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Abstract To avoid stability failure due to the broaching

associated with surf riding, the International Maritime Orga-

nization (IMO) has begun to develop multilayered intact sta-

bility criteria. A theoretical model using deterministic ship

dynamics and stochastic wave theory is a candidate for the

highest layer of this scheme. To complete the project, exper-

imental validation of the theoretical method for estimating

broaching probability in irregular waves is indispensable. We

therefore conducted free-running model experiments using a

typical twin-propeller and twin-rudder ship in irregular waves.

A simulation model of coupled surge–sway–yaw–roll motion

was simultaneously refined. The broaching probability cal-

culated by the theoretical method was within the 95 % con-

fidence interval of that obtained from the experimental data.

This could be an example of experimental validation of the

theoretical method for estimating the broaching probability

when a ship meets a wave.

Keywords IMO � Second-generation intact stability

criteria � Surf riding � Free-running model experiment

List of symbols

aH Rudder force increase factor

AR Rudder area

B Ship breadth

B(x) Breadth of each section

c Wave celerity

C Binomial indicator of occurrence of broaching

Cb Block coefficient

CT Total resistance coefficient

D Ship depth

d Ship draft

d(x) Draft of each section

DP Propeller diameter

Fn Nominal Froude number

g Gravitational acceleration

GM Metacentric height

GZ Righting arm

H Wave height

Ixx Moment of inertia in roll

Izz Moment of inertia in yaw

Jxx Added moment of inertia in roll

Jzz Added moment of inertia in yaw

k Wave number

K _u Derivative of roll moment with respect to roll rate

Kr Derivative of roll moment with respect to yaw

rate

KP Rudder gain

KT Thrust coefficient of propeller

Kv Derivative of roll moment with respect to sway

velocity

KW Wave-induced roll moment

KR Rudder-induced roll moment

Ku Derivative of roll moment with respect to roll

angle

L Ship length between perpendiculars

l Local wavelength to ship length ratio

lR
0 Correction factor for flow straightening due to

yaw

m Ship mass
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mx Added mass in surge

my Added mass in sway

n Propeller revolution number

Nr Derivative of yaw moment with respect to yaw

rate

NT Yaw moment due to twin propellers

Nv Derivative of yaw moment with respect to sway

velocity

NW Wave-induced yaw moment

NR Rudder-induced yaw moment

Nu Derivative of yaw moment with respect to roll

angle

p Roll rate

r Yaw rate

R Ship resistance

s Local wave steepness

S Broaching zone

SF Wetted hull surface area

SP Submerged disc area of portside propeller

SS Submerged disc area of starboard propeller

S? Propeller disc area

S(x) Area of each section

Sy(x) Added mass of each section in sway

Syln(x) Added moment of each section in sway

t Time

tp Thrust deduction factor

T Propeller thrust

TD Time constant for differential control

TE Time constant for steering gear

Tu Natural roll period

u Surge velocity

U Ship speed

v Sway velocity

W Ship displacement

wp Effective propeller wake fraction

xHR Longitudinal position of additional lateral force

due to rudder

xR Longitudinal position of rudder

xP Longitudinal position of propeller

XW Wave-induced surge force

yPP Horizontal position of port-side propeller

yPS Horizontal position of starboard-side propeller

Yr Derivative of sway force with respect to yaw rate

Yv Derivative of sway force with respect to sway

velocity

YW Wave-induced sway force

YR Rudder-induced sway force

Yu Derivative of sway force with respect to roll angle

zH Vertical position of center of sway force due to

lateral motion

d Rudder angle

dmax Maximum rudder angle

cR Flow-straightening effect coefficient

e Ratio of wake fraction at propeller and rudder

positions

fa Wave amplitude

fpp Elevation of port propeller

fps Elevation of starboard propeller

fWr Relative wave elevation

h Pitch angle

j Radius of longitudinal gyration

jP Propeller-induced flow velocity factor

k Wavelength

KR Rudder aspect ratio

q Water density

u Roll angle

v Heading angle from wave direction

vC Desired heading angle from wave direction

1 Introduction

Broaching is a phenomenon in which a ship cannot maintain

a constant course despite the maximum steering effort being

applied. Broaching often occurs when a ship is surf ridden on

the downslope of a stern-quartering wave, which induces

significant yaw moment. The centrifugal forces resulting

from this violent yaw motion can result in capsizing. This

presents a real threat to high-speed vessels such as destroy-

ers, high-speed RoPax ferries, and fishing vessels.

To prevent stability failure due to the broaching asso-

ciated with surf riding, the International Maritime Orga-

nization (IMO decided to develop new physics-based

stability criteria to be added to the 2008 Intact Stability

Code [1]. They comprised two levels of vulnerability cri-

teria based on simplified physical models with a given

safety margin and combined with direct stability assess-

ment using numerical simulation to quantify the probability

of stability failure in irregular waves.

The IMO vulnerability criteria were based on surf riding

rather than broaching [2]. Surf riding was known to be a

precondition for broaching in ship stability failure. Because

broaching requires the maneuvering elements to be con-

sidered, its use was judged too complicated to be practi-

cable. At the higher-level vulnerability criterion, the

probability of surf riding in the North Atlantic was esti-

mated using a global bifurcation analysis and a stochastic

wave theory. If the estimated probability was larger than

the acceptable safety level, the ship was judged to be

vulnerable to surf riding. At its lower level, to avoid

explicit use of the surf riding probability, a wave steepness

of 1/10 was assumed as the physical upper limit at sea. This

allowed the critical Froude number to be determined as 0.3.

