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Table 1-1 Maritime distress cases of naval surface combatants

Date Ship name Type of accident Damage
2017.01.31 USS Antietem Agrounding Damage to both
propellers
. Clash with a 3~5 feet damage to
2017.05.09 | USS Lake Champlain fishing boat the port midship
2017.06.17 USS Fitzgerald Clash with a Damage to the
container carrier starboard bow
2017.0821 | USS John S.Mccain | Clashwithan Damage to the
oil tanker port stern
2017.11.18 USS Benfold Clash with a Minor damage and
tugboat scrapes
Clash with an Damage to the
2018.11.08 | HNoMS Helge Ingstad oil tanker starboard & sinkage

~

Figure 1-2 Damage cases of (a) USS Fitgrald (bUSS John S. Mccain
(c) HNoMS Helge Ingstad
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Figure 1-3 Flooding analysis of DDG-51 (Kim, 2017)
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Figure 1-4 Profile and mooring test setup of the damaged ship (Lee, 2015)
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Figure 1-5 Motion spectrums in the ship scale (Catipovié et al, 2019)
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Figure 1-6 Hydrodynamic pressure contour plot and streamlines on hull

and symmetry plane for Fr=0.073 (Basi¢ et al, 2017)
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Figure 1-7 Circular motion test results (Yasukawa et al, 2013)
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ONR Tumblehome 32l =8 AU Table 2-13} Zt}.

Table 2-1 Maritime distress cases of naval surface combatants

Main Particulars Model Scale Full Scale
Length of waterline Lwt (m) 3.147 154.0
Maximum beam of waterline Bwt (m) 0.384 18.78
Depth D (m) 0.266 14.5
Draft T (m) 0.112 5.494
Displacement A 72.6 kg 8,507 ton
Wetted surface area
So (m?) 1.5 NA
(Fully appended)
Block coefficient Cs 0.535 0.535
LCB LCB (m) aft 1.625 NA
of FP
Vertical Center of Gravity KG (m) 0.156 NA
(From keel)
Metacentric height GM (m) 0.0422 NA
Moment of Inertia Kw/B 0.444 0.444
Moment of Inertia 0.246 0.25
Kz/Lw
Propeller diameter Dp (m) 0.1066 NA
Propeller rotation direction inward inward
(view from stern)
Maximum rudder rate 35.0 deg./s
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24.1. AFIFFEIANE A"

AFFTEGAD Al=Re] ARl 9L Figure 2-67F T
Lol A EPAYS F3sr] Ha YA BIEAY Ay
A9 EYH 2Tl ThestEs AaEE TESlh
ARGFEIAY A2Fe NFEE Figure 2-67 2ok BEPAE
Az=gE Wl HAH, AS Anl, 73 v, s A, A4

Propeller motor || Long distance
& Motordriver ! Wi-Fi L
e g Battery & BMS -
Rudder motor IMU | | (BatteryM t RC
& linkage sensor éystcm) co aton
" Propeller motor Main Computer

& Motor driver (NI CompactRIO)

Figure 2-6 System setup of free-running model tests
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2.4.2. Wl AHFH

el HAFEHE A5 Alz=dd 34 A2E § AFEFRIAY
AlzEs FEsta HEEste 98E gth W AFHEE

Figure 2-73 #%+2 National Instrument (NI, Austin, TX) A}<]
CompactRIO 9064 F -5 A&ttt wWQl HAFH o= A&
2239 LabVIEWRFe] AR Eo] glom o]z <la] AFE e
Al AZHE GFAI7IL AAIE AETE TbsetEs gth BE

A e AZ Fu4E 20Hz2 XA AT

Lo

Figure 2-7 NI CompactRIO 9064
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Mol ARHS wAY mzadezi A9s Asd TR
Z 3520 National Instrument AFe] LabVIEW (Laboratory Virtual
Instrument Engineering Workbench)& AF&-3FiTh EHAIE Alvhe] &
dE, =2 A%, REA Aol A3 fd¥e] EF JbesteE
EREAEE Zrads FAslY EEAAY AAe fAE
Ao 4 & UARE AA agEe §1% agEE

2 a3 AFIsFI T Figure 2-82 EEA|HE L2 130] 3lH S

Motor 1 State Motor 2 State Motor 3 State Ship State
State

Motor Speed [rpm]  Rudder Angle (deg]  Rudder Offset [deg)  Offset Write

-
Control Free Speed
User Control
Mode Free Running ' Rinaky °
et S0t Heading
Wi-f & RC
sute el °

Ship attitude | ngha(pum] RPM Setting & PO Controller |
wwo

00000}

om gt e :««m-

000001 oco.x

Rudder ioput [N Rudder cuout R

Figure 2-8 LabVIEW program for free-running model tests
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2.4.3. AF #H

AF@FEIAAY AS AHlEe AW AEA (Global
Positioning System, GPS)®} ¥4 =77d*| (Initial Measurement Unit,
IMU)E  AF&3} T} Figure 2-99F 7ol A<=} AMujo] GPS&
Q|7 F-2Eo] ASe] @& HATE GPSE QtEHIYE Novatel
(Calgary, CA) AFS] GNSS-804L @S ALE3FSIT A5 AFgH
telvte] &= 4emoltt.

