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ABSTRACT

Manoeuvring performance of a ship in actual sea is significantly different from that in calm water due to wave loads. It
is necessary to estimate the ship's manoeuvrabilities in waves at the early design stage for its safe operations. Several
theoretical approaches have been attempted to estimate the manoeuvring performance of ships with considerations of
wave loads in recent decades, but there are insufficient model test data for the validation of numerical results, In this
study, free-running model tests are systematically performed for well-known KVLCC2 tanker. Model tests are carried
out in a square basin, regular waves are generated with the variations of directions, lengths, and heights. In particular
the wave lengths are selected at around the ship length. The number of propeller revolution is determined for the model
speed corresponded to full-scale service speed in calm water, that rps is fixed in all runs. Therefore the loss of approach
speed is observed depending on the encountered wave conditions. Encountered wave profiles are estimated by using
relative wave heights data measured on the side of deck in real time, the rudder is always deflected at the moments
when the wave crest passes on the midship of the model. The timing of rudder deflection has little influence on the low
frequency manoeuvring motions of the model ship. Drifting distances of turning trajectories are relatively large when
the wave lengths are below the ship length, and relative drifting angles between wave propagation direction and
trajectory drifting direction are largest when the wave lengths equal to the ship length. Drifting distances and relative
drifting angles increase with increasing wave heights. Although the trajectories at the early stage of turns are varied
depending on encountered waves, drifting distance and angles during steady turns are similar if the wave height and
length are identical. Based on the present test results, it is appropriate that the trajectory drifting distances and angles
are defined as the magnitude and direction of a vector between two positions with the headings of 360" and 720"
Finally, the effects of velocity fluctuations on the trajectory drifts are analyzed in some cases.

Keywords:

KVLCC2

Free-running model test
Regular waves

Speed loss

Turning trajectory in waves
Drifting distance

Drifting angle

1. Introduction (1980) carried out turning circle tests of self-propelled roll-on/roll-off

model ship in regular waves, and manoeuvring simulations with con-

In general, manoeuvring performance of a ship is evaluated in calm
water. However the ship encounters wave forces and moments in a
seaway, its performance in waves are significantly different from the
calm water performance. Compared with calm water manoeuvres, the
ship speeds are changed, additional ship motions are generated, even
the ship trajectories may be drifted in waves. So it is necessary to es-
timate the ship’s manoeuvrabilities in waves at the early design stage
for the safe operations in actual sea. Integrated analyses on various
hydrodynamic performance such as resistance, propulsion, and sea-
keeping as well as manoeuvring are required for the accurate estima-
tion of ship performance in waves.

There are some previous researches about the ship manoeuvr-
abilities in waves by mainly experimental techniques. Hirano et al.

https://doi.crg/10.1016/j.oceaneng.2019.02.011

siderations of wave drift forces were attempted. Ueno et al. (2003)
performed manoeuvring tests of a VLCC model ship in regular waves,
drifting distances of turning trajectories are defined by successive po-
sitions with wave encounter angle of —90°. Yasukawa (2006, 2008)
performed turning, zig-zag and stopping model tests of SR108 container
ship in waves, and simulation results were compared with the model
test results. Yasukawa and Nakayama (2009) carried out two-time scale
simulations composed of high-frequency 6-DoF wave-induced motions
and low-frequency 4-DoF (surge, sway, roll and yaw) manoeuvring
motions, and free-running model tests for S175 container ship were also
performed to verify the simulation results. Yasukawa et al. (2015)
conducted free-running turning and zig-zag tests in irregular waves and
3-DoF practical manoeuvring simulations including wave drift force
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Fig. 3. Coordinates system.

short and long ends, and wave absorption beaches are located on op-
posite sides, which minimize wave reflections. Wave calibrations are
performed at nine points which mostly cover all the tested area. Ac-
cording to the wave calibration results, wave lengths and heights at all
points are within errors of 0.2% and 2.0%, respectively. It is confirmed
that the effects of reflected waves on model ship trajectories are neg-
ligible.

Referring to the experimental system by Matsuda et al. (2016), two total
stations are used in order to measure the model ship positions and headings.
The slope distance, horizontal angle, and vertical angle of the target prisms
on the model ship are measured with the sampling rates of 20 Hz, 3-di-
mensional positions of the model ship can be obtained by using measured
data. One prism is fixed on the intersection point of midship and centerline,
and the other is fixed on the intersection of station 18 and centerline. The
height of all prisms is 0.308 m upwards from the draft of model ship. Model
ship trajectories are obtained by using positions of the prism at the midship.
Model ship speed is calculated by differentiating the positions with time as
well. Self-propulsion and steering systems, motion measuring devices such
as gyro, inclinometer, onboard PC, batteries, and wireless modem are
mounted on the model ship. All synchronized signals are transmitted to the
ground control PC wirelessly, they are controlled and monitored in real time
(Yun et al., 2015). In addition, several ultrasonic wave probes are installed
on the side of the model ship deck. Relative wave height data are used to
estimate the encounter wave elevations (Kim et al., 2018a and 2018b).