These were adopted in IMO operational guidance MSC/

Circ. 707 [3] as amended by MSC.1/Circ. 1228, and the
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vulnerability criteria were agreed in principle by the sub-

committee on Ship Design and Construction in 2015 [4].

The issue of direct stability assessment has not yet been

fully resolved by the IMO. It requires the quantification of

the probability of broaching under maneuvering in irregu-

lar waves, and it is unclear whether current methodologies

in ship dynamics can evaluate the probability of broaching

sufficiently accurately within a practical calculation time.

The major problem is that broaching is a nonlinear phe-

nomenon. A mathematical model of broaching has not yet

been fully established, and linear superposition techniques

are not adequate to apply. In this paper, we attempt to

provide positive and rigid answers to this question.

Scientific research on broaching can be traced back to

Davidson [5], similar to researches on ship maneuverabil-

ity, in 1940s. Davidson investigated the directional stability

of ships in following waves using a linear sway–yaw-

coupled model, and treated wave-induced forces as the sum

of Froude–Krylov forces and the hydrodynamic lift caused

by wave particle velocity. He reported that even direc-

tionally stable ships can become directionally unstable on

the downslope of waves. Wahab and Swaan [6] pursued

this approach further, but using only the Froude Krylov

components. Eda [7] proposed a surge–sway–yaw-coupled

model for solving the linear stability problem.

In 1982, Motora et al. [8] and Renilson [9] numerically

integrated nonlinear equations of surge–sway–yaw motions

and concluded that a necessary condition for broaching

under surf riding is that the wave-induced yaw moment

exceeds the maximum yaw moment supplied by steering.

Hamamoto and Akiyoshi [10] and de Kat and Paulling [11]

in late 1980s independently developed 6 DOF mathemati-

cal models combining strip theory and maneuvering mod-

els for capsizing and broaching. Umeda and Renilson [12]

developed a 4 DOF mathematical model based on a

maneuvering model with roll coupling and linear wave

forces under low-encounter frequency assumption.

Assuming that wave steepness and maneuvering motions

are small, all higher-order terms such as interactions due to

maneuvering and waves can be neglected. Umeda and

Hashimoto [13] reported that this mathematical model

showed qualitative agreement with free-running model

experiments using a single-propeller and single-rudder

fishing vessel. The International Towing Tank Conference

(ITTC) specialist committee on extreme motions and

capsizing conducted a benchmark testing study of numer-

ical models with the same model test data and concluded

that some numerical approaches can qualitatively predict

the occurrence of broaching [14].

To make prediction quantitative, it is necessary to take

higher-order terms into account in the mathematical model.

Umeda et al. [15] and Hashimoto et al. [16] developed a

mathematical model with second-order terms taken into

account and derived quantitative prediction for a fishing

vessel. Potential flow theories and captive model experi-

ments were used to estimate hydrodynamic forces arising

from the interaction between maneuvering and waves;

hydrodynamic forces due to the large roll angle, nonlinear

wave, and maneuvering forces; and other factors.

However, the establishment of an accurate mathematical

model of broaching in regular waves is not the goal of ship

dynamics, because the phenomenon itself is nonlinear,

making the results sensitive to initial conditions. Techniques

based on nonlinear dynamical system theory are required.

Such an approach was first applied to surf riding bifurcation

of an uncoupled surge motion. Grim [17] explained that the

surf riding boundary coincides with the trajectory from an

unstable equilibrium of an uncoupled surge model on a wave

to another unstable equilibrium. This is a heteroclinic

bifurcation in the terminology of nonlinear dynamical sys-

tem theory. Makov [18] confirmed Grim’s theory using

phase plane analysis. He found that surf riding of a self-

propelled ship occurs regardless of the initial condition in the

phase plane, at the heteroclinic bifurcation. Ananiev [19]

obtained an analytically approximated solution by applying

a perturbation technique. Spyrou [20] presented an exact

analytical solution of the heteroclinic bifurcation of an

uncoupled surge model under conditions of quadratic calm-

water resistance. In 1990 Kan [21] applied the Melnikov

analysis to an uncoupled surge model having a locally linear

calm-water resistance curve, and Spyrou [22] did the same

with a linear quadratic cubic calm-water resistance curve.

Maki et al. [23, 24] provided formulae for calm-water

resistance curves as general polynomials for lower and upper

surf riding thresholds, and validated them with numerical

bifurcation analysis and a free-running model experiment.

Umeda and Renilson [25] extended the nonlinear

dynamical system approach from an uncoupled surge model

to a coupled surge–sway–yaw model. Spyrou [26, 27] and

Umeda [28] numerically obtained a heteroclinic bifurcation

for the uncoupled surge model and the coupled surge–

sway–yaw–roll model with a PD autopilot, respectively.

Umeda et al. [29] and Maki et al. [30] applied numerical

bifurcation analysis to the coupled model and validated the

results using experiments with a fishing vessel model. The

results confirmed the existence of distinct initial condition

dependence in the occurrence of broaching, but only if the

initial condition was set above the periodic states for self-

propelled ships. This allows the initial condition depen-

dence to be disregarded in both numerical simulations and

free-running model experiments.

All these studies investigated broaching in single-pro-

peller and single-rudder ships. Since most destroyers and

high-speed RoPax ferries have twin propellers and twin

rudders, broaching for such vessels must be investigated.

