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Abstract With a recent increase in ship capacity and  Keywords Single-propeller twin-rudder system -
propulsion performance, a wide-beam ship fitted with a  Twin-propeller twin-rudder system - Rudder normal force -
twin-rudder system has been adopted in many cases.  Hull-rudder interaction coefficients

However, to improve ship manoeuvring, it is still necessary

to have a better understanding of rudder-hull interactions in

twin-rudder ships. Captive model tests (oblique towing and  List of symbols

circular motion test) as well as free-running tests with a ay Interaction force coefficient induced on
single-propeller twin-rudder ship and a twin-propeller ship hull by rudder normal force
.twin-rudder ship are carried out. The effect of drift angle B Ship’s breadth (m)

on the rudder forces and some peculiar phenomena con- Cy Block coefficient

cerning rudder normal force for twin-rudder ships are  Cy Rudder chord (m)

evaluated. A method for estimating the hull-rudder inter- d Ship’s mean draft (m)

action coefficients based on free-running experimental Dy Diameter of starboard and port propeller
results is proposed. (P) (m)

Fry(s) Normal force for starboard and port
(P) rudder (N)

The subscripts in parenthesis ‘S’ and ‘P’ refer to starboard and port FRX(S) Axial force for starboard and port rudder
twin-propeller twin-rudder, respectively. The expression for single- (P) N)

propeller single-rudder is defined by removing the subscript ‘S’ and Hg Rudder height for starboard and port
‘P’ in the parenthesis. rudder (m)

S. Khanfir (59) - K. Hasegawa It Yaw moment of .inertia (kg/mZ)
Department of Naval Architecture and Ocean Engineering, Jp(s) Real advance ratio for starboard and port
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VA Nogaraian : L. Added yaw moment of inertia (kg/m?)
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IHI Corporation, 1, Shin-Nakahara-cho, Isogo-ku, Lg(s) Flow-straightening coefficient of yaw rate
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Starboard and port propeller revolution
(rps)

Hydrodynamic yaw moment due to ship’s
sway and yaw motions acting at ship’s
LCG (Nm)

Hydrodynamic yaw moment due to
rudder acting at ship’s LCG (Nm)

Main propeller pitch of starboard and port
propeller (m)

Yaw rate of ship (rad/s)

Yaw acceleration of ship (rad/s?)
Propeller slip ratio of starboard and port
propeller i

Area of starboard and port rudder (m?)

Ship’s wetted surface area excluding
rudder’s wetted surface area (m?)
Thrust deduction factor in manoeuvring
for starboard and port propeller
Coefficient for reduction of rudder’s
resistance in ship’s surge direction for
starboard and port rudder

Ship’s surge velocity (m/s)

Effective inflow velocity to starboard and
port propeller (m/s)

Inflow velocity in surge direction to
starboard and port rudder (m/s)

Ship’s surge acceleration (m/s2)

Ship’s velocity (m/s%)

Inflow velocity to starboard and port
rudder (m/s) '

Ship’s sway velocity (m/s)

Inflow velocity in sway direction to
starboard and port rudder (m/s)

Ship’s sway acceleration (m/s?)
Effective propeller wake fraction in
straight running for starboard and port
propeller

Effective propeller wake fraction in
manoeuvring for starboard and port
propeller '

Effective wake fraction for starboard and
port rudder

Location of ship’s centre of gravity in

. X-axis (m)

Location of acting point of interaction
force induced on ship hull by rudder
normal force (m)

Location of propeller in X-axis for
starboard and port propeller (m)
Location of rudder in X-axis for starboard
and port rudder (m)
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1 Introduction

Hydrodynamic surge force due to ship’s
sway and yaw motions acting on ship’s
LCG (N)

Hydrodynamic surge force due to
propeller acting on ship’s LCG (N)
Hydrodynamic surge force due to rudder
acting on ship’s LCG (N)
Hydrodynamic sway force due to ship’s
sway and yaw motions acting on ship’s
LCG ()

Location of propeller in Y-axis for
starboard and port propeller (m)
Location of rudder in Y-axis for starboard
and port rudder (m)

Hydrodynamic sway force due to rudder
acting on ship’s LCG (N)
Hydrodynamic sway force due to rudder
acting on ship’s LCG (N)

Axial distance between rudder and
propeller (m)

Effective inflow angle to starboard and
port rudder (rad)

Drift angle of ship (rad)

Effective drift angle at rudder position for
starboard and port rudder (rad)
Flow-straightening coefficient of sway
velocity for starboard and port rudder
Angle of starboard and port rudder (rad)

Hydrodynamic neutral angle for starboard
and port rudder (rad) ‘ .
Variation of inflow rudder angle due to
interaction between starboard and port
rudder (rad)

_EBffective rudder angle at which the

rudder normal force becomes zero for
starboard and port rudder (rad) '
Ratio of effective wake fraction in way of
propeller and rudder for starboard and
port rudder

Propeller race amplification factor for
starboard and port rudder

Water density (kglm3)

Ship’s heading angle (rad)

