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Abstract The influence of a rudder’s axial force on the
prediction of full-scale powering performance of a ship is
investigated in this paper. Axial force characteristics of
different rudder types were investigated by open water
experiments. Viscous scale effects on the rudder’s axial
force were investigated by carrying out open water
experiments with different sizes of rudder. Experiments
were carried out in the towing tank for a model ship fitted
with different rudder systems to investigate the influence of
rudder’s axial force on full-scale propulsion performance
prediction. Based on the experiment results, a new pre-
diction method is proposed for estimating full-scale power
that considers scale effect on rudder’s axial force. Good
performance of the proposed prediction method is dem-
onstrated by estimating the engine power of a ship installed
with a special high lift twin-rudder system from model
experiments and comparing it with the values measured on
the ship during full-scale experiments.
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List of symbols

AL Longitudinal projected area of ship above
waterline

At Transverse projected area of ship above

. waterline

B Ship’s breadth

Br Distance between the center of rudderstock of
the port and starboard twin rudder

Cs . Block coefficient

Cp Frictional resistance coefficient of ship as per
ITTC formula

FR{S} Frictional resistance coefficient of a twin

rudder

Cr Rudder chord

Cer 5! Pressure drag due to flow separation of a twin
rudder .

da Ship’s draft at aft perpendicular

dp .Ship’s draft at forward perpendicular

Dp Propeller diameter '

Fy, Fy {$} Normal force for a single and twin rudder,
respectively

Fy, F. x{5} Axial force for a single and twin mdder,
respectively

H Rudder height

J Propeller advance coefficient

K Form factor for ship

Ko Propeller open water torque coefficient

K, £} Form factor for a twin rudder

Ky Propeller open water thrust coefficient

L Ship’s length between perpendiculars

Loa Ship’s length overall

LCG Ship’s longitudinal center of gravity

n Propeller revolution

N Yawing moment acting on the sh1p

P Propeller pitch
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Q Propeller torque

r. Ship’s yaw rate

Rn Reynolds number

Rt Total resistance of ship

Sk Wetted surface area of bilge keel

Sr» Sy 5 Projected rudder area based on chord for a
single and twin rudder, respectively

Sw Wetted surface area of ship excluding rudder
and bilge keel

SFC Skin friction correction

T Propeller thrust

tpo Thrust deduction fraction for propeller at
ship’s zero drift angle

R Coefficient for reduction of rudder’s
resistance in ship’s surge direction

u Surge velocity at ship’s center of gravity

up . Inflow velocity in longitudinal direction to
propeller

Ur, Ug{s} Inflow velocity in longitudinal direction to a
single rudder and twin rudder

U Total velocity at ship’s center of gravity,

o U=Vut++v2

Uw Wind speed in earth coordinate .

v Sway velocity at ship’s center of gravity

Wpo Wake fraction for propeller at ship’s zero drift
angle '

WR, We(s) Wake fraction for single and twin rudder

X Force on ship in surge direction

X Force on ship due to rudder in surge direction

Y Force on ship in sway direction

B - Ship’s drift angle

5,0 3 Angle of single and twin rudder

40, é {50 Angle at which normal lift force Fiy, Fy {5} is

i zero §

ACg Hull roughness allowance

& &(s) Ratio of wake fraction of rudder to propeller

] Ratio of propeller diameter to rudder height

R Relative rotative efficiency

K, K5y Propeller race amplification factor for a single
, and a twin rudder, respectively
p Density of water (model scale, fresh water;
full-scale, sea water) ’
/} - Ship’s heading angle
Yw Direction of wind in earth coordinates
Subscript

S Starboard twin rudder
P Port twin rudder

1 Introduction

The number of ships constructed every year is growihg
quickly due to a corresponding rise in the shipping trade.

With petroleum energy reserves falling and waterways
becoming more crowded, there is a simultaneous push for
maximizing cargo carrying capacity, improving the fuel
efficiency and increasing the maneuverability of ships.
Main engine manufacturers are continually reducing
engine revolution to maximize fuel efficiency. This has
resulted in a corresponding increase in propeller diameter
to maintain the required thrust and speed at lower propeller
revolutions. To accommodate a larger diameter propeller,
the designs of stern hull forms have also undergone several
changes. The stern hull form with a rudder shoe piece,
which was a common design for smaller diameter propel-
ler, has been replaced by the stern bulb design. The stern
bulb design has an extended rudder horn and extra pintles
to bear the rudder loads released by the shoe piece. How-
ever, earlier ships, especially very large crude carriers

. (VLCC), with this design were found to track a course

poorly, and several studies concluded that the stern bulb
hull form requires a larger area for mariner-type rudder
with NACA section than the earlier design. Yamada [1] has
given an overview of these developments. The maneuver-
ing aspects of such vessels are still being studied and
various means are being explored to improve them.