Umeda et al. [31] reported that the methodology used for
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single-propeller and single-rudder ships was inapplicable to

twin-propeller and twin-rudder ships because a large roll

due to broaching could result in the surfacing of a propeller

and/or a rudder. Hashimoto et al. [32] used a simplified

modification of rudder emergence to model twin-propeller

and twin-rudder ships, but a more comprehensive approach

is needed. Umeda et al. [33] measured rudder normal for-

ces during broaching in free-running model experiments.

The measured rudder normal forces agreed reasonably well

with numerical simulation, and the effect of rudder emer-

gence significantly improved prediction accuracy for

broaching. Note here that Sadat-Hosseini et al. [34] applied

computational fluid dynamics (CFD) to the broaching of a

twin-propeller and twin-rudder ship in regular waves, and

compared the results with a free-running model experi-

ment. Since this approach requires tremendous computa-

tional resources even for regular waves, its direct

application to regulations is impractical, so system identi-

fication techniques were applied to the CFD results to

improve the 6 DOF mathematical model [35].

For regulatory purposes, the danger of broaching in

irregular waves also needs to be assessed. Rutgerssen and

Ottosson [36] and Motora et al. [8] executed model experi-

ments in irregular waves in a seakeeping and maneuvering

basin, and undertook real full-scale measurements at sea.

However, the probabilistic aspects of broaching were not

addressed. As the probabilistic modeling of broaching in

irregular waves is indispensable for practical applications,

Umeda [37], in 1990, proposed a theoretical method for

estimating surf riding probability in irregular waves, using a

deterministic surf riding threshold and the joint probability

of local wave heights and wave periods. Umeda et al. [38]

extended this methodology to broaching, and successfully

validated it using Monte Carlo simulation in a time domain.

However, the results have not yet been experimentally

confirmed. Themelis and Spyrou [39] proposed a similar

methodology without attempting experimental validation.

We have therefore attempted to validate the proba-

bilistic methodology proposed by Umeda et al. [38], by

conducting free-running model experiments in irregular

waves. The subject ship used was an ONR flared topside

vessel, representing a typical high-speed, twin-propeller

and twin-rudder ship. The mathematical model was upda-

ted for twin-propeller and twin-rudder ships based on our

previous literature.

2 Estimation method for broaching probability

To estimate the probability of surf riding and/or broaching

in irregular waves, one of the authors [37, 38] has proposed

a theoretical method based on a combination of determin-

istic nonlinear ship dynamics and a probabilistic wave

theory. Real ocean waves are clearly irregular and can be

regarded as a sequence of local sinusoidal waves defined

between the zero crossing of water elevation. Each local

wave has a wave height and a wavelength. Broaching

associated with surf riding normally occurs within one or

two waves as the ship is captured, and violently turned, by a

wave downslope. Thus, the occurrence of broaching can be

estimated from the local wave that the ship encounters and

the initial conditions of ship motion. For addressing surf

riding probability, both local wave and initial conditions

were taken into account [37], while broaching probability

was successfully validated using Monte Carlo simulation

[38] without considering the effect of initial conditions. In

this research, we first attempted to validate the method

without taking into account the initial condition effect.

The broaching probability that this paper deals with is the

conditional probability when a ship meets a zero-crossing

wave. This probability, P, can be approximately calculated

as the probability of encountering a local wave that causes

broaching, so that can be formulated as follows [38]:

P ¼
ZZ

Sðl;sÞ
p�ðl; sÞdlds; ð1Þ

where l and s represent the local wavelength to ship length

ratio and local wave steepness, respectively. The function

p*(l, s) is a joint-probability density function of local

wavelength to ship length ratio and local wave steepness. S is

the region in which a ship suffers broaching in local waves.

In the draft IMO regulation [2], Eq. 1 is represented in

the following discretized form:

P ¼
X
i

X
j

C li; sj
� �

p� li; sj
� �

DlDs; ð2Þ

where

C li; sj
� �

¼ 1 if broaching occurs

0 if broaching does not occur

�
ð3Þ

C(li, sj) is obtained using a time-domain numerical simu-

lation in regular waves having the i-th wavelength to ship

length ratio and the j-th wave steepness. If the significant

wave height H1/3 and the mean wave period T01 are known,

a joint-probability density function p*(li, sj) for the i-th

local wavelength to ship length ratio and the j-th local

wave steepness can be calculated by applying Longuet–

Higgins’ theory [40], as follows:

p� li; sj
� �

¼
4
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where m (=0.4256) is the band parameter for a Pierson–

Moskowitz spectrum. This is based on the wave envelope

theory and has been reasonably well validated with field

measurement data.

For determining S or C, we used a coupled surge–sway–

yaw–roll time-domain simulation model in regular waves

with an autopilot and then counted the number of occurrences

of broaching in the time series obtained. In this process, we

needed a criterion to judge whether broaching had occurred.

Since broaching is known to mariners as the loss of straight

run despite maximum steering efforts, we mathematically

simulated this situation using the following criteria [41]:

d ¼ dmax; r\0; _r\0

or

d ¼ �dmax; r[ 0; _r[ 0;

ð5Þ

where r is yaw angular velocity and d is the rudder angle.

Here, we regarded applying the maximum rudder deflec-

tion dmax as the maximum steering effort. If the ship yaw

angular velocity increases in the opposite direction, this

can regarded as broaching. This criterion was used in both

model experiments and numerical simulations.

To obtain reliable values of broaching probability, the

broaching region S should be defined as accurately as

possible, making validation of the time-domain numerical

simulation in regular waves indispensable. This will be

discussed in the following chapters.