(Roll), T&L (Pitch), A T2 (Yaw)

=
Aoz AAZ FAR Aoz ARE £F AZol stk

n A &t &



N
i
'S
N
b
b
it
>,
Ay
p‘L
32
o
:CI)L_"
0%
"
rlr
N
N
N
b
b

0.1°,

Figure 2-10 IMU Sensor

GPSe} IMUAIAE o] &3] A=3F to]E &= Table 2-29F #t}.

Table 2-2 Measurement data of GPS and IMU sensor

Sensor Measurement data (symbol)
GPS GPS time, Easting position (x), Northing position (y)
Height (z), Heading angle (), Pitch angle (0)
MU Roll angle (¢), Roll rate (p), Pitch angle (0), Pitch rate (q)

Yaw angle (y), Yaw rate (r)
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24.4. 541 AH)

< Wi-Fi extender and RC receiver in model ship >

|

Ll
< Omni antenna and RC controller in GCS >

Figure 2-11 Communication system between model ship and Ground Control

Station (GCS)
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IV ARl EY, RPLAosRYH o= WiFi AZE
Z

(b)

N\ 3

Figure 2-12 (a) Long distance Wi-Fi extender
(b) USB omni antenna
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Wl E1 2] = Figure 2-159F 22 TATTU (Diisseldorf, Germany) A}<]
gE EYH wiEg S AREselt 2lE EYv viEd s
So] Aa AA el A glew 7] AFFFRIAIF
AbgEt7] AFeih. AbgE wiEE Y £%S 22,000mAh, A2
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e g2 AJ=g A8 Fgo] Thestes A

Figure 2-15 TATTU Lithium polymer battery
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o AFdA Fd AFFFEIANFES A FEAE
ABIAY, AN FoR FRATL AFFFEIAFH ZHES
Table 3-1¢] APttt RE RIAF LS &4k v]EA Aol A
YAl TR =AU

Table 3-1 Free-running model test conditions

Test items Fr Details Test cases
. RPS =2.5,4.52, 6.67
Speed-RPS Relation 8.8. 10
Speed tests Neutral rudder angle for straight
iy 0=-3°0°3°
07 | maneuver (Damaged condition)
Turning circle tests Starboard tgrning +25°, +35°
Port turning -25°, -35°
Zigzag tests Starboard turning +10°/10°, +20°/20°
Port turning -10°/10°, -20°/20°
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Table 3-2 Types for inputting rudder angles

Type Description

Type 1 Directly laid the steering devices to the desired angle

Keep the steering devices to 0° and then laid it to the
desired angle

Keep the neutral helm and then laid the steering devices to
the desired angle, corrected for the neutral angle
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Figure 3-1 Schematic of the inclined table test
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Figure 3-5 Yaw rate in in the intact and damaged conditions
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Figure 3-6 Relationship between rudder angle and yaw rate
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Figure 3-7 Comparison of trajectories with previous studies
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Figure 3-89l &= <=7, B4 AdH] —25° AA|F 9] A4S, Figure

xlol= AS#Es mlas] Yeplivh &4 el 324
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Figure 3-8 Trajectories of in -25° turning circle test in the intact and
damaged conditions
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Figure 3-9 Measurement values of in -25° turning circle test
in the intact and damaged conditions
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Figure 3-1001% <4, Hl&4 gd +25°0 AsAEe ALL,
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Figure 3-10 Trajectories of in +25° turning circle test in the intact and
damaged conditions
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Figure 3-11 Measurement values of in +25° turning circle test
in the intact and damaged conditions

65

10 20 30 40 50
time [sec.]
Roll angle
’ s
5 4 &



Figure 3-1201% &4, HlEA AH 350 A3A g A4,
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Figure 3-12 Trajectories of in -35° turning circle test in the intact and
damaged conditions

66 , _,ﬁ *_ 1_-_|'| &F 7



15
1.25

0.75
0.5
0.25

u [m/s]

0.2

0.1

r [rad/s)
o

0.1

0.2

o

SNU (Intact)

SNU (Damaged)

0 10 20 30 40 50
time [sec )
Surge velocity

0 10 20 30 40 50
time [sec.)
Yaw rate

v [m/s)

¢ [deg)

04
03
02
0.1

0.1
-0.2
0.3
0.4

SNU (Intact)
SNU (Damaged)

10 20 30 40 50
time [sec.)
Sway velocity

10 20 30 40 50
time [sec.)