For a mariner-type rudder with NACA cross-section, it is
recommended that configurations like two rudders with a
single propeller be avoided [2]. However, a design with a
single-propeller twin-rudder system, Vectwin rudder [3],
with a unique rudder cross-section, was successfully intro-
duced for small vessels for improving their maneuverability.
A variant of this design has been introduced for improving
the maneuverability of large ships up to the size of a VLCC
[4]. There are some other advantages of this type of rudder
system. In high speed ships, since the twin rudder is not
directly in the propeller race, erosion of the rudder surface
due to propeller hub vortex or cavitations may be avoided
[5]. Moreover, as the twin rudder is compact, a ship’s cargo’
carrying capacity can be increased within existing ship
dimensions. Suitability of single-propeller twin-rudder sys-
tem for large vessels like VLCCs was confirmed by
Hasegawa et al. [6]. They concluded that the single-propeller
twin-rudder system is suitable for maneuvering a VLCC and
also showed that with a suitable combination of rudder angle
and propeller revolution, the stopping distance of a VLCC '
can be lower by about 2-3 ship lengths than a single-pro-
peller, single-rudder system. Kang et al. [7] developed a
mathematical model of a single propeller twin-rudder ship,
validated the model with free running experiments and made
some recommendations for its installation.

However, no detailed study has been carried out on the
full-scale propulsion performance prediction of ships fitted
with special rudder systems like the Schilling rudder, a
single-propeller twin-rudder system, etc. For propulsion
performance prediction of ships from model experiments,
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scale effect is important. A guideline for propulsion per-
formance prediction of single screw ships from model
experiments was developed by the International Towing
Tank Conference (ITTC) [8]. The guideline is widely used
for ships fitted with mariner rudders; however, it is known
that it may not be suitable if some appendages like a rudder,
pod unit, etc. that has significant axial force component is

installed on the ship. Therefore, for ships having special -

propulsion systems, like a pod unit, some recommendation
for scaling of viscous resistance has been devised [9].
However, no such guideline exists for scaling viscous
resistance of special rudder systems like the Schilling rud-
der, a single propeller twin-rudder system, etc. It is reported
that in the case of these special rudder systems, the pre-
dicted full-scale power from model experiments by ITTC
[8] method is usually higher than the power measured
during sea trials and actual operation.

In this paper, the axial force characteristics of different
rudder systems are determined from . experiments. The
influence of these characteristics on a ship’s full-scale
powering prediction is investigated. A method of predicting
full-scale power considering these characteristics is then
‘proposed. The full-scale power is predicted from model
experiments by either considering or ignoring the rudder’s
axial force characteristics. The predicted power is compared
with power measured during full-scale experiments. It is
shown that it is important to consider rudder’s axial force
characteristics, especially for ships fitted with special rud-
der systems like a single-propeller twin-rudder system.

2 Description of the procedure

In this paper, a single-propeller, single-rudder system is
referred toas a single-rudder system and a single-propeller
twin-rudder system is referred as a twin-rudder system,
respectively. One of the earliest works showing the influ-
ence of rudder type on the thrust deduction fraction
estimated from model experiments was done by Todd [10].
He conducted self-propulsion experiments on a model ship
with and without the rudder and associated appendages,
and their influence on thrust deduction coefficient was
shown. Experiments were conducted with different rudder
sections to show the influence of the rudder type. Earlier,
different experimental facilities had their own procedure
regarding installing appendages like rudder, bilge keels,
etc. on the model during experiments. For easy interpre-
tation of experiment data, a standardized format for
conducting model resistance and self-propulsion experi-
ments was introduced by the ITTC. In the ITTC method,
explicit correction for appendages like the bilge keel is
mentioned, while it is implied that the rudder is installed
during the experiments. Additionally, the viscous scale
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effects are considered for the ship as a whole, i.e. there is
no scaling of viscous resistance for the appendages. If the
rudder resistance component is high, the viscous ‘scale
effect on rudder resistance and their influence on full-scale
propulsion performance prediction are expected to be sig-
nificant. This is because the average flow speed over the
rudder and the average flow speed over the ship are dif-
ferent and the length of the ship and the rudder are
different; thus, the Reynolds. number of the respective
average flow speeds will be different.

To see the above influences, two different analysis

. methods are followed for single and twin-rudder systems,

respectively. One is the well-known ITTC method, which
is called the “conventional method”. In the other method,
the resistance of rudder and ship is considered separately,
and it is called the “proposed method”. The coordinate
system shown in Fig. 1 is followed for analysis of a twin-
rudder system. For a single-rudder system, in Fig. 1, the
twin rudder is replaced by a single rudder and the sub-
scripts ‘P’ and ‘S’ are not used in the rudder parameters.

2.1 Ship resistance

The resistance coefficient is defined as per the “conven-
tional method”. During the resistance experiments, the
propeller is removed and the shaft end fitted with a fair
water cap. For the “proposed method” during resistance
experiments, rudder skeg is fitted, while the rudder is
removed from the ship model. The form factor (K) is
estimated from model experiment results [11] using three
dimensional viscous resistance formulation.

