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ABSTRACT

Surf-riding is investigated in quurtering waves with consideration of Froude Krylov
and diffraction wave excitations. Detailed stability analysis is carried out for the ob-
tained multi-degree of freedom dynamical system, with attention on clarifyving the spe-
cific route leading from surf-riding to broaching. The findings constitute a step to-
wards developing operational and design guidelines for minimising the risk of capsize
in astern seas.

INTRODUCTION

According to the statistics of the Japanese Maritime Safety Agency, in the period be-
tween 1988 and 1992, 588 Japanese fishing vessel capsizes were reported, an appalling
account considering the number of lives lost and the cumulative value of properties
ruined, [1]. It has been known that when a vessel encounters from astern a relatively
regular wave system with large amplitude, its stability is tested in three qualitatively
different ways, [2]. Pure loss of stability on a wave crest, an essentially static mode,
can arise, if simply the submerged part of the hull does not suffice to keep the vessel
upright. Purely dynamic modes 'bearing' instability are equally possible ; low-cycle
resonance, the parametric built-up of large roll which can be explained succinctly with
"Mathieu's equation”, and also, broaching-to. The broaching route remains the most
intriguing, mainly because at its very essence lurks a combination of instabilities in

different directions, requiring therefore detailed multi-degree of freedom models for
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explaining it. It is postulated that, in order to develop a sufficient description of a
vessel's behaviour undergoing broaching, one should begin with the surge motion, so
as to be able to realise the so-called "state of surf-riding"”, a stationary condition thought
of by many as a pre-cursor to broaching, according to which the vessel is forced to
advance with speed equal to the wave celerity. Surge should be coupled to the other
'horizontal motions, sway and yaw, so as to take into account the lateral stability of the
vessel on the wave. Roll motion should also be included, not only because it represents
the very direction of capsize, but also because it is important to know how the vessel's
heeling affects stability in other directions.

There is a number of additional elements which should come supplementary to the
above framework. Consideration of the effect of the rudder, mainly in generating yaw
and drift and in several occasions undesirable roll, is indispensable. Influential is also
the method of steering, which can range from no steering, to manual and to automatic,
and so is the degree of variation of roll restoring according to the position on the wave.
Last but not least, as the motions are of large amplitude, it is essential to include in the
model the necessary non-linear terms and retain the couplings connecting motions in
different directions.

A mathematical model applying the above concept has been developed, [3], [4] and it
is used here for analysing the dynamic stability in waves of a purse seiner vessel. The
specific form of the mathematical model is summarised in Appendix . Large-scale
model testing has been undertaken since summer 1994, partially supported by the Japa-
nese Shipbuilding Research Association, including free-running and constrained model
tests in the new Marine Dynamics Basin of the National Research Institute of Fisheries
Engineering of Japan, [S]. Experimentally derived hydrodynamic coefficients and wave
forces have been made available. With this paper it is intended, first, to identify the
states of surf-riding of this vessel at arbitrary heading and examine their stability. Then,
to understand how these vary when one moves from a purely Froude-Krylov wave
excitation to diffraction and then to the actual experimental wave force data. Finally, to
search for mechanisms which can lead the vessel out of surf-riding and force it towards

a turn possibly acompanied by capsize.
THE SOURCE OF INSTABILITY ; STATE-OF-THE-ART

As to the very cause of loss of steerability in waves, Japanese research in early eighties
after examination of a number of alternative scenarios, concluded with the interpreta-

tion that, the vessel is statically overpowered by the excess of wave moment, which, at
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a threshold wave height and length can no longer be counterbalanced by the rudder,
even when the latter is set at the position of maximum lift, [6]. Along this line of
thinking, [7] provided a calculation method based on the identification of the
eigenvectors corresponding to the (unstable) critical point of static balance of forces at
35 deg rudder. These could be used for-assessing whether the initial condition of the
vessel in relation to the unstable equilibrium would lead the vessel to broach or not.
Recently, [3], [4], applying continuation methods it has been shown that the points of
static equilibrium are connected in state space,-and that they are associated with a
variety of stability properties, sometimes allowing even more complex forms of be-
haviour, such as selt-excited oscillations during surf-riding. These findings have moti-
vated to look also tor purely dynamical sources of instability, pointing at inception
angles lower than those of maximum rudder lift.