Roll angle

Figure 3-13 Measurement values of in -35° turning circle test
in the intact and damaged conditions
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Figure 3-14 Trajectories of in +35° turning circle test in the intact and
damaged conditions
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Figure 3-15 Measurement values of in +35° turning circle test

in the intact and damaged conditions
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Table 3-3, 3-4+= Z}Z} § = —25°,4+25° X328 3} § = —35°435°
12

AFARe] AAAR, HHAA, Az EEEIAA seHE
Ng AU d Eolrh
Table 3-3 Result table of 6=-25°, +25° turning circle test
Item Unit -25° +25°
Intact Damage Intact Damage
Advance/Lwr ) 3.22 3.08 3.08 3.19
Time to reach Ad S 12.85 12.50 13.50 13.45
Tactical diameter/Lwr (-) 4.39 3.97 4.45 4.39
Time to reach Td S 25.20 24.40 26.30 26.00
Table 3-4 Result table of 6=-35°, +35° turning circle test
Item Unit -35° +35°
Intact Damage Intact Damage
Advance/Lwr (-) 2.76 2.67 2.68 2.71
Time to reach Ad S 11.50 11.10 12.15 11.85
Tactical diameter/Lwr ) 3.27 3.06 3.21 3.27
Time to reach Td S 22.65 21.90 23.50 23.35
Table 3-37} Table 3-42] A¥tE wus] BW F 7k AMde <
Fogth R wAE A3 AFAFANAE £Fe 9Pl =
e wE 9@ AFAdeAE £ die] AuHowm
A vetdvs Holnh. A A AVIE Hlas BR 250

70



HIAAHONA H M8 A 48 H7e) waks of 9.6%el w)
8 43 A A8 A9 Meke o 1A% e,

w3, 350 M3l A 3], A H3] Al d3] 2 A9
Wk Z7F oF 6.4%, 1.9%Ath ARAR A Hd M3 A etz
25°, 35° ELF °F 3% 7hEFe] Zpol7b yEtuAIRE -3 A3 Al 1%
A2 vehdy

T WAl Bo]l AA EA4fo]l A3 Aol wAls Gl
FolEve Folw Bz JEFS HA A3dA o FHEA
UEtdth ol EFHe] FEd HIYS BHERE T
A EF FEA A= Y s 558 5 A =7

o},

71 2 A k'_. oj] &} 3



3.6. A 1A aA Y

ﬂl

4

& FRsA

!

A%s

g]

3
BoF1 Figure 3-17

A| LA LA

+10/10°

S
T

3-17

3-167}  Figure
R oFT) Figure 3-16

Figure

S
T

ol

ml 3l

Ef o]

o
o
ol

A
B

ol 7k Ggle.

1714

LHERSE AL 23}

el o =7

A

72



30F

20

v output (Intact)

= = =1 output (Damaged)
¢ (Intact)

= = = ¢ (Damaged)

Y & § [deg]

=30 F

-40 ! 1 1

0 5 10 15
time [sec.]

Figure 3-16 Rudder angle and heading angle in +10/10° zigzag test
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Figure 3-17 Measurement values in +10/10° zigzag test
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Figure 3-18 Rudder angle and heading angle in -10/10° zigzag test
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Table 3-59F, Table 3-6-> #A|ZA|ZAIEe] ZA3E Aot Holt}
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2% Algtolth. Table 3-591% +10/10°, -10/10° A ZLA] 71419 9]
AE A8l Table 3-691+ +20/20°, -20/20° A LA LA <]
235 A3t

Table 3-5 Result table of +10/10° and -10/10° zigzag test
Item Unit +10/10° -10/10°

Intact Damage Intact Damage

Ist overshoot angle deg [°] 3.51 3.57 3.05 4.42

Time to reach Ist O.A S 5.50 5.95 5.4 5.35

2nd overshoot angle deg [°] 3.21 4.86 3.8 4.04
Time to reach 2nd O.A S 14.75 14.95 14.1 14.95

Table 3-6 Result table of +20/20° and -20/20° zigzag test
Item Unit +20/20° -20/20°
Intact Damage Intact Damage