3 Configuration of the ONR flare topside vessel

As noted, an ONR flare topside vessel was used as the

subject ship. While Hashimoto et al. [32] used the ONR

tumblehome topside vessel, the ONR flare topside vessel

can be used to represent conventional high-speed monohull

ships, as it has twin propellers and twin rudders. A body

plan of the subject ship is shown in Fig. 1 and the details of

the ship are given in the ‘‘Appendix’’.

For the model experiments, a ship model with a scale of

1/46.60 was used.

4 Time-domain numerical simulation model

4.1 Mathematical model

To understand the broaching phenomenon in regular

waves, a numerical simulation model based on a coupled

surge–sway–yaw–roll maneuvering model with linear

wave force and nonlinear restoring variations was used,

following Umeda and Hashimoto [42]. Maneuvering, roll

damping, and propulsion coefficients were determined

using conventional model tests, such as CMT in calm

water. Linear wave force was estimated by applying the

slender body theory with very low encounter frequencies

[43].

Since ships running in following and stern-quartering

waves at high forward speeds have low encounter fre-

quencies, a maneuvering-based mathematical model of

surge–sway–yaw–roll motion was developed with linear

wave-induced forces and a PD autopilot to simulate the

broaching associated with surf riding. This is referred to as

the ‘‘original model.’’ Based on the original model, we

developed a mathematical model to predict broaching of

twin-propeller and twin-rudder ships running in following

and stern-quartering waves. The wave steepness was

assumed to be much smaller than one. Drift angle and yaw

angular velocity, normalized for a ship length and a for-

ward speed, and rudder angle were also regarded as small

because they are induced by waves. The interaction terms

of these elements could therefore be disregarded in a first-

order approximation, and hence the maneuvering coeffi-

cients did not depend on waves. Roll angle could not be

treated as negligible because it is an essential element in

predicting a capsize. Propeller thrust, which can be repre-

sented by constant linear and quadratic terms of advanced

coefficient, could also not be treated as negligible because

it includes terms that are proportional to wave steepness.

Side force induced by propellers operating in non-axial

inflow was neglected, because drift motion during

broaching is of minor significance. Based on these

assumptions, higher-order terms of heel-induced hydrody-

namic forces, wave effect on roll-restoring moment, and

wave effect on propeller thrust were taken into account in

the mathematical model. As the original model was

developed for ships with a single propeller and a single

rudder, it was extended to ships with twin propellers and

twin rudders following Lee et al. [44] and Furukawa et al.

[45]. Propeller thrust and rudder force were presumed to be

proportional to the submerged surface area of the pro-

pellers and rudders. Both rudders underwent the sameFig. 1 Body plan of the ONR flare topside vessel
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deflection, following the proportional control of the

autopilot. Since the wave particle velocity at each propeller

position was taken into account as the change in inflow

velocity when estimating thrust variation, the turning

moment produced by the difference in thrust of the two

propellers could be calculated.

The coordinate systems are shown in Fig. 2. A space-

fixed coordinate system O-ngf has its origin at a wave

trough. A body-fixed system G-x0y0z0 has its origin at the

center of gravity of the ship. A horizontal body G-xyz

coordinate system [46] also has its origin at the center of

gravity and does not rotate around the x-axis and y-axis.

The space-fixed coordinate system and the body-fixed

system have the following relationship:

x

y

z

0
@

1
A ¼

cos h sinu sin h cosu sin h
0 cosu � sinu

� sin h sinu cos h cosu cos h

0
@

1
A x0

y0

z0

0
@

1
A;

ð6Þ

Based on the coordinate systems, the state vector x and

control vector b of the system are defined as follows:

x ¼ x1; x2; . . .; x8ð ÞT¼ nG=k; u; v; v; r;u; p; dð ÞT; ð8Þ

b ¼ n; vCð ÞT: ð9Þ

The dynamical system can be represented by the fol-

lowing state equation:

_x ¼ F x; bð Þ ¼ f1 x; bð Þ; f2 x; bð Þ; . . .; f8 x; bð Þf gT; ð10Þ

where

f1 x; bð Þ ¼ ðu cos v� v sin v� cÞ=k; ð11Þ

f2 x;bð Þ ¼ T nG;fG;u;u;h;v; t;nð Þ�R uð ÞþXW nG;v; tð Þf :

þXR nG=k;fG;u;u;h;v;d;nð Þg= mþmxð Þ
;

ð12Þ

f4 x; bð Þ ¼ r; ð14Þ

Fig. 2 Coordinate systems

x0

y0

z0

0
@

1
A ¼

cos h cos v cos h sin v � sin h
sinu sin h cos v� cosu sin v sinu sin h sin vþ cosu cos v sinu cos h
cosu sin h cos vþ sinu sin v cosu sin h sin v� sinu cos v cosu cos h

0
@

1
A n� nG

g� gG
f� fG

0
@

1
A: ð7Þ

f3 x; bð Þ ¼ Yv uð Þvþ Yr uð Þr þ Yvvv uð Þv3 þ Yvvr uð Þv2r þ Yvrr uð Þvr2 þ Yrrr uð Þr3

þYu uð Þuþ YR nG=k; fG; u;u; h; v; d; nð Þ þ YW nG; u; v; tð Þ � mþ mxð Þur

� �,
mþ my

� �
; ð13Þ
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f6 x; bð Þ ¼ p; ð16Þ

f8 x; bð Þ ¼ �d� KP v� vCð Þ � KPTDrf g=TE: ð18Þ

The expression of each term in the state equation can be

found in ‘‘Appendix’’.