Recently, there is demand for increasing ship-size and
speed, while simultaneously maintaining good manoeu-
vrability and minimum draft of the ship. Different
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combinations of the multi-propeller multi-rudder system
are being investigated for the new design of ships. There is
a well-established MMG model that has been developed in
Japan since 1970s [1] for manoeuvring studies of single-
propeller single-rudder ships. For the MMG model, some
database or estimation charts are available to estimate the
coefficients of the mathematical model for various types
of ships. The MMG model has also been expanded for
shallow water and a twin-propeller twin-rudder system.
This is because for shallow water, a twin-propeller twin-
- rudder system is usually preferred due to restrictions in
draft and the requirement for increased manoeuvrability.
However, for a twin-propeller twin-rudder system, only
limited data are available, and it is sufficient to estimate
the coefficients for any given unknown ship. Twin-pro-
peller twin-rudder ships for merchant ship application are
usually wider than single-propeller single-rudder ships.
Therefore, their manoeuvring characteristics are remark-
ably different. Consequently, it is important to study the
different manoeuvring characteristics of wide-beam ships
fitted with a twin-propeller twin-rudder system. A better
understanding of its hull-rudder interactions is important
to improve the accuracy of the mathematical manoeuvring
models-intended for a wide range of usage from harbour to
cruising speed manoeuvres. Theoretical and experimental
researches have been carried out to investigate the
manoeuvring ability of a twin-propeller twin-rudder sys-
‘tem from various viewpoints. Lee et al. [2, 3] extended the
applicability of the MMG model to twin-propeller twin-
rudder ships. They modified the mathematical model of
the propeller wake for a twin-propeller twin-rudder ship
based on CMT experiment data. Yoshimura and Sakurai
[4] studied the manoeuvring characteristics of conven-
tional and wide-beam twin-propeller twin-rudder ships at
different water depths. The mechanism of shallow water
effects on rudder and hull force was investigated. It was
shown that some twin-propeller twin-rudder ships could
differ significantly in their turning and course keeping
qualities when compared with conventional ships in
shallow water. The study concluded that an MMG-type
mathematical model is also suitable for a twin-propeller
twin-rudder ship and a model with all the hydrodynamic
coefficients for deep and shallow water was provided.
Nakatake et al. [5] investigated the interaction between
the ship hull, propellers, and rudders. They concluded that
the propulsive efficiency of the propeller-rudder system
significantly depends on rudder drag. Fung et al. [6]
investigated the influence of the ship’s aftbody, especially
the stern form, on the interaction forces and the steering
effect of the twin-propeller in different modes of opera-
tions. Among the three typical aftbody shapes (conven-
tional, twin-skeg, and twin-tail) the twin-skeg ship
provided the best manoeuvrability.

@ Springer

Similarly, single-propeller twin-rudder systems are also
being investigated for large vessels. The single-propeller
twin-rudder system has been successfully installed on
coastal ships because of their good manoeuvring perfor-
mance. Regarding coastal ships, narrow channels’ and
harbours’ manoeuvring hours are quite significant. Theo-
retical and experimental studies have investigated the
manoeuvring ability of a single-propeller twin-rudder sys-
tem from various viewpoints. The MMG-type model for a
single-propeller twin-rudder ship has been developed [7].
Accordingly, the suitability of a single-propeller twin-
rudder system for large ships from the aspect of manoeu-
vring has been confirmed [8] and its variant for large ships
has been proposed [9]. An MMG-type manoeuvring model
for a single-propeller twin-rudder system for large ships
has been developed [10] and its suitability for large ships
from the aspect of manoeuvring and propulsion has been
confirmed [11]. From the above studies, it is concluded that
for the same maximum ship dimensions, the single-pro-
peller twin-rudder system due to its compact size and high
lift force could improve a ship’s cargo carrying capacity
and its manoeuvring ability when compared to the single-
propeller single-rudder system.

This work is a further extension of our investigation on the
twin-rudder system with either a single or twin-propeller [12].
In this study, the following aspects are investigated:

(a) The hull rudder interaction coefficients for a single-
propeller twin-rudder ship and twin-propeller twin-
rudder ship; and

(b) A method to estimate the flow-straightening coeffi-
cient from free-running experiment data.

2 Mathematical model for a multi-propeller
multi-rudder ship

The MMG-type modular manoeuvring model [1] for a
multi-propeller multi-rudder ship will be described. For

Yoh

Y
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Fig. 1 Coordinate system for twin-rudder ships
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this study, single-propeller single-rudder, single-propeller
twin-rudder, and twin-propeller twin-rudder ships will be
hereafter referred to as SPSR, SPTR, and TPTR ships.

2.1 Coordinate system, equations of motion
and mathematical model

A three degree-of-freedom (surge, sway, and yaw) model is
considered for the ship’s manoeuvring motions. The
coordinate system for the TPTR system is shown in Fig. 1.
Regarding the SPTR system, there will be one single pro-
peller located on the ship’s centreline, while for the SPSR
system, both propeller and rudder are positioned along the
ship’s centreline. The equations of surge, sway, and yaw
motion considering the origin of the coordinate system
located at the ship’s centre of gravity is expressed as shown
in Eq. 1. :
(m + my )i — (m+my)vr = Xy + Xp + Xr
(m+my)V+ (m+mur = Yq + Yp + Yr (1)
(Iz +Jz)f = Ny + Np + Ng

The subscripts ‘H’, P,’ and ‘R’ refer to hull, propeller,
and rudder, respectively. For the SPTR system, the
hydrodynamic forces and moment acting on the hull were
determined as per Kijima’s [13] regression formula. For the
TPTR system, the hydrodynamic forces and moment acting
on the hull are expressed as shown in Eq. 2.

Xiu = 2 pL AU (X + Xiyl¥ |+ Xl | + X, )7
+X,vr +X,(F)%)

Ya= % pLAV*(Y,y +Y,F +7Y,,(v)?
+ Y'w,(v')zr' + Y’v,,v' (r')2 + I/,,,(r')3)

Ny = %pL2 dUA(N,v +N,r +N,, (v)
+N,, V)’r + N,V (P2 +N,, ()

The ships used for this study are a panamax tanker
(model ship A) and a shallow-draft heavy-cargo carrier
(model ship B). These types of ships are usually fitted with
fixed pitch propellers (FPP). Therefore, FPP propellers
were used and modelled in the present study. The sway and
yaw terms due to propeller (¥p and Np) are considered only
for the TPTR ship, since each propeller is physically offset
from the ship’s centreline. For the SPSR and SPTR model
ships, the propeller is rotating clockwise, while for the
TPTR model ship, each one of the propellers is turning
outward over the top. Since each propeller of the TPTR
system is an FPP-type that rotates in the opposite direction,
the resultant propeller sway force is, therefore, negligible
(Yp = 0). In this paper, regarding the propeller and rudder

(2)

—

mathematical model, only the expression for the TPTR
system will be shown. The expression for the TPTR is
shown in Eq. 3, and it can be simplified for the SPTR and
SPSR systems.
Xe = p{(1 — to(5))nf5) Dy Kr(s) (Ues))
+ (1 = to(p)) ) Dy Kre) (ege)) }
Ne = p{(1 ~ tos) )ye(s)nfs) D sy Kres) (s )
+ (1 = toe))yee)nipy Doy Kre) (e ) }
The expression for the SPTR and SPSR model ships can
be obtained from Eq. 3 by removing the subscript ‘S’ and
‘P’ in the parenthesis and by considering ¥p(s) = 0. The
. ()
forces and moment due to the rudder are expressed using
Lee et al.’s [2, 3] model as shown in Eq. 4.