2.2 Rudder resistance

For .rudders with NACA section, axial force is shown to be
a function of Reynolds number and angle of attack [12, 13].

x A

Fig. 1 Coordinate system
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The single rudder used for subject model has modified
NACA section, so its axial force coefficient is considered

as Eq. 1 g
F x/(O.SpZSRuZR) =f(Rn, d). ‘ - (1)

For special rudder systems like the twin-rudder, the
axial force characteristic is different than in the single
rudder. This is due to their different cross-section and due
to the end plates fitted on the top and bottom of the rudder.
For such rudder system, the axial force is considered to
have two components, viscous resistance with form drag
and pressure resistance due to flow separatlon as shown in

Eq. 2
an/ (osomgigy)
= (1+Kaggy) Com ) * Congey @

In Eq. 2, the subscripts ‘P’ and ‘S’ in parenthesis ‘{}’
refer to port and starboard twin-rudder, respectively. This
method of writing the equations will be followed in this

paper. When referring to single rudder, the subscripts ‘P’ ,

and ‘S’ are not used as shown in Eq. 1.
2.3 Inflow into rudder
For the “proposed method”, the inflow into rudder needs to

be modeled. The MMG model for rudder inflow velocity is
modified for the twin-rudder system as shown in Eq. 3

. i 2 ’
Ur{s} =8{ls,}up\} n[l +K{§} (\/ 1 +-8§— 1)] +(1-1)

(3)

l'—W s
where E{s} = Y= %ﬂ, up = (1—wpo)u.
2.4 Hull rudder interaction coefficients

In the MMG model for the single rudder, the component of
rudder’s normal lift force in ship’s surge direction is
expressed as Eq. 4 [14, 15], while the rudder’s axial force
component in ship’s surge direction is assumed included in
ship’s resistance.

Xg = —(1 — tr)(Fnsin d) ‘ “)

In the “proposed method”, the rudder is not fitted on the
model during resistance experiments. Therefore, to include
rudder’s axial force in ship’s surge direction, Eq. 4 is
rewritten as Eq. 5

Xr = —(1 — 1r)(Fxs cos ds.+ Fns sin ds + Fxp cos dp
+ Fyp sin 59) . (5)

2.5 Hull propeller interactions

The method of estimating the coefficient fpg by the “con-
ventional method” is shown in Eq. 6

(RT)Hull+mdder_(SFC)Huledder (6)

1—1tpo
(T)Hull+rudder

For the “proposed method”, since the rudder is not fitted
on the model during resistance experiments, the method of
estimating the coefficient #pg is modified as shown in Eq. 7
(Rr)pun = (SFC) iy +(XR )Rudder behind propeller

(T)etun+ Rudder

1—1tpp =

(7)

For estimating coefficiénts wpg and 77g, the model ship’s
resistance data is not used and since the rudder is fitted
during self-propulsion experiments, the influence of the
hull and rudder is included in these coefficients. Therefore,
wpo and 7y for the “proposed method” are determined
using the “conventional method” as shown in Eq. 8

K = (T)Hull+mdder
pn2D}
JDpn
U ?
i = Dbt mater
(Q)Openwatct J

®

l—wpo=

Coefficient wpg determined for the model ship is scaled
to full ship using “conventional method” as shown in Eq. 9
(tp0 + @) + ((WP0)mgoder—P0 — @)
(1 + K)(Cr)spip+ACr (Sw + 25 + Spk)
(1 + K)(Cr)mosal (Sw +25r)

(wm)ship =

(9)

The coefficient ¢ in Eq. 9, represents the infiuence of
the rudder on the wake fraction in way of propeller, when
the rudder is fitted behind the propeller. The recommended
value of ¢ is 0.04 [8] for a single-rudder system. The value
of ¢ needs to be investigated for a twin rudder due to their
different geometric layout.

3 "Validation of the procedure by experiments
3.1 Experiment facility and procedure

The open water experiments for rudder were carried out in
the circulating water tank of Osaka University. The open
water experiments for the propeller, model ship resistance
and self-propulsion experiments were carried out in the
towing tank of Osaka University. The full-scale experiment
was carried out in Saeki Bay, in Japan’s Seto Inland Sea.
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The speed and engine power during the full-scale experi- -

ments were measured and provided by the shipyard.
The measurement section of the circulating water

channel is 2.0 m long, 0.9 m wide and 0.5 m deep. The -

maximum flow speed attainable in the measurement sec-
tion is 1.2 m/s. The details of the towing tank are available
at the website http://www.naoe.eng.osaka-u.ac jp/eng/
info_course/equip.html. A DC motor rotates the propeller
and each rudder is turned using a five phase stepping
motor. The propeller revolution and rudder angle are
controlled through computer.

During resistance and self-propulsion experiments, for

measuring the forces and moment on the rudder, the ship ,

and the propeller (thrust and torque) strain gauge-type
transducers were used. During propeller open water
experiments, for measuring the thrust and torque, duplex-
balance rod-deflection-type dynamometer was used. Sig-
nals from the transducers are electronically filtered and
amplified, and fed to the computer through a 12-bit ana-
log—digital converter board. A sampling frequency of
100 Hz is used for all the experiments. The propeller
revolution and towing carriage speed are directly fed to the
computer through a digital input output board. During
experiments, all the measurements are monitored on the
computer screen. The resistance and self-propulsion tests
are for model-free conditions (free to sink and trim) and
were carried out using standard towing tank procedures.
During experiment in towing tank, a time interval of about
15 min between carriage runs was maintained in order to
damp the fluid motion induced by previous run.

3.2 Model ship

The principal particulars of the model ship are shown in
Table 1. Model ship A was used for comparing the single-
rudder and twin-rudder systems and for developing the new

Table 1 Principal particulars of model ship

Particulars Model ship A Model ship B
L (m) 3.94 3.52.
B (m) 0.58 0.57
da (m) 0.22 0.25
dg (m) 0.22 0.20
LCG/L 0.037 0.010
Cs 0.83 0.718
Sw (m?)