4.2 Validation of the calculation model of wave-

induced force

Wave-induced force as the sum of the Froude–Krylov force

and the hydrodynamic lift forces acting on the hull and the

rudders due to wave particle velocity were modeled as

follows: [43]

XW nG=k; vð Þ ¼ �aqgfak cos v

ZFE

AE

C1 xð ÞS xð Þe�kd xð Þ=2 sin k nG þ x cos vð Þdx;
ð19Þ

YW nG=k; u; vð Þ ¼ qgfak sin v

ZFE

AE

C1 xð ÞS xð Þe�kd xð Þ=2 sin k nG þ x cos vð Þdx

� faxu sin v qSy xð Þe�kd xð Þ=2 cos k nG þ x cos vð Þ
h iFE

AE
;

ð20Þ

NW nG=k; u; vð Þ ¼ qgfak sin v

ZFE

AE

C1 xð ÞS xð Þe�kd xð Þ=2x sin k nG þ x cos vð Þdx

þ faxu sin v
ZFE

AE

qSy xð Þe�kd xð Þ=2 cos k nG þ x cos vð Þdx

� faxu sin v qSy xð Þe�kd xð Þ=2x cos k nG þ x cos vð Þ
h iFE

AE
;

ð21Þ

KW nG=k; u; vð Þ ¼ qgfak sin v

ZFE

AE

C1 xð ÞB xð Þ
2

d xð Þf g2
e�kd xð Þ=2 sin k nG þ x cos vð Þdx

� qgfak
2 sin v

ZFE

AE

C4 xð Þ d xð Þf g3
e�kd xð Þ=2 sin k nG þ x cos vð Þdx

� faxu sin v qSyln xð Þe�kd xð Þ=2 cos k nG þ x cos vð Þ
h iFE

AE

þ Yw nG=k; u; vð Þ � OG;
ð22Þ

C1 ¼ sin k sin v � B xð Þ=2ð Þ
k sin v � B xð Þ=2

; ð23Þ

C4 ¼ k sin v � B xð Þ=2f g�3

2 sin k sin v � B xð Þ=2f g � k sin v � B xð Þ cos k sin v � B xð Þ=2f g½ �:
ð24Þ

The empirical correction factor for diffraction effect a
(=0.92) was used only for surge [47].

For the validation of this model, a captive model test and

calculation was conducted with the subject ship model in

regular waves. Here, the model was free in heave and pitch.

The wave-induced surge and sway forces and yaw and roll

moments were measured with a dynamometer. The wave

steepness was 0.025, the wavelength to ship length ratio

was 1.25, the Froude number was 0.31, and the heading

angle from wave direction, v, was 30�. Obliquely towing

the model without propellers was realized by combining an

X–Y towing carriage with a turntable.

Here, wave-induced force was normalized as follows:

X0
W ; Y

0
W ¼ XW ; YW

	
HW

k

� �
; ð25Þ

f5 x; bð Þ ¼
Nv uð Þvþ Nr uð Þr þ Nvvv uð Þv3 þ Nvvr uð Þv2r þ Nvrr uð Þvr2 þ Nrrr uð Þr3

þNu uð Þuþ NR nG=k; fG; u;u; h; v; d; nð Þ þ NW nG; v; u; tð Þ þ NT

( ),
Izz þ Jzzð Þ; ð15Þ

f7 x; bð Þ ¼
Kv uð Þvþ Kr uð Þr þ Kvvv uð Þv3 þ Kvvr uð Þv2r þ Kvrr uð Þvr2 þ Krrr uð Þr3

þKu uð Þuþ KR nG=k; fG; u;u; h; v; d; nð Þ þ KW nG; v; u; tð Þ
þK _u u; pð Þ � mgGZ nG;u; tð Þ � mþ mxð Þur � my _vzH

8><
>:

9>=
>;
,

Ixx þ Jxxð Þ; ð17Þ
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N 0
W ¼ NW

	
HWL

k

� �
; ð26Þ

K 0
W ¼ KW

	
HWB

k

� �
: ð27Þ

As Fig. 3 shows, the results of the calculation of

wave-induced yaw moment do not agree with the

experimental results. This discrepancy has been noted by

many researchers [48, 49] and has been attributed to the

linear slender body with or without free surfaces. The

discrepancy between the slender body theory and the

captive experiment that was found in the present study

can be attributed to complicated vortex shedding. In the

linear slender body theory, the wave-induced force on

each section is integrated along the longitudinal axis.

The vortex is assumed to be shed only at the aft end,

although in reality this could be done at the separation

point of the three-dimensional boundary layer on the hull

surface. In the numerical calculation described here, the

authors corrected the amplitude and the phase of wave-

induced yaw moment, NW
0, to be fitted with the captive

model experiment as shown in Fig. 4, i.e.,

N 0
W nG=k; u; vð Þ ¼ 1:58N 0

W0 nG=kþ 0:15; u; vð Þ; where

NW0
0 means the value calculated by Eq. 21. In future

work, the physical background to this empirical correc-

tion, for the same vessel, will be quantitatively analyzed

using a CFD calculation.

5 Free-running model experiment

To validate the time-domain simulation in regular waves

and the theoretical estimation method of broaching prob-

ability, free-running model experiments were carried out

for the subject ship in a seakeeping and maneuvering basin

of the National Research Institute of Fisheries Engineering.