Xr = —(1 — tg(5)) Fry(s) sin (s,
= (1 — trep))Fry(p) Sin d(p))
hR= —(l + aH) (FRY(S) cos 5(3) + Fky(p) coS 5(}’))
Nr=—-(xp + anxy)(Fry(s) cos d(s)
+ Fry(p) c0s 6(p)) + f (xr)
Fwr) = yres)(1 — tr(s)) Fry(s) sin &g
+ ¥r@) (1 = tr(p)) Fry(p) Sin é(p)
Rr(s) = IR(p) )

(3)

“)

In the SPSR system, the term f (xg) in Eq. 4 is omitted,
while for SPTR Yr(s) ® 0 The rudder normal force is
®
expressed as shown in Eq. 5.

Frys) = %PSR(s)F' ry(s)(%R(s)) UPr(s) (5)
(P) ® ® ® ®) :

In Eq. 5 inside the parenthesis, the top row refers to
starboard and the bottom row refers to the port twin-rudder,
respectively. This method of writing the equations for both
the TPTR and SPTR systems will be followed in the rest of
this paper. The effective inflow velocity to the rudder is
expressed as shown in Eq. 6.

Ures) =, [ures)® + vres)? ‘ (6)
® ®) ® :

The effective inflow angle to the rudder for the TPTR
system is expressed as shown in Eq. 7.

ar(s) = d(s) — Ir(s)(Brs)) : (™)
(P P ® (P

For the TPTR system, the offset of the rudder from the
ship’s centreline is included in the effective rudder angle
expression as shown in Eq. 8.
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OR(s) = r(s)Pr(s) + tan”" yR{Sg/xp(S) ®
® @ @ ®F )

The effective inflow angle to the rudder for the SPTR
system is expressed as shown in Eq. 9.

or(s) = d(s) — So(s) — O(s)(p) — tan”" VR(g/uR(S) 9)
® ® ® @O 2 B

The effective drift angle at rudder position is defined as
shown in Eq. 10.

Brisy =B —Lr(s) "’
) (P)

(10)

The inflow velocity in the surge direction to the rudder for
TPTR and SPTR model ships is expressed as shownin Eq. 11.

ships are shown in Table 1. Model ship A and B are SPTR and
TPTR ships, respectively. The model ship A is fitted with a
detachable type of stern that can be changed to suit SPSR and
TPTR systems, respectively. Three types of rudders, single,
twin (type I and type IT) were fabricated for the model ship A.
A brief description of the twin-rudder system (types I and IT)
will be given. Each one of the twin-rudders has the Schilling
rudder profile, which has a rounded leading edge and a fishtail
trailing edge. The twin-rudders are fitted with end plates on the
top and bottom part of each rudder. In the twin-rudder (type I),
the cross-section of the port and starboard rudder is the same,
the rudder cross-section does not have camber, the end plates
are flat at the top and knuckled at the bottom and symmetrical
about the centreline of each rudder. In the twin-rudder (typeIl)
system, the cross-section of the port and starboard rudder is
not symmetrical about its centreline; the rudder cross-section
has a cambered profile and the end plates are knuckled and on

2

Ug(s) = &s)up(s) |Ms) |1+ x(s)
® (P (P)\ ®) )

(P)

(P) (P) (P)

Up(s) = (1 = WP(S)) (u +)'P(S)")
(p) ®) (P)

(P) () ()

B[ (i-ng)
(P)

(
&s) = (1 = WR{S)) / (1 = WP(S)): K(s) = kx/ &), 1(s) = Dp(s)/Hr(s),

(11)
® @

/

For the SPSR system, Eq. 11 can be simplified by
removing the subscript ‘S’ and ‘P’ in the parenthesis and
by taking ypi) = 0. The inflow velocity in the sway

(P)
direction to the rudder for TPTR, SPTR, and SPSR models
can be expressed as shown in Egs. 12, 13, and 14.

VR(S) = Ur(s) tan (51{(5)) (12)
(P) (P) (P)

VR(S) = —YR(S)Y — Lr(5)" (13)
(P) (P) (P) :

vr = =g (v + Lrr) (14)

In Egs. 12, 13 and 14, the difference in the expression
for different rudder systems may be observed.

2.2 Model ships

Two different model ships fitted with different rudder systems
were used for this study. The principal particulars of the model

€ Springer

the outboard side of each rudder. For model ship B, a con-
ventional spade rudder (with NACA cross-section) was fab-
ricated. The layouts of the rudder systems for model ship A
and model ship B are shown inFigs. 2 and 3. The particulars of
model ship B and other TPTR model ships are shown in
Table 2. The lateral distance between rudders and propellers
of model ship B is similar to the conventional TPTR system.
This distance is higher in the case of wide-beam TPTR ships.
The axial distance between rudder and propeller for the sub-
ject TPTR system is cs) = 0.77 D), for the subject SPTR

(P) (P)
systemitis os) = 0.63 Dp while for conventional ships itis in
(P)-,
the range 0.15-0.20 Dp [14].