Single-rudder skeg 3.541 N/A
Twin-rudder skeg 3.558 2.927
Propeller

Dp (m) 0.1206

P (m) . 0.08041

Number of blades 5

f Springer

prediction method of full-scale power. Model ship B has a
full-scale equivalent and was installed with a twin-rudder
system. It was used for comparing the power predicted by
model experiments with the values measured during full-
scale experiments. Both model ships were fabricated from
wood. Studs of 2.0 mm depth were nailed to the surface of
the model ship at 10.0 mm pitch at SS 91/2 and at the
midsection of the bulbous bow to stimulate turbulent flow.

‘Model ship A has a bow thruster tunnel. During the

experiments in the towing tank, the bow thruster tunnel was
blanked using a streamlined cap and the ship surface in the
way of the tunnel opening was made smooth by using
water resistant tape. Neither of the model ships was fitted
with a bilge keel. The stock propeller of the Osaka Uni-
versity was used for both model ships. The layout of the
stern section of model ship A is shown in Fig. 2. Model
ship A is fitted with a detachable type of stern that can be
changed to suit both single-rudder and twin-rudder sys-
tems. Four types of rudders, single, twin (type I, type I and
type III) were fabricated for the experiments. Model ship B
was fitted with a twin-rudder system (type III) that was also
installed on the full-scale ship. The particulars of the dif-
ferent rudder systems are shown in Table 2. Two different
sizes of twin rudder (type III) were fabricated in the scale
ratios 1:28.2 (type A) and 1:9.5 (type B), respectively. The
twin-rudder (type III, B) system was fabricated exclusively
for rudder open water experiments to investigate the scale
effects on rudder resistance. The mariner Tudder with a
shallow horn and a modified NACA cross-section is well -
known. A brief description of twin-rudder system will be
given. The layout of the twin-rudder system is shown in

Twin-rudder
© LWL

— — — Single rudder

]
i I
| I
1 |
o ! r !
'a ! ldab==
8l o] | | 2
3 1 ] 3
% ! i
i
| ! 1
| 1
| !
Y ! !
I S S —_| BASE LINE =

Fig. 2 Layout of a twin rudder and single rudder. Model ship A
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Table 2 Particulars of different rudder systems
Coefficients Single rudder Twin rudder
(model ship A) ’ y .
Type I Type U Type II (model ship B)
odel ship A del shi

(model ship A) (model ship A) Y Type B
H (m) 0.1800 - 0.1170 . 0.1190 0.1350 0.4000
Cr (m) 0.1070 0.0720 0.0740 © 0.0990 0.2950
Sk, Sy I (for one rudder, m?) 0.0158 0.0084 0.0088 0.0134 0.1190
Bg (m) 0.0000 0.0648 0.0648 0.0830 0.7371

The area is determined from chord and is not wetted surface area

/
\\ Typel
L_" 0.06476 '
L~ T~ 1
/ ~\
/ \
! \\ ~ =
| 0.1206 _al= -
" NS e
\ !
\ /
\ - A
\ K4 N 4
-~ - _‘\\\——”,
= / \

Fig. 3 View from the stern of twin-rudder system

Fig. 3. Each one of the twin rudders has the profile of the
Schilling rudder and incorporates a rounded leading edge
and a fishtail trailing edge. The twin rudder is also 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 center-
line of each rudder. In a twin-rudder (type II) system, the
cross-section of the port and starboard rudder is not sym-
metrical about its centerline, the rudder cross-section has a
cambered profile and the end plates are knuckled and on
the outboard side of each rudder.

Some important aspects may be noted here. Since the
size of a single rudder is larger than a twin rudder, model
ship A’s stern is fabricated to accommodate both rudder

systems. In case of a twin-rudder system, there is a gap

between the skeg and aft transom that may reduce course
stability of the vessel. When the twin rudder is fitted on the
ship, the rudder is shifted towards the aft and the main hull
is elongated by shifting the propeller aft within maximum
existing ship length. This arrangement may improve course
stability of the vessel and may increase the twin-rudder
performance due to an-increase in the lever of rudder
moment. Due to the extension of the ship’s hull, some

increase in resistance is expected; however, propulsion
efficiency may be further improved by fully optimizing the
stern shape and the propeller for the twin-rudder system.
The increased length of bull is expected to increase the
cargo volume by about 1,000 m? for the subject ship type,
without any change in the maximum ship dimension. In the
case of a single rudder, there is a possibility that at ballast
draft the rudder is near the free surface or even penetrates
it; such an arrangement may cause air drawing or aeration.
This possibility is reduced in a twin-rudder system. Due to
its compact size, most of the twin-rudder system is in the
way of propeller slipstream; therefore it'is expected that it
may utilize propeller slipstream more efficiently than a
single-rudder system.

3.3 Experiment results

For a twin-rudder system, improvement in maneuvering
performance has been shown in tail inboard operating
conditions [7]. It was confirmed by free running experi-
ments that this arrangement also improves propulsion
performance (see Appendix). Therefore, during resistance
and self-propulsion experiments, the twin-rudder system
was set in 3° inboard angle position.

3.3.1 Rudder resistance axpeﬁménts

Open water experiments were carried out in circulating
water tank to determine rudder axial force characteristics.
Only one of the twin rudders is used during experiments. In
the case of type II and III twin-rudder systems, the port and
starboard rudders are not symmetrical; starboard rudder is
used for the experiments. Since, the resistance is measured
for only one of the twin rudders; therefore, the total axial
force of the twin rudder would be twice the value measured
during the experiments.