The experimental procedure for stern-quartering waves was

based on the ITTC-recommended procedure for an intact

stability model test [50]. First, the ship model was secured

with a guide rope near a wave maker, which then began to

generate waves. A radio operator used an onboard system

to increase the propeller revolutions up to a specified level

and to initiate automatic directional control. After the

generated wave trains had propagated far enough, the guide

rope was disconnected and the ship began running auto-

matically in following and stern-quartering waves, while

attempting to maintain the specified propeller rate and the

autopilot course. Throughout this research, the specified

propeller rate was given by the nominal Froude number,

which is equivalent to the Froude number when the ship is

running in otherwise calm water with that propeller rate.

The proportional autopilot was controlled by a computer

and a fiber-optic gyro with a rudder gain of 3.0. The roll

angle, pitch angle, yaw angle, rudder angle, and propeller

rate were recorded by an onboard computer. The water

surface elevation was measured with a servo-needle-type

wave probe attached to the towing carriage of the basin

near the wave maker.

The position of the center of ship gravity (nG, gG, fG) on

the space-fixed coordinate system was measured instanta-

neously with a total station system consisting of a

theodolite and two prisms attached to the model (Fig. 5).

The theodolite emitted light at 20 Hz and followed the

prisms by measuring the phase of light reflected by the

prisms. This allowed the estimation of the instantaneous

position of the prisms, (nP, gP, fP), on the space-fixed

coordinate system. By combining this with roll angle, pitch

angle, and yaw angle, the instantaneous position of the

Fig. 3 Comparison of wave-induced surge and sway forces and yaw

and roll moments for the ship in regular waves. Here, the wave

steepness was 0.025, the wavelength to ship length ratio 1.25, the

Froude number 0.31, and the heading angle from wave direction, v,

30�

Fig. 4 Correction of the calculation results for wave-induced yaw

moment
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center of ship gravity could be obtained by Eqs. 6 and 7

[33].

To generate long-crested irregular waves, the ITTC

spectrum was specified and then the inverse Fourier

transformation with random phases was used for the wave

signals. Four hundred wave frequencies were sampled with

non-equal increments. The incident wave spectrum esti-

mated with the measured wave records and the fast Fourier

transformation agreed closely with the specified spectrum,

as shown in Fig. 6.

6 Results and discussion

6.1 Evaluation of the time-domain numerical

simulation for ships in regular waves

Figure 7 compares the time history of the free-running

model experiment and the time-domain numerical simu-

lation. The wave steepness was 0.06, the wavelength to

ship length ratio was 1.25, the nominal Froude number was

0.43, the autopilot course was -15�, and the autopilot

proportional gain was 3.0. In the experimental results, the

ship started to yaw in the opposite direction to the

maximum rudder angle, satisfying our definition of

broaching. The numerical simulation results therefore

reproduced the broaching phenomenon accurately. The

maximum roll angle was around 40�. The time-domain

simulation results modeled the free-running model exper-

iment well at this stage. After the large roll due to

Fig. 5 Photograph of the ship model of ONR flare topside vessel

during the experiment

Fig. 6 ITTC spectrum and the measured spectrum during experi-

ments. Here, the significant wave height is 0.207 m and the zero-

crossing mean wave period is 1.627 s. This wave was used for free-

running model experiments described in Sect. 6.2

Fig. 7 Comparison of the experiment and the simulation in time

series for the ship in regular waves. Here, the wave steepness was

0.06, the wavelength to ship length ratio was 1.25, the nominal

Froude number was 0.43, the autopilot course was -15�, and the

autopilot proportional gain was 3.0
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broaching, the ship model was overtaken by the wave crest.

At this stage, the numerical simulation failed to accurately

reproduce the speed reduction, and the simulated ship was

more slowly overtaken by the wave crest. Thus, some

discrepancy in phase was found between the experiment

and the simulation. However, in simple terms of the pre-

diction of broaching, the numerical model performed

adequately.

We conducted several free-running model experiments

in regular waves with a wavelength to ship length ratio of

1.25. Figure 8 compares the broaching region in the time-

domain numerical simulations with the experimental

results. The same criteria for broaching were applied, and

the comparison was presented at full scale. The experi-

mental results matched those obtained by simulation, both

for broaching within the broaching region and non-

broaching outside the broaching region or at its border.

Thus, the time-domain simulation model was strongly

validated.

6.2 Evaluation of the theoretical estimation

of broaching probability when the ship meets

an encounter wave in irregular waves

To test the theoretical estimation of broaching probability

when the ship meets an encounter wave, free-running

model experiments were conducted with irregular waves.

The experimental procedure is shown in Sect. 5, but for

irregular waves. In the free-running model experiments, the

significant wave height was 0.207 m, the zero-crossing

mean wave period was 1.627 s, the autopilot course was

-15�, the autopilot proportional gain was 3.0, and the

nominal Froude number was 0.44. In total, 50 realizations

were conducted with different random wave phases. Dur-

ing the 50 realizations, the ship model encountered 104

waves and broaching occurred 9 times. Thus, the simple

estimate of broaching probability when the ship meets an

encounter wave was 0.0865. Since the occurrence of

broaching is binomial, 95 % confidence interval of the

theoretical broaching probability was obtained using the F

distribution. An example of the time records of broaching

measured in free-running model experiments in irregular

waves is shown in Fig. 9 in model scale. While t is between

17.55 and 18.75 s, despite the maximum rudder deflection,

yaw angular velocity develops in the opposite direction.

Thus, we can regard it as broaching in irregular waves.

Comparing it with broaching in regular waves such as in

Fig. 7, the behavior leading to broaching is more compli-

cated due to wave irregularity.