3 Determination of hull-rudder interaction coefficients
for SPSR and SPTR systems

For the SPTR system, it is known that the coefficients YR(S)

)

and Lg(s) may not be symmetric for the ship’s port and
(P)
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Table 1 Principal particulars of model ships

. Particulars Model ship A Model ship B
Hull
L (m) 3.94 4.00
B (m) 0.58 0.85
d (m) 0.22 0.28
LCG/L 0.037 —0.006
Cs 0.83 0.80
Sw (m?)
Single-rudder skeg 3.541 N/A
Twin-rudder skeg 3.558 4.9864
Rudder
Hg (m) 0.1190 0.192
Cr (m) 0.0740 0.139
sk}i} (m?° 0.0088 0.02674
Yres)» —YreyB 0.05 0.16
Propeller
Dp (m) 0.1206 0.136
P (m) 0.08041 0.09724
Number of blades 5 4
Yes» —Ye@y/B 0 0.16
a((g /Dp 0.63 0.77
Scale ratio 1/55.58 1/16.00

® For one rudder

starboard motions [10]. The coefficient Lg(s) was earlier
®)
estimated from free-running zigzag experiments by a trial
and error method [10]. However, the coefficient Lg(s) has
®)

more influence on turning experiments when the sway and

yaw velocities are significant. Therefore, the coefficients YR(S)
A ®)

and Ly ) are further investigated for the SPTR system.

®)

The captive model tests for model ship A were carried out
in the towing tank of Osaka University. The details of the
towing tank are available in [11, 15]. Furthermore, the free-
running experiments were conducted in the manoeuvring

pond of Osaka University. A brief description of the free-

running experiment system of Osaka University will be pro-
vided. In this system, a DC motor propels the ship model. The
propeller revolutions are measured and recorded during the
experiment and the recorded data is used to keep the propeller
revolution constant by the onboard computer through feed-
back control. The heading angle and yaw rate are measured by
an optical gyroscope and recorded in the onboard computer.
The ship’s position is measured by a RTK GPS unit (Trimble,
CA, USA) that has an accuracy of +0.03 m and recorded in
the onboard computer. Each rudder is turned using a 5-phase

stepping motor, and the rudder angle is controlled via_the
onboard computer. The wind speed and direction are mea-"
sured by an anemometer (Novalynx) fitted onboard the ship.
The experiments in the towing tank and manoeuvring pond
were conducted corresponding to deep-water conditions.

3.1 Estimation of flow-straightening related
coefficients

The inflow velocity to a different rudder system during
manoeuvring motion is shown in Fig. 4. Regarding the SPSR
system, there is minor asymmetry in the inflow to the rudder due
to the rotational motion of the propeller. Similarly, for the TPTR
system since each rudder is behind the centreline of a single
propeller, there is minor asymn&etty in the inflow to the rudder
due to the rotational motion of the propeller. For the TPTR
system, due to a larger lateral distance between the two rudders,
there is less interaction between the rudders. For the SPTR
system, the two rudders are in close proximity and behind a
single propeller, offset from the propeller’s centreline. There-
fore, the inflow to the port rudder is greatly influenced by the
starboard rudder and vice versa during the ship’s manoeuvring
motions. Besides, the asymmetry due to the propeller rotation
direction is more severe because the rudders are not in the
propeller’s centreline. For the SPSR system, the coefficient I
has been estimated as nearly equal to 2xg [1]. For the SPTR
system, the variation of the coefficients yg (s) is determined from
®)
oblique towing tests [15], while the variation of the coefficients
Lg(sy is determined from free-running experiments. During
®) .
oblique towing tests, the inflow angle to the radder is estimated
by determining the angle at which normal rudder force is zero.
The ship’s yaw rate is fixed (r = 0). Accordingly, Egs. 5, 6, 9
and 13 can be simplified as shown in Eq. 15. _

UR(s)
P
R(s) = -%tﬂn (5(s> — o(s) — 5(s><r)) (15)

®) 7] ® ()3

From the different parameters recorded during the
experiments, all the terms on the RHS of Eq. 15 can be
estimated and yg(s) is determined. It is noted that wy and

® .
wp may vary during the ship’s manoeuvring motions [1].
The variation of wp(s) for the SPTR model proposed by -
®)
Kang et al. [10] was used for analysis. The variation of
1-wrs)
Wr(s) is considered by assuming &g . During free-

(P) ®
running experiments, the rudder normal force is not zero
and coefficients Lg(s) have to be determined directly from

®)
Egs. 5, 6, 9, and 13. The parameters recorded during the

= ®
1-we(s)
®
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Fig. 2 a Side view and stern
view of the single-propeller
single-rudder system for model
ship A. b Side view and stern
view of the single-propeller
twin-rudder system (type I) for
model ship A. ¢ Side view and
stern view of the single-
propeller twin-rudder system
(type II) for model ship A

Fig. 3 Side view and stern view
of the twin-propeller twin-
rudder system for model ship B
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Table 2 Comparison of the principal particulars and lateral distance ~ Table 3 Parameters considered to determin
e
between the rudders and propellers of TPTR model ships - LR%,"RE?’))
Particulars Model TPTR  Wide-beam Conventional ~ Parameter Estimation method
ship B model TPTR model TPTR model
ship ship [4] ship [4] Fry(s), 4, v, 1, m, Oggs) Recorded by sensors during
23] ®) ® experiment
d(s) — o) — 3(s)(s) Regression using towing tank
uB 4.70 3.90 3.70 544 ® ® @ experiment results (SPTR
Bld 3.02 7.79 535 3.60 system)
YesyB 0.16 0.20 0.28 0.15 Oy = Oy — 63(,,(#&5)) Egs. 7, 8 TPIR system)
® ® ®m ®
UR(s), VR(S) Egs. 11, 12 and 13
Fig. 4 Inflow to a single-rudder ® ® .
and a fv:in—mdder gy.stem duf-jng v WR(s) Kang et al. [10] for SPTR system
the ship’s manoeuvring motions ® MMG definition [1] applied to
. TPTR system
\ i / We(s) Kang et al. [10] for SPTR
§ ? ® Regression using CMT

///
—
=T
\\\

r

4
W

experiments are shown in Table 3. For the SPSR system,
we determine ¥y from the free-running experiment since Lg
is estimated to be (=2xg) [1]. For the SPTR system, we
determine Lg(sy from the free-running experiment since
® .
Yr(s) is known from the captive test. The hill-climbing
®)
procedure is used, yg(s) or Lg(s) for which Jpqor is the
®) ®)
minimum is selected as shown in Eq. 16.