The variation of axial force with inflow speed is inves-
tigated by varying the inflow speed, while the inflow angle
is kept constant (0°). To induce turbulence, 3.0 mm wide
sand paper strips were glued on both sides of the rudderata
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distance of 10% chord length from the leading edge of the
rudder. The experiment results are shown in Fig. 4. For all
types of twin rudders, the rudder axial force reduces with
increase in Reynolds number and tends to a steady value
for higher Reynolds number. The water inflow speed for all
rudders is varied between 0.1 and 1.1 m/s. The Reynolds
number is higher for the twin-rudder (type III, B) system,
because of its larger size and higher water temperature

during experiments. The results for twin-rudder (II) sys--

tems at low Reynolds number are influenced by partial
laminar flow. This shows that flow-stimulating arrange-
ment is not sufficient for this rudder type. However, the

results at higher Reynolds number are more pertinent,

because they well represent the actual flow speed in behind
condition. The experiment results match .well with the
theoretical formulation described earlier.

The variation of axial force with inflow angle is inves-
tigated, by varying the rudder angle, while the inflow speed
is kept constant (0.8 m/s). The Reynolds number is
5.96E + 04, 4.15E 4+ 04 and 4.14E + 04 for single-
rudder, twin-rudder (I) and twin-rudder (II) systems,
respectively. A turbulence inducing device is not fitted on
any one of these rudders. For a single rudder experiment,
the rudder horn is installed, but only the force on the
movable part of rudder is measured. This is because, in the
actual layout, the rudder horn is part of the main hull. The
experiment results are shown in Fig. 5. For the single
rudder, the axial force marginally increases with increase
of inflow angle, but the behavior is opposite for twin-rud-
ders (type I, II) systems. For twin-rudders (type I, I)
systems due to absence of turbulence inducing device,
variation in axial force is not smooth near 0° inflow angle.
The rudder cross-section for single-rudder and twin-rudder
(D systems is symmetrical, but there is some asymmetry in
the experiment data. The regression curve for a single-
rudder and a twin-rudder (I) system is determined by
assuming it to be symmetrical.

The rudder axial force characteristics behind the ship,
with and without the propeller, were also investigated. The
case when the rudder is fitted behind the ship without a
propeller will be called “without propeller”, and the case
when the rudder is fitted behind the ship with a propeller

will be called “with propeller”. No flow-stimulating device
is fitted on any of the rudder systems during these exper-
iments. The results are shown in Fig. 6. For both rudder
systems, the experiments were carried out at similar model
speeds and propeller revolutions. For a single rudder, the
higher Reynolds number is due to its larger size and dif-
ferent geometric layout in comparison to the twin rudder.
For a single rudder “without propeller”, the axial force
coefficient is lower than twin rudder and for higher Rey-
nolds number even becomes negative. This may be due to
the rudder horn and the stern hull form, which blocks the
flow to the rudder, while some contributing factor may be
the cross-section of the rudder. For the twin-rudder
“without propeller”, the axial force of a type II rudder is
higher than that of a type I rudder. For a single rudder
“with - propeller”, the axial force coefficient marginally
increases in comparison to one “without propeller”. For
the twin rudder “with propeller”, the axial force coefficient
. is much higher than one “without propeller”. This differ-
ence in axial force coefficient between the two types of
twin rudders reduces in the case “with propeller”. For the
twin rudder “with propeller”, the axial force coefficient is
higher than the value predicted by open water experiment
(with turbulence inducing device). The increment of axial
force for rudders with NACA type section when the rudder

’

Experiment Regression
a Single rudder
(o] — — Twin-rudder (type I)
* @ ~---- Twin-rudder (type i)
g 04
N
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s €05
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“>-< 'i‘ -0.1
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Fig. 5 Variation of rudder axial force with inflow angle observed
during open water experiments

Fig. 4 Variation of rudder axial . Twin-rudder (1), stbd

force with inflow speed O  Experiment

observed during open water &~ 0.08- (1+KRs]CFRS+CsRS I

experiments x Twin-rudder (1), stbd ] Twin-rudder (), stbd
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Table 3° Comparison of form factor of different twin rudders
Coefficient Twin rudder Holtrop et al. [18]
Experiment Simulation [17] (Rn: 1 x 10°)
Type I Type IT Type I Type IO - Rudder Twin-screw Rudder
behind stern balance rudders behind skeg
1 4 Kgs 2.65 2.8 227 2.99 1.3-1.5 2.8 1.5-20
Csrs 0.002 0.002

For experiment analysis, rudder area = 2 x Sgs

is located at off-center position of the propeller in hori-
zontal direction has been reported earlier [16].

It is concluded that axial force characteristics “without
propeller” for all types of rudder has some influence of
~ laminar flow, while the flow is turbulent “with propeller”
for all types of riadder. For the twin rudder “with propel-
ler”, the axial force coefficient determined from the open
water experiment (with turbulence inducing device) seems
to be underestimated. The Reynolds number “with pro-
peller” at model scale is in the range 5.28E + 04—
7.82E + 04, while in the ship scale it is expected to be in
the range 2.11E + 07-2.60E + 07. Therefore, variation of
axial force coefficient for twin rudder with Reynolds
number and rudder section needs to be investigated.