Broaching probability was calculated theoretically as

shown in Sect. 2. Figure 10 shows the regions of broaching

associated with surf riding in regular waves. In the calcu-

lation, we first estimated the zone for surf riding using

Melnikov analysis [23] and then executed the time-domain

simulation for broaching within the surf riding zone. The

obtained zone is represented by S in Eq. 1. Figure 11

Fig. 8 Comparison of the experiment and simulation in broaching

region for the ship in regular waves. Here, the wavelength to ship

length ratio is 1.25

Fig. 9 Example of time records of measured broaching in free-

running model experiment in irregular waves
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compares the broaching probability obtained from the

theoretical estimation based on Eq. 1 and that obtained

from the experimental result. The theoretically calculated

broaching probability was within the 95 % confidence

interval of the simple estimate from the experimental

findings.

6.3 Evaluation of broaching danger in actual seas

With this numerical simulation and the theoretical esti-

mation, the broaching probability when the ship meets an

encounter wave can be calculated as shown in Fig. 12.

Table 1 gives the Beaufort scale and the relevant wave

height and wave period applied. The relationship between

the Beaufort number and the significant wave height, H1/3,

is specified by the World Meteorological Organization

(WMO). The mean wave period, T01, is calculated as

follows:

T01 ¼ 3:86
ffiffiffiffiffiffiffiffiffi
H1=3

p
; ð28Þ

where c and k are the wave celerity and the wavelength of

the sinusoidal wave whose mean wave period is equal to

T01. They are calculated as follows:

c ¼ gT01

2p
; ð29Þ

k ¼ gT2
01

2p
: ð30Þ

At sea, and when the Beaufort number is smaller, the

estimated broaching probability for a ship with a nominal

Froude number of 0.44 is lower than that for the one with a

nominal Froude number of 0.31. This is because the ship

with a nominal Froude number of 0.44 moves much faster

than the relevant waves, and the ship is not so easily surf

ridden.

7 Conclusions

To validate a theoretical method proposed by one of the

authors [37, 38], using a deterministic broaching region

and stochastic wave theory, we conducted free-running

model experiments of a typical twin-propeller and twin-

rudder ship in irregular waves. The broaching probability

calculated by the theoretical method was within the 95 %

confidence interval. We conclude that the theoretical pre-

diction method proposed by Umeda et al. [38] is also

applicable to twin-propeller and twin-rudder ships.

Fig. 10 Calculated broaching regions in regular waves of various

wave steepness and wavelength. The nominal Froude number used

here is 0.44. The black dot indicates a case of broaching

Fig. 11 Comparison of broaching probability between model exper-

iments and numerical simulations for the ship in irregular waves.

Here, the significant wave height was 0.207 m, the zero-crossing

mean wave period 1.627 s, the autopilot course -15�, and the

autopilot proportional gain 3.0

Fig. 12 Broaching probability theoretically obtained for the ship in

irregular waves as a function of the Beaufort scale with 0.44 and 0.31

of nominal Froude number
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An empirical correction needed to be made for the

wave-induced yaw moment found in the captive model

experiment. In future research, the physical basis for this

empirical correction will be explored using CFD.
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Appendix

The used propulsion and maneuvering models are based on

conventional methods such the Maneuvering Modeling

Group (MMG) model [51], but adapted for twin propellers

and twin rudders and their emersion [33]. To allow readers

to reproduce the results, all models and the system

parameters used are provided here. The principal particu-

lars and some parameters are shown in Table 2. The length

between perpendiculars is defined in this paper as the

longitudinal distance between the stem and the rudder

shafts. Taking into account the propeller emersion, the

propeller thrust and yaw moment due to twin propeller and

the hull resistance in calm water are modeled as follows:

T ¼ 1 � tp
� �

qn2D4
pKT Jð Þ � SP þ SS

S1

� �
; ð31Þ

NT ¼ � 1 � tp
� �

qn2D4
pKT Jð Þ

� SP

S1
yPP þ

SS

S1
yPS

� �
;

ð32Þ

R ¼ 1

2
qSFu

2CT

uffiffiffiffiffiffi
Lg

p
� �

; ð33Þ

where

J ¼ 1 � wPð Þu
nDP

; ð34Þ

SP ¼
Z DP

2

fPP�fWr

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DP=2ð Þ2�y2

q
dy; ð35Þ

SS ¼
Z DP

2

fPS�fWr

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DP=2ð Þ2�y2

q
dy: ð36Þ

Fig. 13 Calm-water resistance of the ship measured in resistance test

Table 1 Relationships among

Beaufort number, significant

wave height, and representative

wavelength

Beaufort no. 5 6 7 8 9 10 11 12

H1/3 (m) 2 3 4 5.5 7 9 11.5 14

T01 (s) 5.5 6.7 7.7 9.1 10.2 11.6 13.1 14.1

k (m) 47 70 93 130 162 210 267 310

c=
ffiffiffiffiffiffi
gL

p
0.22 0.27 0.31 0.37 0.41 0.47 0.53 0.57

Table 2 Principal particulars

and system parameters of the

ONR flare

L 154 m

B 18.79 m

D 14.5 m

d 5.416 m

SF 3159 m2

mx/m 0.0150

my/m 0.680

Jzz/Izz 0.676

Cb 0.557

GM 0.768 m

OG -3.246 m

LCB -5.64 m

Tu 20.48 s

j/L 0.272

Dp 4.97 m

AR 23.74 m2

dmax 35 degrees

Kp 3.0

TD 0 s

TE 0.10 s

tP 0.25

wP 0.15

zH/d 0.852
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Here, the total resistance coefficient and the propeller

thrust coefficient measured in conventional model tests are

shown in Figs. 13 and 14, respectively. The relative wave

elevation was estimated with incident wave elevation, and

heave and pitch motions were calculated as those in static

balance in a wave.