15 1
JEmor = ?z FRry(s) — EPSR(S)FIRY(S, (dn(s)) Uﬁ(s) dt
=0 (P) ® ® ) ®)
(16)

The variation of error function for model ship A fitted with
the SPTR system is shown in Fig. 5. Bach line shows the
variation of the error function for different values of flow-
straightening coefficient for a particular free-running
experiment. In order to check the repeatability of the

experiments for TPTR system

P SR(s)s XR(S)s XP(s)s YR(S)» YP(s) Known constants
® @ '

®» @® ®

FRY(S)’ (aR(S)) Rudder open-water tests
® @

Twin-rudder (type Il)
B.R(s) < 00

0.
Lr(s)
Fig. 5 Emor function variation while estimating flow-straightening

coefficient for model ship A (P. T. port turning, S. T. starboard
turning)

phenomena, the same experiments were repeated twice.
This can be seen as two lines in the figure. Solid lines are cases
where the effective drift angle at rudder position is negative
(port turning) while the dotted lines are cases where the
effective drift angle at rudder position is positive (starboard -
turning). For an experiment, the optimum flow-straightening
coefficient is the one where the error function is the minimum,
The optimum flow-straightening coefficient for the SPSR
system estimated from free-running experiments, following
the above mentioned procedure, is shown in Fig. 6. The flow-
straightening coefficient is positive for' ship’s port and
starboard motions. Additionally, there is a small asymmetry
in the numerical values of the flow-straightening coefficient
for ship’s port and starboard motions. This could be due to the
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" Fig. 6 Variation of yg for single-propeller single-rudder system,
Ly = 2xg for model ship A
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Fig. 7 Variation of yg(s) for single-propeller twin-rudder system of
(F)
model ship A

propeller rotation direction. For the SPTR system, the flow-
straightening coefficient determined from the oblique towing
tests (r = 0) is shown in Fig. 7. The asymmetry is severe
regarding the SPTR system. This may be due to the combined
cffects of the propeller rotation direction and the close
proximity of the rudders behind a single propeller.

The coefficient Lg(sy estimated from the free-running

(P)
experiment and using yg(s) values from oblique towing tests
(P) .

(Fig. 7) for the SPTR system is shown in Fig. 8. Because of
the proximity of the rudders, the space is insufficient to fit two
load cells at the same time. Therefore, each experiment was
carried out twice (once with a load cell on the starboard rudder
and once with a load cell on the port rudder). The coefficient

Ly s) is observed to be asymmetric for the ship’s starboard and
®)

port manoeuvring motions. Additionally, the coefficient Ls,

is influenced by the type of twin-rudder (type I and type II

f Springer
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Fig. 8 Variation of Lgs) for different types of single-propeller twin-
(P)
rudder systems of model ship A (single-propeller twin-rudder ship).
Yr(s) values are from the oblique towing test
()

twin-rudders have different cross-sections). The coefficient
Lgp)shows a different trend from Ly s, variation as it is shown
in Fig. 8. This asymmetry may be due to the following two
reasons: the twin-rudders are located behind a single propel-
ler. The propeller rotates clockwise when seen from behind
the ship for ahead-motion. Therefore, the flow stream on the
port and starboard rudders is not the same for port and star-
board turns. The other reason is that during a port turn the
starboard rudder (outboard rudder) seems to block the flow to
the port rudder (inboard rudder) and vice versa.

3.2 Validation of the asymmetric behaviour
of twin-rudder normal force

Using the mathematical model developed earlier, simulations
in the time domain were carried out to examine its validity.
The simulation of a turning experiment with the SPSR system
is shown in Fig. 9. The rudder normal force and yaw rate
predicted by simulation are marginally different from the
experiment values. The difference in trajectory predicted by
simulation and experiment is relatively higher. There are two
reasons for this phenomenon. The first reason is that during the
subject model ship free-running experiments, the sources of
error from different sensors were investigated [16]. It is shown
that the maximum contribution to the uncertainty of the
experiment result is from the error in measuring the heading
angle and speed. The model ship’s trajectory is measured by
integrating Xg and yg obtained by Eq. 17 for the duration of the
experiment.
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Fig. 9 Comparison between the
free-running experiment and
simulation results of the single-
propeller single-rudder during
turning tests (6 = +35°). Initial
speed U = 1.09 m/s,

1ps = 17.2 (model ship A)

llllll'llllllllo
35-3-25-2-1.5-1-050

Simulation
—— Experiment

005115225335

Time (sec.)

] = [ ][] @)

When estimating the trajectory, the error keeps adding up.
Therefore, unlike other parameters, which are instantaneous
readings, the trajectory usually shows higher variation from
simulation values. The second reason that contributes to the
difference between the simulation and experiment will now be
described. During simulation, the hydrodynamic hull forces
were estimated by Kijima’s regression formula and the hull-
rudder interaction coefficients were estimated using MMG
models. The stern hull form below the propeller shaft
centreline for the subject model ship is” different from the
conventional hull form for tankers. The yaw-damping effect
by the skeg-like stern profile is estimated to be remarkable in
the area below shaft centre where wake is small. However, the
model could reasonably simulate rudder normal force and the
model ship’s yaw rate for a different set of experiments.

The rudder normal force is symmetric for ship’s port and
starboard turns. The simulations of turning experiments

(6g; = {i{g}) with a twin-rudder (type II) system are

shown in Fig. 10. During free-running experiments, star-
board and port rudder normal forces were measured and

120

150

80 120
Time (sec.)