The influence of Reynolds number, the shape of the
rudder section and the angle of attack on the axial force of
different high lift rudders (including the one considered in
this paper) was investigated by numerical simulation [17]
and the variation of axial force with Reynolds number,
shape of rudder section and angle of attack was shown. The
twin-rudder section studied in this paper was also used for
numerical simulation [17]. The values of (1 + Kgs) esti-
mated from different sources are shown in Table 3. The
coefficient .Csrs is considered to have a small constant
value due to the fine shape of the rudder section. The form
factor (1 + Kgs) estimated by numerical simulation [17] is
higher for twin rudder (II) than for the twin rudder (I). The -
results of numerical simulation explains the experiment
results observed in Fig. 6. In Fig. 4, some influence of
laminar flow on the axial force of the twin rudder (II) is_
observed due to which its F'xs is not higher than that of the

twin rudder (I). The variation of axial force of twin rudder
is significant [17] and the same is considered for analysis at
full-scale.

3.3.2 Propeller rudder interaction behind ship

The wake characteristics in the way of the single-rudder and
twin-rudder (type I) systems were determined from exper-
iments. During the experiment, the rudder is fitted behind
the ship, while the propeller is removed, and the shaft boss
fitted with fair water cap. In the case of the twin rudder, only -
the starboard side rudder is fitted to avoid any interaction

effects from the port side twin rudder. The model is towed at

the same speed with different rudder angles. The rudder

normal forces-are measured during the experiment. By

referring to the open water experiment results, average flow .
speed over the rudder is measured and the wake fraction in

way of the rudder is calculated. The estimated value of the

wake fraction is shown in Fig. 7. The values for twin rudder

are higher than those for a single rudder; this is expected

because of the difference in the layout of the two rudders. A

comparison is also made with the values estimated for a

different ship type and twin rudder [7]. For the straight line

motion, average wake in the way of the rudder is considered

as constant value based on experiment data. For full-scale .
analysis, the rudder wake is scaled up in the same ratio as

the wake in way of the propeller.

Influence of propeller on rudder inflow characteristics
were investigated by experiments. The propeller acceler-
ates the flow speed to the rudder. The coefficient x and
K{s) depends on the geometric layout of the propeller and
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Fig. 7 Variation of average wake in way of single rudder and twin
rudder. Rudder is installed on Model ship A
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Fig. 8 Variation of x and i, for different rudder systems. Model
ship A ,

the type of rudder. Rudder lift forces for different propeller
revolutions, ship speed and rudder angles were measured
during the experiments in a towing tank. From the rudder
lift force, rudder inflow velocity is estimated using open
water experiment data. For the twin rudder, the rudder lift
force is measured only for the starboard rudder. All the
parameters in Eq. 3, except the coefficients x and ks, are
estimated from the experiment data. For the twin rudder,
the experiments were conducted with both rudders, and
 their mutual interactions [7], were considered during
analysis. The measured values of x and ks are shown in
Fig. 8. The coefficient « is higher than the coefficient xg.
This may be because, the single rudder is at the ship cen-
- terline and can fully utilize propeller slipstream, while the
twin rudder is away from the ship centerline. However,
each one of the twin rudders has a higher lift force coef-

ficient, and the total effective area is higher than for the -

single rudder. These may compensate for lower Ks.
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Fig. 9 Variation of f for the twin rudder (I) of model ship A. MVT,
Mariner-type Vectwin rudder

3.3.3 Hull rudder interaction coefficients

Experiments were carried out to determine the coefficient
1 — tg. The values determined from experiment are shown

- in Fig. 9. The values of 1 — tg for twin rudder (I} lie

between single rudder [19] and other type of twin rudder
[7]. The difference between the single rudder and twin
rudder (I) is due to the difference in their geometric layout.
The difference between the two types of twin rudder is due
to the difference in their geometric layout and due to the
modified approach of estimating rudder resistance that is

followed in this paper. ‘ ‘

3.3.4 Hull propeller interactions

Self-propulsion experiments were carried out to determine
interaction coefficient between the hull and propeller for
different rudder systems. To see the influence of axial force
of each rudder system, the experiment was carried out with
and without the rudder and the coefficients determined at
ship self-propulsion point. The thrust deduction fraction
calculated by the “conventional method” and “proposed
method” is shown in Fig. 10. In the case of the single
rudder, the thrust deduction coefficient determined by the
“conventional method” and the “proposed method” is
nearly the same. However in the case of the twin rudder,
the “conventional method” gives a lower value of the
coefficient than the “proposed method”. For the twin
rudder, the resistance experiments show that ship fitted
with a twin rudder (type II) has a higher resistance than the
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Fig. 10 Variation of fpp for different rudder systems. Model ship A = ] o
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ship fitted with a twin rudder (type I). However, the thrust . o] *
deduction coefficient for both types of twin rudders is 1 %
. . . . 1 I
similar as per the “proposed method”, while in the case of 0.15 ' 0'1 6 ' 0'1., 0'18 o.|19
the “conventional method”, the values of twin rudder (type Froude no.