ANALYSIS

Vessel details and calculation method

The details of the considered vessel are sum-

Tuble | - Vessel particulars marised in Table 1. The calculation of wave
forces on the basis of the so-called Froude-
type Purse seiner Krylov assuimmption, seems to fall short in rela-
L, 34.50 m tion to the real wave force, mainly as regards
B 7.60 m the phase and magnitude of the yaw moment
T, 2.84 and sometimes also the magnitude. of the sway
T, 3.14 force. The differences in magnitude can prove
G, : 0.652 quite substantial, with a possibility of reach-
LcB g 1.742 (aft) ing a multiplier as high as 2.5, while phase lags
GM : 0.755m ,
A . 3487 m? up to 20% of the wave's length are not unu-
) , | sual, [8], [9]. In general, the actual wave yaw

momment is leading the Froude-Krylov mo-
ment, the latter presenting its peaks at the wave crest or trough. Consideration of dif-
fraction improves upon this situation, although the calculation still cannot be consid-
ered satisfactory. What is really essential to know, however, is how the states of surf-
riding predicted on the basis of a Froude-Krylov calculation, would qualitatively vary,
first if an increase in the maginitude of the excitation comparable to the effect of
difraction on loads was introduced, and then how influential the phase lag of the wave's
yaw moment could prove to be. This would allow in turn, to pinpoint towards and
isolate the key factors affecting the stability of the vessel. The method adopted for

calculating diffraction effects is the one proposed in [8]. A comparison between calcu-
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lated and measured wave forces is presented in Fig |.
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Fig I: Wave excitation

States of surf-riding and analysis of stability

A typical layout of the states of surf-riding assuming as control parameter the rudder
angle & is shown in Fig 2, for wave length to ship lentgh ratio /L = 2.0 and wave
steepness H/A=1/30 (H : wave height) with wave diffraction included. For this specific
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wave they occupy almost all the control parameter’s domain of variation ,i.e., -35 deg,
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Fig 2 : Stability transitions

to 35 deg rendering surf-riding possible for headings up to nearly 30 deg. The occur-
ring stability transitions are also shown in this picture. In general, for the unsteered
vessel, all states were found unstable. More specifically, near to the wave trough we
have a sequence of saddle points (one single positive eigenvalue and all others nega-
tive or, if complex, with negative real part). At about 26 deg heading, shown as point a
of Fig 2, there is the first transition with a pair of complex conjugate eigenvalues with
negative real part splitting into two real negative eigenvalues. The one of these turns
positive at the slightly higher heading of 28 deg, point b, which corresponds to the
turning (or limit) point of the curve. So at this region two different positive eigenvalues
exist. At the point ¢ the two real positive eigenvalues merge into a complex pair, al-
ways with positive real part. At d another pair of conjugate eigenvalues, having nega-
tive real part, gives rise to two negative real, while, at e, the complex pair with the
positive real part turns into two different positive reals. The first of these, changes to
negative at the nearby point f, signifying entry of the region of the wave crest, which
is dominated by saddle-type instability in the surge direction.

Effect of the increased excitation amplitude and phase lag due to diffraction

Figs 3a, 3b, and 3c¢ indicate first the geometric variation ot the states of surf-riding as
one moves from the Froude-Krylov force towards excitation amplitudes comparable in
size to inclusion of diffraction, and from there to the incorporation of the phase shift in
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yaw. The wave characteristics are, A/L=2.0, and H/A=1/20, while the propeller is set
s0 as to produce a nominal Froude number of 0.56 (exactly equal to the wave celerity).
The increase in magnitude of the excitation, 'opens up' the parameter's domain allow-
ing surf-riding up to 28.0 deg rudder angle, as compared to the initial angle ot only 9
deg. It allows also to realise surf-riding up to slightly higher headings (from 35 deg to
37 deg). An almost proportional magnification of heeling takes also place, with the
maximum stepping up from //.5 deg to 31.0 deg.

40

30

20

10
--- FK
-~ FK + diffraction (no

heading (deg)

0
phase shift)
— FK + diffraction /

-10 /
-20 (

ML=2.0 N \
=307 | H/A=1120 \

Fn=0.56 ~L D
0TS 30 o 0 10 20 30

rudder angle (deg)

(3a)

position on the wave (% wave length) -

rudder angle (deg)

(3b)




1.500

heel (deg)

230 20 -10 . © 10 20 30

rudder angle (deg)
(3¢)

Fig 3: Surf-riding with Froude-Krylov and with diffraction

Addition of the phase shift produces important qualitative effects on this picture. At
first the wave trough becomes less repulsive in yaw (the positive eigenvalue reduces in
value) while the states of surf-riding can no longer constitute a closed curve. Likewise,
surf-riding is now viable for the whole parameter domain (from -35 to +35 deg). How-
ever, the range of headings were surf-riding can exist shrinks to a maximum of 3/ deg

to either side.

Consideration of experimentally-derived wave excitation

Fig 4 compares the surf-riding curves obtained respectively with Froude-Krylov, Froude-
Krylov+diffraction, and real wave force, at VL=1/.5 and H/A=1/20. Although the gquali-
tative pattern is invariant,there is substantial quantitative difference, calling for more

attention on the calculation of wave loads.

Effect of propeller rate
Surf-riding is very dependent on the propeller's rate of rotation (represented by the
nominal Froude number, Fn) as shown in Fig 5. Reducing Fn causes the domain of

headings up to which surf-riding is realisable, to shrink considerably.