150

recorded by repeating the same experiment twice for the
reasons described in Sect. 3.1. The simulated rudder
normal force agrees well with the experiment results. .
The rudder normal force for port and starboard turns is
asymmetric and its values for port and starboard turns are
different. Interestingly, during a starboard turn

(5(5) = {1 }) , with positive rudder angle, the normal
(®)

force of port and starboard rudders is negative. This shows
that the model ship is turning to the starboard direction
even though the rudder normal force is negative.

The simulations of turning experiments

(5(S)(P) ={Z ) dsm = {56 }) with a twin-rudder
®)(s) (®)(S)

(type II) system are shown in Fig. 11. Regarding this case,
the asymmetry of rudder normal force for port and star-
board turns is also significant. For a port turn, the rudder
normal force is about —9.0 N; however, for starboard
turns, the rudder normal force is about 2.0 N. Surprisingly,
the turning performance seems to be the same in both
cases. The simulated rudder normal force has some minor
deviation from the experiment results. However, the
asymmetry of rudder normal force for port and starboard

@ Springer
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Fig. 10 Comparison between
the free-running experiment and
simulation results of the single-
propeller twin-rudder system

(type II). LHS (5,5 = {23 }),
)

RHS (3(s) =
()

speed U = 1.05 m/s,

rps = 17.7 (model ship A). The

trajectory shown is for an

experiment with load cell on the

starboard rudder
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turns could be simulated. The hull coefficients including
some extra nonlinear terms need to be further investigated
to predict the rudder normal force and the turning moment
on the hull regarding the SPTR system.

4 Determination of hull-rudder interaction coefficients
for twin-propeller twin-rudder system

For the TPTR system, CMT (Circular Motion Tests) tests
have been used to determine all the coefficients of the
MMG model [2-4]. For the model ship B (TPTR system),
CMT experiments were carried out to determine all the

@ Springer

i Time (sec.)

Fryp (N)

-4 —

parameters of the MMG model, and free-running tests were
carried out to validate the MMG model. Here, the authors
will validate the method of estimating yg(s) from the free-
P)
running experiments. The validation has been done by
comparing the values of yp(s) determined from free-run-
(P)
ning and CMT experiments. Additionally, authors will also
discuss the peculiar behaviour of rudder normal force,
which was observed for the TPTR system. Similar peculiar
behaviour, but of a different pattern, has been showed for
the SPTR system in Sect. 3.2. The free-running and CMT
experiments were conducted at the sea-keeping and
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Fig. 11 Comparison between
the free-running experiment and
simulation results of the single-
propeller twin-rudder system

(type ). LHS eww ={Zh
RHS aww = {&}). Initial

speed U = 1.05 m/s,

1ps = 17.7 (model ship A). The
trajectory shown is for an
experiment with load cell on the 853-25-21.5-1-050
starboard rudder YL
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manoeuvring tank of IHI Corporation [17]. The experi-
ments were conducted corresponding to deep water con-
ditions. During CMT experiments, the model ship was
operated at model self-propulsion point. This corresponds
to a speed of 0.643 m/s with a propeller revolution of
7.97 1ps. The drift angle § was varied from 0° to +25°, and
the dimensionless yaw rate was changed from 0 to +0.7.
During both the CMT and free-running experiments, pro-
peller revolution is kept constant by the model ship’s
computer control system.

4.1 Estimation of flow-straightening related
coefficients

Nikolaev [18] carried out rotating arm tests for tanker
models in order to study the interaction forces. He con-
cluded that for TPTR meodels, the interaction force
increases with the distance between the propeller shafts

T ' ] | ! ] .
120 160 0 40 80 120 160
Time (sec.)

where the two rudders are fixed behind the propellers. The
interaction reduces again with a further increase of the
same distance. Additionally, for TPTR ships, Lg(s) is
, ®)
estimated to be between xg(s) [2, 3] to 2.06 xr(s) [4]. It is
®) ®
noted that wg and w, may vary during the ship’s manoeuvring
motions [1]. The variation of wp(s) for the subject TPTR
®)
system was determined from the CMT experiment, and it is
shown in Fig. 12. It is reported that the coefficient wp(g) will
: . ®
either decrease asymmetrically [2, 3] or remain steady [4] for
the TPTR system during manoeuvring motions. For the sub-
ject TPTR system, the coefficient wp(s) is found to either.
®
remain steady or increase linearly. Moreover, the behaviour is
asymmetric for port and starboard motions. The vatiation of
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Fig. 12 Variation of the effective wake fraction during turning
manoeuvres of starboard and port propeller (model ship B). vp(s)* =
®)

vP(s)l + tan™! (yp(s)/xp(S] and vP(g)‘ = —sin .B +x;=(s)'r’
(P) ® () (P (P)
1=wgs)
WR(s) is considered by assuming &) = 1—_“7::: to be constant.

®) ®) (®)

The coefficient g(s) for the TPTR system is estimated as 0.97
(P)
[2, 3] and 0.98 [4]. For the subject TPTR system, the coeffi-
cient gGs) is assumed as 0.97.
(P)

The procedure to determine yg(s). Lr(s) from free-run-

, e (BIRE S (E)
ning experiments will be described. The parameters
recorded during the experiment are shown in Table 3. For
the subject model, the coefficients Lgr(s) and yp(s) were

(P) (P)
assumed to vary from 0.5 * xg(s) to 3.0 * xg(s) and —1.0 to
(P) (P)
1.75, respectively. Using the hill-climbing procedure, the
error function based on Eq. 16 was used to determine the
optimum value of each coefficient. The minimum value of
the error function, which corresponds to the most optimal
values of Lr(sy and yg(s), is plotted in the three-dimen-
® (P)

sional graph of Fig. 13. It is represented by the spherical
shapes. The projections of the 3D variation on the (x, z) and
(x, ¥) planes are respectively represented by square and
diamond shapes. The minimum error function value does
not significantly change for different increments of Lgs).
(F)

The most suitable value that corresponds to the free-run-

ning experiment results corresponds to the one where
Lg(s)y = xr(s)- However, there is a wide range of yg(s) for
(P) (P) (P)
different values of Lg(s) where the error function is the
(P)

minimum. Therefore, further optimization is carried out to
determine yg(s), while considering Lg(s) = xgr(s).-