I) are slightly higher. The reason for this is that the axial
force characteristics of both types of twin rudder in “with
propeller” conditions become nearly the same as shown in
Sect. 3.3.1. ]

From the experiments, coefficients wpy and 5y for the
three rudder types were also estimated. The two analysis
methods do not significantly change the values of these
coefficients, so the values estimated by “proposed method”
are shown in Fig. 11. The values of coefficient wpq for the
different rudder systems were observed to be similar. The
values of coefficient g for the twin rudder are lower than
for single rudder. This may be because, in the case of twin
rudder, the rudders are offset from the centerline.

To investigate the influence of the twin rudder on
coefficient ¢ in Eq. 9, experiments were carried out to
estimate the coefficient wpp both with and without the twin
rudder. The experiment results are shown in Fig. 12. The
difference in the value of wpg with and without the rudder
indicates the value of ¢.

3.3.5 Full-scale powering performance prediction

The principal particulars of the Ship A and B are shown in
Table 4. Ship A is used for investigating the. difference in
the power predicted by “conventional method” and “pro-
posed method” for different rudder systems. Ship B is used
for comparing the power predicted by the “conventional
method” and the “proposed method” with the values
measured during full-scale experiments for twin-rudder
system.

For Ship A, power is predicted from model experiments
by the “conventional method” and the “proposed method”

. Fig. 11 Variation of wpg and #g for different rudder systems. Model

ship A
A Bare hull (twin-rudder skeg)l
O Single rudder
O Twin-rudder (I)
% Twin-rudder (1l)
0.6 —
A A
N A .
0.55 —
g
- 05 9
A ) _ ® o m}
e (m]
045 L e N B
0.15 0.18 0.17 0.18 0.19
Froude no. '

Fig. 12 Influence of different rudder types on wake fraction. Model
ship A

by simulations. The steady state propeller revolutions and
ship speed for constant torque operating condition of the
engine were determined for four different speeds. Each one
of the rudder system is considered to be installed with the
same engine and shafting system. The shaft loss is con-
sidered to be 2% for both rudder systems. For all the
rudders, propulsion efficiency improvement devices like
propeller boss cap fin (PBCF) [20] and reaction fins were
not considered. The engine power required to move the
ship at a particular speed for each one of the rudder system
is estimated by the “conventional method” and the “pro-
posed method”. '
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Table 4 Principal particulars of ship

Particulars Ship A Ship B
L (m) 219.00 99.20
B (m) 3226 16.00
Loa (m) 229.00 104.49
dg (m) 13.30 5.54
da (m) 13.30 7.00
Cs 0.83 0.72
Spx (m?) 105.12 47.62
Propeller

Dp (m) 6.70 3.40
Pm 447 2.63
Number of blades 5.00 4.00
Projected area above waterline

Ar (m?) 655.50 96.00
AL (m?) . 2,039.70 140.40

Difference In power (%):
(kWconventional - KW proposed)* 100/ kW conventional

10 h
g |
A4
Sow
g 8
g = .
o
Q g —
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s ] .
e 4 ‘
o 1 .
£ 2+
(= -

0 =T
' Single Twin-rudder Twin-rudder
rudder (typel) (type i)

Fig. 13 Difference in the engine power estimated by “conventional
method” and “proposed method” for different types of rudder. Mean
values at Froude no. 0.175 for Ship A

The difference in the engine power estimated by the
“conventional method” and the “proposed method” for
each one of the rudder types is shown in Fig. 13. The
difference in the engine power estimated by the “conven-
tional method” and the “proposed method” is negligible
for single rudder; however, it is significant for both types of
twin rudder. The difference in engine power between the
single rudder and twin rudder estimated by the “conven-
tional method” and “proposed method” is shown in
Fig. 14. The difference in engine power by the “proposed
method” between single rudder and twin rudder (I) and
single rudder and twin rudder (II), respectively, can be
observed. There is no significant difference in engine
power by the “conventional method” between the single
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‘Fig. 14 Difference in engine power bétween single and twin rudder

systems estimated by the “conventional method” and the “proposed
method”. Mean values at Froude no. 0.175 for Ship A

rudder and twin rudder (I) and single rudder and twin
rudder (H), respectively. Therefore it can be concluded that
the “proposed method” is sensitive to the influence of
rudder axial force characteristics, while in the “conven-
tional method”, there is not much influence of rudder axial
force characteristics. To confirm the suitability of either of
the two prediction method, the predicted engine power by
each method is compared with the values measured during
full-scale experiments.

4 Full-scalé experiments and discussion

To validate the results described in Sect. 3.3.5, the power
predicted by the “conventional method” and the “proposed
method” is compared with the values measured during full-
scale experiments for model ship B. Experiments in towing
tank were carried out with the model ship B (fitted with
twin rudder type IIT) and full-scale power was predicted by
the “conventional method” and “proposed method”. Both
predictions are for calm condition. The full-scale experi-
ment was carried in the month of July. During the
experiment, the ship’s engine was operated at 50%, 75%