2.3. Test scenarios

The coordinates system used in present study consists of earth fixed (O-
XYZ) and body fixed (o-xyz) coordinates as shown in Fig. 3. 35" starboard
and port turning circle tests are performed in regular waves. Most of the
tests are carried out in regular waves with the directions of 180° and 270",
which mean head and port beam waves, respectively. The wave lengths are
varied from 0.5L to 1.5L. And waves are generated with the directions of
150" and 240" in some cases of 35 starboard turns. Wave heights are mostly
fixed as 2 percent of ship length. And for 35" port turns in head waves with
the wave length of 1.0 L, the wave heights are varied from 1 to 2 percent of
ship length. Total test scenarios are shown in Table 2.

Table 2
Conditions of turning circle tests in ealm water and in regular waves.
Rudder angle, Wave Wave height, Wave length, Propeller RPS
8 direction, % H A
[degree] [degree] [ il
+35, —35 No waves (in calm water) 17.5
435, —35 180, 270 0.02 0.5, 0.7, 1.0,
1.2, 1.5
+35 150, 240 0.02 1.0
-35 180 0.01, 0.015, 10
0.02
199
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In head waves (H/L=0.02)
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Fig. 4. Ship speeds at acceleration and steady approach phases.
Table 3

Rudder autopilot control gains for straight-course acceleration and steady ap-
proach.

Condition P gain ['/*] D gain [sec]
Tests in calm water 0.5 1.5
Tests in head waves 0.8 0.4
Tests in beam waves 1.5 0.4

Model ship speed corresponding to the full-scale service speed, 15.5
knots in calm water is 0.797 m/sec. The number of revolutions of model
propeller is 17.5 RPS. Propeller RPS is fixed as 17.5 RPS in all runs.
Rudder rate of the model ship is 23.4°/second which is corresponding to
2.34"/second in the full-scale.

3. Approaching conditions
3.1. Acceleration and steady approach

At the beginning of the model tests, the model ship is straightly
accelerated with autopilot controls, and maintain the constant ap-
proach speeds. Fig. 4 shows the time histories of ship speeds at three
phases of accelerations and steady approach in head waves. Phase 1
acceleration, phase 2 acceleration, and steady approach take around 5,
20, and 10 s in model scale, and corresponding model propeller RPS are
16, 30, and 17.5 RPS, respectively. Total approaching distance of the
model ship is approximately 20 m, which is minimized in order to use
tested area as large as possible.

PD controls are used to keep the straight course of the model ship
during accelerations and steady approach. In other words, rudder an-
gles are controlled in proportion to heading angles and yaw rates of the
model ship. Three kinds of P and D gains are used for calm water, head
wave, and beam wave tests. All gains are represented in Table 3.

Although the calm water speed of model ship is 0.797 m/sec cor-
responded to model propulsion point, 17.5 RPS, the speed is decreased
in waves due to the added resistance of the model ship. Fig. 5 shows the
full-scale approach speeds in regular head waves. In particular, when
the wave height is 0.02L and the wave length is 1.0L, the approach

i In head waves (17.5 RPS)
= 16 HAa—
é jlj 2.1 19 12.6 Calm water
® 10 ©109 8039 152 ® H/L=0.02
& g 86
B g A H/L=0.015

6
=
- a4 ®m H/L=0.01
g 2
2 0

4] 0.5 1 A/L 15 2

Fig. 5. Approach speeds in regular head waves.
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Fig. 25. Turning histories ‘A/L = 0.7" case (large relative drifting angle),
compared with ‘A/L = 0.5’ case (small relative drifting angle).

g s

Fig. 26. Turning histories ‘A/L = 0.7’ case (long drifting distance), compared
with ‘A/L = 1.0’ case (short drifting distance).

largest when the wave lengths equal to the ship length,

® Drifting distances and angles increase with increasing wave heights
due to increasing wave drift force and moments.

® Drifting distance and angle are defined by using the magnitude and
direction of a vector between two ship positions with the headings
of 360" and 720°.

e Drifting distances and angles are affected by the fluctuations of

Ocean Engineering 175 (2019) 197-206

velocity components. Relative drifting angles are increased with
large perturbation of yaw rates, and the trajectories are mainly
drifted with the fluctuated surge and sway velocities.
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