With propeller emergence taken into account, the rud-

der-induced forces and moments in waves are modeled as

follows:

XR nG=k; fG; u;u; h; v; d; nð Þ
¼ � 1 � tRð ÞFN sin d;

ð37Þ

YR nG=k; fG; u;u; h; v; d; nð Þ
¼ � 1 þ aHð ÞFN cos d;

ð38Þ

NR nG=k; fG; u;u; h; v; d; nð Þ
¼ � xR þ aHxHRð ÞFN cos d;

ð39Þ

KR nG=k; fG; u;u; h; v; d; nð Þ
¼ zR þ aHzHRð ÞFN cos d;

ð40Þ

where

FN ¼ 1

2
q ARP þ ARSð Þu2

Rfa sin aR; ð41Þ

uR ¼ e 1�wPð Þu

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g0 1þj

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8KT Jð Þ

pJ2

r
� 1

 !( )2

þ1� g0

vuut ;
ð42Þ

aR ¼ d� vRP

u
� c

U

uR
b� l0Rr

0� �
; ð43Þ

fa ¼
6:13KR

KR þ 2:25
; ð44Þ

g0 ¼ AR1

AR

: ð45Þ

ARP and ARS are the submerged areas of the port and

starboard rudders, respectively. AR1 is the rudder area

inside the propeller race. The parameters included in

Eq. 37–43 were obtained with a conventional captive

model test using the circular motion technique in Table 3.

The rudder inflow velocity due to incident waves was

ignored as discussed from a hydrodynamic viewpoint in

Umeda et al. [33].

Each maneuvering coefficient was determined in captive

model experiments using the circular motion technique in

Table 4.

Y 0
v ¼ Yv

. q
2
LdU


 �
; ð46Þ

Y 0
r ¼ Yr

. q
2
L2dU


 �
; ð47Þ

Y 0
vvv ¼ Yvvv

. q
2
Ld
.
U


 �
; ð48Þ

Y 0
vvr ¼ Yvvr

. q
2
L2d
.
U


 �
; ð49Þ

Y 0
vrr ¼ Yvrr

. q
2
L3d
.
U


 �
; ð50Þ

Y 0
rrr ¼ Yrrr

. q
2
L4d
.
U


 �
; ð51Þ

N 0
v ¼ Nv

. q
2
L2dU


 �
; ð52Þ

Table 3 System parameters for

rudder forces
1 - tR 0.323

1 ? aH 0.843

xR ? aHxHR -57.4

zR ? aHzHR 5.37

j 0.647

e 0.932

c 0.472

lR
0 -0.709

Table 4 Maneuvering coefficients

Yv
0 -0.380 Nv

0 -0.0714

Yr
0 0.0427 Nr

0 -0.0752

Yvvv
0 -1.41 Nvvv

0 -0.434

Yvvr
0 -0.541 Nvvr

0 -0.542

Yvrr
0 -0.717 Nvrr

0 -0.0709

Yrrr
0 0.0789 Nrrr

0 -0.00148

Fn Yu
0 Nu

0 Ku
0

0.15 0.00354 -0.00524 -0.0191

0.20 0.0360 -0.00519 -0.0465

0.25 -0.000747 -0.00464 -0.0160

0.30 0.00204 -0.00341 -0.0111

0.35 -0.0213 -0.00296 -0.00636

0.40 -0.0311 -0.00277 0.000348

0.45 -0.0485 -0.00415 0.0134

0.50 -0.0361 -0.00381 -0.00701

0.55 -0.0488 -0.00455 0.00636

0.60 -0.0626 -0.00107 0.0191

Fig. 14 Propeller thrust measured in propeller open test. Topside

vessel at the full scale
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N 0
r ¼ Nr

. q
2
L3dU


 �
; ð53Þ

N 0
vvv ¼ Nvvv

. q
2
L2d
.
U


 �
; ð54Þ

N 0
vvr ¼ Nvvr

. q
2
L3d
.
U


 �
; ð55Þ

N 0
vrr ¼ Nvrr

. q
2
L4d
.
U


 �
; ð56Þ

N 0
rrr ¼ Nrrr

. q
2
L5d
.
U


 �
; ð57Þ

Y 0
u ¼ Yu

. q
2
LdU2


 �
; ð58Þ

N 0
u ¼ Nu

. q
2
L2dU2


 �
; ð59Þ

K 0
u ¼ Ku

. q
2
Ld2U2


 �
: ð60Þ

The roll restoring variation due to waves is calculated by

integrating the incident wave pressure up to the incident

wave surface with Grim’s effective wave concept. Here,

the radiation and diffraction waves are ignored and the

heave and pitch are calculated as a static balance because

of low encounter frequency.

The roll damping moment K _u u; pð Þ is calculated as

follows:

K _u u; pð Þ ¼ 2a Ixx þ Jxxð Þpþ b Ixx þ Jxxð Þp � pj j: ð61Þ

Here, the coefficients a and b were obtained with the roll

decay model experiments as follows:

a ¼ 2a

Tu
ð62Þ

b ¼ 3

4
b

180

p

� �
; ð63Þ

where

a ¼ 0:1574 þ 0:855Fn; ð64Þ
b ¼ 0:751: ð65Þ
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