(P) (P) (P)

@ Springer

z @ 3D variation
B Projection of 3D variation on the (x,z) plan
<> Projection of 3D variation on the (x,y) plan

mor

Minimum J_

Fig. 13 Variation of Lg(s), yr(s) and error function Jg.,, from free-

®) @ :

running experiments (model ship B, twin-propeller twin-rudder ship).
Dotted lines refer to the optimum values of yg(s) and Lgs)
(P) (®)

Using the hill-climbing procedure, the value of ygs), for
(P)
which Jgr, is the minimum, is selected as shown in Eq. 16.
Similar to the SPTR system, the error function variation Jg o
is observed to have a parabolic trend with a single minimum
value for each experiment case. The variation is shown in
Fig. 14. Each line corresponds to the error function variation
while estimating flow-straightening coefficient Yr(s) during
(®)
the free-running experiments. In order to check the repeat-
ability of the phenomena, the same experiments were repeated
twice. This can be seen as two lines in the figure. Solid lines
show the variation for cases where the effective drift angle at
rudder position f(s) is positive (starboard turning). Dotted
()
lines show the variation for the cases where the effective drift
angle at rudder position fgs) is negative (port turning). The
(P)
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Fig. 14 Emor function variation while estimating flow-straightening
coefficient for model ship B (twin-propeller twin-rudder ship). A
similar trend is observed for error function variation while estimating
Yres)- (P. T. port turning, S. 7. starboard turning)
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Fig. 16 Average of the steady values of yaw rate and effective rudder
angle at which the rudder normal force becomes zero for starboard
and port rudder (model ship B, twin-propeller twin-rudder ship)

variation of the coefficient yg () is shown in Fig. 15. The flow-
®)
straightening coefficient for the TPTR system is asymmetric
and different from that of the SPSR and SPTR systems. The
coefficient yg(s) is asymmetric for the port and starboard
®)

rudders and depends on ship’s port and starboard manoeu-
vring motions. Based on the analyzed values of ?R(S), the
®)

effective rudder angle Jr(s) is calculated and the results are
®)

shown in Fig. 16. The angle |0g(s)|, for most of the cases is

®)
higher than the angle |d(s)|. Therefore, from Eq. 6, the
®)

effective rudder angle (a(s)) will have an opposite sign to the
(P) , v

rudder angle J(s). This will result in rudder normal force being

®)

exerted in the opposite direction to the rudder angle. We refer

to this phenomenon as non-conventional behaviour of the

rudder normal force. The conventional cases are the port

rudder at é(s) = {133 } and 55y = {133} starboard turning,
®) ()

and for the starboard rudder at 65y = {Z33.} and &) =
‘ ®) ®)
{z3%} port turning. For easy understanding, these cases are
bordered with circles in Fig. 16. The reason for the asym-
metric behaviour of yg (s) and non-conventional sign of rudder
®)

normal force will be discussed in Sect. 4.3 with free-running
experiment results.

4.2 Validity of estimation method

The coefficient yr(s) determined from free-running and
(p)
CMT experiments will be compared. During CMT exper-.
iments, the rudder normal forces for both rudders were
measured. The experiment data was used to determine the
neutral rudder angle during manoeuvring. Neutral rudder
angle is the angle at which the rudder normal force
becomes zero, even though the ship is turning, and the
rudder is deflected. The variation of effective rudder angle
(6r(s)) with respect to the drift angle at rudder position
®)

(Br(s)) is plotted for the data recorded in the free-running
®)
test and in CMT experiments. The slope of this curve is the
flow-straightening coefficient yg(s). The results are shown
®
in Fig. 17. The flow-straightening coefficient yg(s) from
®
CMT experiments and free-running experiments is asym-
metric for port and starboard manoeuvring motions. The
values of yg(s) between CMT and free-running experiments
® .
are noticeably different. This is because during CMT

experiments, model ship speed is kept constant
(V2 +v2 = \/uj + v}), whereas for the free-running
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Fig. 17 Variation of yp(s) from the free-running and CMT experi-
(F)
ments (model ship B, twin-propeller twin-rudder ship)

experiments, under steady condition of turning motion, the
ship’s speed decreases from its initial value
(Vu? +v2</u} + v3). It may be noted that the propeller
revolution remains constant during both CMT and free-run-
ning experiments, and the subject TPTR model ship shows
either steady or increasing wake during manoeuvring motion
(Fig. 12). Therefore, during free-running experiments, there is
an increase in propeller loading due to the extra speed drop
during free-running experiments when compared to the CMT
experiments. For this reason, the non-dimensional yaw rate
(), the drift angle at rudder position (Bgs)), and the rudder
p)
angle at which rudder normal force is zero during ship’s
manoeuvring (Jgs)) for CMT and free-running experiments
(P)

are different. This shows that the flow-straightening coeffi-
cient at model and ship propulsion points may be different.
Besides it may also be influenced by the rps decrease during
full-scale manoeuvring.

4.3 Simulation of free-running experiments

The validation of the MMG model developed for the
subject TPTR system will be conducted using free-running
experiments. The peculiar behaviour of rudder normal