Ist overshoot angle deg [°] 8.12 9.88 9.17 11.10
Time to reach Ist O.A S 6.40 6.65 6.35 6.30
2nd overshoot angle deg [°] 8.14 11.39 9.00 9.10
Time to reach 2nd O.A S 16.60 17.20 16.65 17.15
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Table 3-7 Result table of turning circle tests and zigzag tests related to
IMO standards
Item Unit -25° +25°
Intact Damage Intact Damage
Advance/Lwr (-) 3.22 3.08 3.08 3.19
Tactical diameter/Lwr (-) 4.39 3.97 4.45 4.39
Item Unit +20/20° -20/20°
Intact Damage Intact Damage
Ist overshoot angle deg [°] 8.12 9.88 9.17 11.10
AR PGAY A5 IMO 2FA 7T ddAA v
B &4 AR Adaglel A3AE, Ao Ay
ee USRS & dn F, E40] AdYre] =FAT
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Table 3-9 Random standard uncertainty of repeated turning circle tests

N Adiotact | AdDamses | TDRmast | TDDamaze
2 2.64 16.95 4.37 11.11
3 1.48 3.46 1.69 2.55
4 0.77 4.01 1.92 3.74
5 1.56 3.25 1.35 3.55
6 1.25 2.75 1.02 2.73
7 1.06 2.29 1.03 235
8 0.92 1.91 0.92 2.06
9 0.84 1.74 0.92 1.79
10 0.78 1.56 0.84 1.55
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Figure 3-26 Heading angle of repeated zigzag tests

Table 3-10 Average and standard deviation of repeated zigzag tests

N OSlmtact | OS1Damage | OS2mtact | OS2Damage
2 0.70 27.55 20.16 11.97
3 441 7.16 11.71 2.88
4 2.46 6.74 6.19 2.67
5 1.77 5.28 484 3.03
6 1.39 4.54 3.71 5.15
7 1.30 403 3.03 472
8 1.07 3.36 2.51 4.09
9 0.93 2.92 2.27 3.72
10 1.44 2.57 2.03 3.27
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Abstract

A Study on Free-Running Model Test Method for
Maneuverability Assessment of a Damaged Surface

Combatant

Taeil Lee
Dept. of Naval Architecture & Ocean Engineering

Seoul National University

The number of marine distresses is increasing recently. This is not only
true of merchant ships but also of warships. The accident of a warship is
more serious because it leads to a decline in defense capabilities. When an
accident of a warship occurs, damage to a warship rarely leads to sinking and
stranding in a short period. Most ship damage is minor enough to allow self-
return of evacuation to a safe area. Hence, evacuating through self-service

rather than waiting for rescue may be beneficial to the survival of warships.

For ships with strong asymmetry, such as damaged ships, there are many
constraints to carry out the captive model tests. Also, it is necessary to
undergo complex processes for model tests and maneuvering simulations.

Thus, for damaged ships, free-running model tests are simpler and more
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efficient. However, research on maneuverability of damaged ships remains in

the captive model tests.

In this study, a method for free-running model tests for a damaged ship
was developed, and free-running model tests of the damaged ONR
Tumblehome were conducted. Damaged compartment was set up in the
direction of starboard bow. The upper part of the damaged compartment was
exposed to the atmosphere, increasing the repeatability of the experiments. A
method of inputting rudder angle was defined, and the free-running model

test scenario was designed.

Speed tests, turning circle tests, and zigzag tests were conducted in the
free-running model tests. Propeller revolution rate in the self-propulsion
point and the neutral rudder angle were found in the speed test. Propeller
revolution rate in the self-propulsion point was almost same in the intact and
damaged conditions. Because of inflow to the damaged compartment,
negative yaw moment occurred. Hence, Neutral rudder angle was required

for straight maneuver.

Turning circle tests were conducted to identify the effect of damage on the
turning ability of the test model. In port turn, tactical diameter of the test
model decreased in the damaged condition. However, in the starboard turn, it
was almost same in the two conditions. In addition, the impact of damage on

the turning ability was reduced when the rudder angle increased.

Zigzag tests were conducted to identify the effect of damage on the yaw
checking ability of the test model. The damping effect of the inflow to the
damaged compartment resulted in the delay of the damaged model and
increased overshoot angle. The impact of damage on the yaw checking

ability increased when the rudder angle increased.
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Results of free-running model tests were compared with the results of
maneuvering simulations. Increase of advance of damaged ship in starboard
turn was not shown in maneuvering simulations. Also, Increase of overshoot
first overshoot angle was not shown in maneuvering simulations. It can be
referred that captive model test has limitation in simulating nonlinear change
of ship, which is because the posture of ship is fixed regardless of effects

caused by the flow in and around the damaged compartment.

Uncertainty analysis of free-running model tests was conducted. Random
standard uncertainty of both turning circle tests and zigzag tests was larger in
damaged condition, due to the impact of irregular flow in the damaged
compartment. In addition, random standard uncertainty of zigzag tests was
greater than that of turning circle tests, which was because the trajectory was

corrected only in the turning circle tests.

Keywords: Damaged ship, Free-running model tests, Maneuverability,

Maneuvering simulation

Student number: 2014-21823
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