Section 7, the wedge-tail series can induce larger normal force than the IFS series and the
NACA series. Thus, we observe smaller of non-dimensional advances A, and tactical diameters 77, of the trajectories
with the wedge-tail profiles than other profiles in Table. 5. Each rudder profile can satisfy the IMO requirements
(International Maritime Organization, 2002b,a). The wedge-tail 0025 profile has the smallest turning indices while
the NACA 0015 profile gets the largest ones. Thus, we propose the wedge-tail series for ships which require small

turning indices,
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Figure 17: Simulated ship trajectories of —35° turning tests.
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Table 5: Comparison of turning indices of the reference ship with various rudder profiles.

Turning criteria NACA 0015 [-] NACA 0020 [—] NACA 0025 [—]
Al (6 =35°) 3.19 3.25 3.38
T, (6 =35°) 3.21 3.27 3.40
A, (6=-35°) 321 3.28 3.38
T, (6 =-35° 3.20 3.28 3.37

Turning criteria  Wedge-tail 0015 [-] Wedge-tail 0020 [-] Wedge-tail 0025 [—]

A (6=35)  3.02 2.97 2.90
T) (6=35)  3.03 2.98 2.90
Al (5=-35°)  3.02 2.98 2.92
T) (5 =-35°) 299 2.95 2.89
Turning criteria  IFS58 TR15 [~] IFS61 TR25 [-] IFS62 TR25 [-]
AL (5=35°)  3.07 3.00 3.04
T) (6=35)  3.08 3.01 3.06
Al (5=-35°)  3.09 3.02 3.06
T) (5=-35°) 3.08 2.98 3.04

29



6.2. Zigzag manoeuvres

Fig. 18, Fig. 19, Fig. 20, and Fig. 21 compare the time histories of rudder angles and heading angles in 10°/10°,
—10°/-10°, 20°/20°, and —20°/-20° zigzag tests respectively. Table. 6 presents the overshoot angles of the reference
ship with various rudder profiles. The results show that the ship with the wedge-tail series responds faster than the ship
with the IFS series or the NACA series, which leads to a smaller period. KVLCC2 with wedge-tail and IFS profile

rudders have smaller overshoot angles than ships with NACA profiles. Also the period is decreased significantly.
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Figure 18: Simulated time histories of rudder angles and heading angles in 10°/10° zigzag tests.
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Figure 19: Simulated time histories of rudder angles and heading angles in —10°/—10° zigzag tests.
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Figure 20: Simulated time histories of rudder angles and heading angles in 20°/20° zigzag tests.
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Figure 21: Simulated time histories of rudder angles and heading angles in —20°/-20° zigzag tests.
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Table 6: Comparison of overshoot angles of the reference ship with various rudder profiles.

Zigzag criteria

NACA 0015 [°]

NACA 0020 [°]

NACA 0025 [°]

1st OSA (10°/10°)
2nd OSA (10°/10°)
1st OSA (20°/20°)

Ist OSA (=10°/-10°)
2nd OSA (-10°/-10°)
1st OSA (=20°/-20°)

5.19
14.58
10.51
7.39
9.21
14.39

5.47
15.86
11.38
8.07
10.25
14.98

5.88
17.65
11.88
8.79
11.66
16.15

Zigzag criteria

Wedge-tail 0015 [°]

Wedge-tail 0020 [°]

Wedge-tail 0025 [°]

1st OSA (10°/10°)
2nd OSA (10°/10°)
1st OSA (20°/20°)

1st OSA (=10°/-10°)
2nd OSA (-10°/-10°)
1st OSA (=20°/—20°)

4.66
12.36
10.17
6.73
7.91
13.56

4.52
11.51
9.89
6.78
7.07
12.91

4.44
10.25
9.61
5.83
6.63
12.61

Zigzag criteria

IFS58 TR15 [°]

IFS61 TR25 [°]

IFS62 TR2S5 [°]

1st OSA (10°/10°)
2nd OSA (10°/10°)
1st OSA (20°/20°)

1st OSA (-10°/-10°)
2nd OSA (-10°/-10°)
1st OSA (=20°/-20°)

4.82
12.27
10.70
6.52
8.85
13.39

4.66
11.93
9.85
6.68
7.67
13.55

4.72
12.27
10.44
7.05
7.74
13.13
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7. Conclusions

In this article, the impacts of rudder profiles were analysed through simulations of turning and zigzag manoeuvres.
2D RANS simulations were first carried out for a range of rudder profiles (NACA series, IFS series, and IFS series) to
obtain the rudder hydrodynamic coefficients in open water. Afterwards, the effect of the propeller slipstream and the
effective aspect ratio are considered to transfer these 2D results, which can also be considered as 3D results for rudders
with infinite geometric aspect ratios, to 3D normal force coefficients with specified geometric aspect ratio. New
regression formula of the normal force coefficient was proposed for each rudder profile. Based on a standard MMG
manoeuvring model, simulations were done with the proposed formulas assuming a benchmark tanker KVLCC2 with

various rudder profiles. The results were summarised achieving the following conclusions:

e Various rudder profiles have different hydrodynamic characteristics, which eventually affect the ship manoeu-

vrability.

e Among the tested profiles, the wedge-tail series is most effective and the NACA series is most efficient. The

IFS series achieves a balance between the efficiency and effectiveness.

e For turning and zigzag manoeuvres, profiles with higher normal force coefficients will result in smaller turning

circle test advances and tactical diameters. The overshoot angles in 10/10 and 20/20 zigzag test will reduce.

Ship rudder design primarily depends on the sailing conditions and the ship purpose. In this paper, we analyse the
impact of the rudder profiles primarily on the ship manoeuvrability, which is one of the important aspects of rudder
design. Other aspects should also be considered to choose a proper rudder such as the rudder induced resistance, the
rudder torque, the rudder impact on the propeller performance, and the rudder cavitation. Further research is suggested
to improve the efficiency of the rudder while maintaining sufficient effectiveness.

We realise that the above conclusions are achieved based on a marginally directional unstable ship. The reference
KVLCC?2 tanker fulfils the IMO manoeuvring requirements very well, and in that respect, it is not a challenging ship.
The impacts of rudder profiles on ship manoeuvrability for a very directional unstable ship or a directional stable ship
require further research. Moreover, the rudder tangential force is neglected in the applied manoeuvring model. Since
the tangential force mainly depends on the drag, this simplification may affect the manoeuvring predictions of profiles

which have large drag coefficients, for instance, the wedge-tail series presented in this paper.
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