@ Springer

force observed during free-running experiments and the
need to incorporate them in the proposed model will be
discussed. Free-running, turning, and zigzag tests were
carried out in order to examine different hydrodynamic
aspects of the subject ship B. Free-running experiments
were conducted at two different speeds U (initial
speed) = 0.643 m/s, 1ps=7.97 and U (initial
speed) = 1.029 m/s, rps = 12.8, which correspond to the
actual ship operating (5 knots) and cruising speed (8 knots)
conditions. The hull and rudder interaction coefficients
have been described in the paper. The remaining coeffi-
cients of the mathematical model are given in the Appen-
dix L. The experiment and simulation results of turning test
for the rudder angles (d(s) = iig}) at the ship’s initial
(P)
speed U = 0.643 m/s is shown in Fig. 18. In this case, the
outboard rudder (starboard rudder in port turning and port
rudder in starboard turning) also have the opposite rudder
normal force sign to the yaw rate and, therefore, to the turning
direction. The proposed model can simulate the trend of the
rudder normal force and the ship’s yaw rate observed during
experiments. During the turning motion, the normal force for
inboard rudder also has the opposite sign to the yaw rate and to
the turning direction. It shows a lot more difference between
experiment and simulation. The difference in trajectory pre-
dicted by model free-running experiment and simulation is
relatively lower when compared to Fig. 9. In this case, the
model ship’s position is measured by a supersonic wave-
detection sensor. The experiment measurements are not
influenced by environmental conditions that affect the RTK-
GPS system used for the SPTR system (Fig. 9). The free-
running experiments and simulation results of turning test for
the rudder angles (8(s) = {332 }) at the ship’s initial speed
(P)
U = 0.643 m/s are shown in Fig. 19. In this case, the inboard
rudder (starboard rudder in starboard turning and port rudder
in port turning) has the same rudder normal force sign to the
yaw rate, and consequently to the turning direction. However,
the outboard rudder has the opposite rudder normal force sign
to the turning direction. The simulation can accurately capture
the trend of the outboard rudder normal force and the ship’s
yaw rate, and the difference between simulation and experi-
ment for inboard rudder normal force is higher. The rudder
normal force for port and starboard turns is asymmetric, and
the pattern of asymmetry is different from that of the SPTR
system. The proposed model was used to simulate the rudder
normal force for the zigzag experiments. The experiments and
simulation results are shown in Fig. 20. In this case, the
direction of rudder normal force is opposite to the turning
motion. The rudder normal force during a zigzag manoeuvre
can be simulated very well. It can be concluded that when
there is less nonlinearity, the proposed model works well.
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Fig. 18 Comparison between
the free-running experiment and
simulation results of the twin-
propeller twin-rudder system.
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However, regarding steady-turning motion, the nonlinear
phenomenon is severe, which the present model cannot fully
capture. In both the TPTR and SPTR systems, the rudder is
offset from the ship’s centreline. In the TPTR system, the
rudder is at the propeller’s centreline. In the SPTR system, the
rudder is offset from the propeller’s centreline. This may
influence yg(s) and Lg(s) coefficients for the SPTR system
®) (®)
* when compared to the TPTR system. For the subject TPTR
model ship, the lateral distance between the rudders is higher
than that of the SPTR system (Table 1). This lateral distance is
comparable to other conventional TPTR systems (Table 2).
For both model ship A (SPTR) and B (TPTR), the values of
o(s) are relatively higher than those for conventional ships, as
®) .
mentioned in Sect. 2.2. This may be contributing to the change
in the direction of inflow to the rudder during manoeuvring
motions, resulting in the non-conventional sign of rudder

Fryp (N)

80 120 160 200
Time (sec.)

normal force phenomenon for the SPTR and the subjeét TPTR
systems. Further work in this direction is necessary to draw
firm conclusions.

5 Conclusions

In this paper, manoeuvring characteristics at the cruising
speed of a ship fitted with twin-rudder systems has been
investigated. The conclusions of this paper are as follows:

1. For twin-rudder systems, the effective inflow angle could

go in the opposite direction to the rudder angle during

_ turning motions. For a single-propeller twin-rudder system,

this phenomenon is usually observed for a lower range of

rudder angle. For a twin-propeller twin-rudder system, the

phenomenon seems to be more significant and could be
observed for the entire operating range of the rudder angle.
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free-running experiment and Experiment i
simulation results of the twin-
propeller twin-rudder system.
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2. A method for estimating rudder hull-interaction coef- Lg(s) is considered to be variable and its variation is
ficients for different rudder systems is proposed. The (P)
proposed method is based on the hill-climbing proce- asymmetric not only for starboard and port rudders but
dure. An error function is defined, and it is shown that also for starboard and port turns.
minimum value of the error function corresponds to 5. Further investigations and experiments are required for
the optimal value of the coefficients y(s) and Lys)- model ships A and B in order to investigate the
(®) (P) nonlinear effect and different interactions between
3. The flow-straightening coefficient shows a slight rudders and propellers during steady turning. The
asymmetric behaviour for starboard and port turning modified mathematical model for simulating the
for a single-propeller single-rudder system. This opposite sign of rudder normal force during manoeu-
coefficient is significantly asymmetric in the case of vres needs to be improved, and further work in this
a single-propeller twin-rudder system, but shows a direction is being carried out.
slight asymmetric trend for a twin-propeller twin
rudder system. Acknowledgments The experiments on the single-propeller twin-
4. For the TPTR system, Lg s) is estimated to be nearly as  rudder system were supported by Japan Hamworthy Co. Ltd. The
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Table 4 The coefficients of the TPTR model (model ship B)

a0 60 80 100
Time (sec.)

The coefficients of the TPTR model are given in Table 4.
The coefficients of the SPTR model were described in

Kang et al. [10], (2008).

Coefficient Value
m 0.3404
m,, m, 0.0387, 0.2467
L+7, 0.0372
Xo Xpps Xis Xo X0 X,, -0.0217, —0.0130, —0.0080, 0.0708, 0.8720, 0.0172
Yoo Yy Yors Yours Yorrs Yo -1.3122, 0.3043, 0.0734, —4.9906, —1.1945, —0.0188
N, N, N,., N,,., N,.,N,.. —0.0260, —0.0458, —0.0652, —0.0627, —0.0585, 0.0087
WPo(s) ' 0.1986
tpo(s) 0.1009
®
WR(S) 0.2578
®
ay 0.7122
P4 ~0.3719
"3
&s) 0.97
®
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Table 4 continued

Coefficient Value
K(s) 0.7522
®)
Fay (0rg) :
- : 23318 sin [ ag,,
@ ‘
Ky, 0.3319-0.3352 Jp, —0.1434 J2 5
(’) (7 {P)
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