- and 100% of its maximum power. At each engine power

setting, the ship was run on a straight course for a rea-
sonable duration of time. Two runs were carried out for
each engine power setting. During each run, the ship speed,
engine power, propeller revolution, relative wind speed and
relative wind direction were measured. These values are
averaged for each run. No rudder angle is given during the
experiment. The wave conditions during the experiment are
obtained from the statistical database of wave and winds
around Japan [21]. The wave direction is assumed to be the
same as that of the wind. The wind and wave correction
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was applied to the power measured during the experiment
[22]. The ship was fitted with a PBCF on the propeller and
horizontal reaction fins on the twin-rudder system, these
were not fitted on the model ship. From model experi-
ments, it is shown that about a 5% gain in efficiency may
be obtained with a PBCF-type device [20]. Then it is
expected that a 6-8% gain in propulsive efficiency may be
obtained with a PBCF and reaction fins. In actual sea
conditions, it is considered that the combined effect of
these appendages is 4% on the ship’s engine power. It
should be noted that ship B has a bow thruster tunnel
opening, which was not present in model ship B and no
correction for bow thruster opening was applied. The
power excluding PBCF, fin and weather influence is
compared with the power predicted by the “conventional
method” and “proposed method” from the model experi-
ments. The results are shown in Fig. 15. The power
(excluding weather influence, PBCF and reaction fin)
matches well with the power predicted by the proposed
method. The overestimation of engine power by the
“conventional method” at higher speed due to uncorrected
scaling of the rudder resistance can be observed.

From the experiment results and analysis, it is observed
that the scale effects are present on the axial force of
rudder, and it depends on the rudder cross-section and the
Reynolds number. The rudder with the NACA section has a
low axial force, so the scale effect on the axial force does
not have much influence on the full-scale powering per-
formance prediction. However, the influence of the scale
effect on the axial force of special rudder systems like the
Schilling rudder and twin rudder may be significant. The

Full scale experiment
[ Actual
Palynomial fit

o Excluding PBCF, fin
and weather influence

----- Polynomial fit

3500 — Prediction 8
s 7 ¢ Proposed e
3 3000 | 4 Conventional o
3
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0.18 0.2 0.22 0.24 0.26 0.28
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Fig. 15 Comparison of power }Jredicted from model experiments
with the full-scale values. Ship B (fitted with a twin rudder, type III)

influence starts from the model ship resistance experi-
ments. During resistance experiments, the flow at the aft
part of the ship is usually reduced by the ship’s geometry
and the flow acceleration effect of the propeller is absent,
so the average flow over rudder is low. This condition is
more severe for compact rudder systems like Schilling,
twin rudder etc., because they have a special section and
lower chord. For the same model speed, they operate at
lower Reynolds number than the single rudder; therefore
their axial force component is comparatively higher.
Therefore, the model ship installed with special rudder
systems like the twin rudder has a comparatively higher
resistance than the model ship installed with a single rud-
der. This difference in resistance is not the same during the
model self-propulsion condition and at the full-scale con-
dition. The higher model ship resistance is transformed into
an increased form factor and residuary wave-making
resistance, respectively. The increased form factor is mul-
tiplied by the total ship area and ship speed, though there is
a compensatory effect of reduced frictional resistance
coefficient. The residuary wave-making component is
multiplied by the total ship area as well as the ship speed.
The combined effect of these two may result in the over-
estimation of power by the “conventional method” in the
case of ship fitted with special rudder systems like twin
rudder system. It would be interesting to make similar
comparison for other ship types.

5 Conclusions

In this paper, single rudder and twin rudder systems have
been compared from the aspect of propulsion performance.
The following are the conclusions of the paper:

1. The scale effect is present on the axial force of both
single and twin rudders. In the case of a ship fitted with
a single rudder, because of the low axial force, the
power predicted by either considering or ignoring this
scale effect is nearly the same. However, in the case of
a ship fitted with a twin rudder, the power predicted by
ignoring this scale effect may be about 8-9% (depend-
ing on the twin rudder cross-section) higher than the
case when the scale effect is considered.
2. " A new method, the “proposed method”, of determin-
ing full-scale power of ships is developed, where the
rudder axial force and the model ship resistance are
considered separately. It is shown by model and full-
scale experiments that the power predicted by the
“proposed method” is also suitable for ships fitted
with twin rudder system.
For the “proposed method”, the MMG-type model is
used for determining rudder inflow velocity. It is-

w
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shown that the coefficients of MMG-type model for
rudder inflow velocity are different for single and twin
rudders.
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Appendix
1 Influence of tail inboard angle of twin-rudder

Free running experiments were carried out with model ship
B to see the influence of tail inboard angle of twin-rudder
system on ship speed. Before each run, the twin-rudder is
physically set to the respective inboard angle condition.
During the experiment, the model is run on a straight
course using autopilot. The experiment is done in good
weather condition, so the average respective rudder angle
during the experiment is equal to the set inboard angle. All
the experiments were carried out with constant propeller
revolution. The average speed measured during the free
running experiments at different settings of tail inboard
angle is shown in Fig. 16. It is observed that maximum
speed is achieved between the angle 2 and 4°.

2 Ship resistance experiments

The ship resistance experiment result is shown in Fig. 17.

3 Propeller open water characteristics

The full-scale propeller thrust and torque characteristics are
shown in Fig. 18. During model experiments, the same
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Fig. 16 Influence of inboard angle setting of twin rudder on ship
speed for model ship B. & {5)0» tail inboard angle for a twin rudder [7]
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Fig. 18 Propeller open water characteristics

stock propeller is used for model ship A and B. For ship A,
the full-scale characteristics were determined by applying
scale effects to propeller open water experiment results as
per “conventional method”. For ship B, the characteristics
of design propeller were provided by the shipyard.
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