From surf-riding to loss of control and capsize

To realise surf-riding in a stable way, active steering is in principle necesssary. This
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Fig 4 : Swrf-riding corresponding to experimeniui wave force

would cause the stabilisation of a certain range of surf-riding states located nearer to
the wave trough, the exact extent of which would depend on the particular steering
characteristics. Fig 6 demonstrates the case of a vessel with proportional and differen-
tial control on which, while in a steady surf-riding condition, the propeller rate was
slightly reduced. In total 4 cases are considered, the matrix of two different initial
headings (/0 deg and 23.5 deg) and two final nominal Froude numbers (0.56 -> 0.48
and 0.56 -> 0.40). From Fig 5 it is possible to derive that, both at Fn = 0.40 and 0.48
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Fig 5 : Effect of the propeller's rate of rotation

there is no steady state corresponding to the lﬁrger heading, 23.5 deg, although such a
state exists for Fn = 0.56. At this heading therefore, reduction of propelier rate causes
escape from surf-riding as a certainty. Due to the 'discontinuity’ c;f the transition and
the magnitudes of the excitations this can lead with high probability to broach and
capsize, Fig 6. A slightly different picture is obtained at the smaller /0 deg heading
however, as only the 0.56 -> 0.40 transition leads to broach. This occurs because at
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Fn=0.48 itis still possible to stay on surf-riding, Fig 5. It must be mentioned however
that the mere existence of a corresponding steady-state at the final nominal Froude
number, is not adequate to guarantee that the vessel will rest on surf-riding. This is
decided only by the position of the initial condition of the vessel, in relation to the

attracting domain of the surf-riding state at the lower rate.
CONCLUDING REMARKS

We have analysed the stability of a fishing vessel in surf-riding condition, considering
its coupled motions in surge-sway-yaw-roll with and wihout inclusion of autopilot. A
specific mechanism leading to broaching with capsize has been illustrated, resulting
from reduction of the rate of the propeller while surf-riding. Practically this could be
attempted either in order to escape from surf-riding, or, to benefit from the wave force.
The possibility of significant differences in magnitu'de and phase between the Froude-
Krylov and real wave yaw moment would play a decisive role in quantifying the opera-

tional risk a vessel is faced with, given a specific set of environmental parameters.
ACKNOWLEDGEMENTS

This work has been carried out with the opportunity of the first author's visit to Japan,
in the context of the scientific exchange scheme between the European Union and
Japan. The financial support of the Science and Technology Agency of Japan is ac-
knowledged with appreciation.

REFERENCES
[1] Fisheries Agency of Japan, "White Paper on Fisheries", Tokyo, 1994.
[2] Chou, S.J., Oakley, O.H., Paulling, J.R., Van Slyke, R., Wood, P.D., Zink, PF. :
“Ship Motions and Capsizing in Astern Seas", Prepared for the Department of

Transportation, U.S. Coast Guard, Washington, 1974.

[31 Spyrou, K.J. : "Surf-Riding, Yaw Instability and Large Heeling of Ships in Fol
lowing/Quurtering Waves", Ship Technology Research/Schiffstechnik, 42/2, 1995

[41 Spyrou, K.J.: "Surf-Riding and Oscillations in Quartering Waves", to be pub
lished



1.504

[5] Umeda, N., Hamamoto, M., Takaishi, Y., Chiba, H., Matsuda, A ., Sera, W, Suzuki,
S., Spyrou, K.J., Watanabe, K. : "Maodel Experiments of Ship Capsize in Astern
Seas", to be presented at the Spring Meeting ot the Society of Naval Architects of
Japan, May 1995.

[6] Motora, S., Fujino, M.,Fuwa, T.: "On the Meclianism of Broaching-to Phenom
ena”, Second International Conference on Stability of Ships and Ocean Vehicles,
Tokyo, Oct 1982

[71 Umeda, N., Renilson, M.R. : "Brouching of A Fishing Vessel in Following and
Quartering Seas - Nonlinear Dynamical System Approach”, STAB 94, Florida,
USA

{81 Umeda, N., Yamakoshi, Y., Suzuki, S : "Experimental Study for Wave Forces on
A Ship Running in Quartering Seas with Very Low Frequency of Encounter",
Sevastianov Symposium, Ship Safety in A Seaway, Kalliningrad, Russia, May
1995.

[9] Ohkusu, M. : "Prediction of Wave Forces on A Ship Running in Following Waves
with Very Low Encounter Frequency" Journal of the Society of Naval Architects
of Japan, 1986

APPENDIX I

The mathematical model is an extended version of a still-water 4-degree-of-freedom
manoeuvring model, incorporating the wave excitation terms. For the linear and
nonlinear manoeuvring coefficients the corresponding still-water values were used,
measured with- circular motion tests. The specific form of the mathematical model,
written in a general dynamical system's representation and using standard manoeu-
vring nomenclature is presented below : k

i=G,/A, v=G/D, i=G/D. p=G/D $=p.  w=r,
X= ucosy- vsiny . Y= usiny+vcosy 5=t5 (-6 + a, Y=y )+ar) (optional)

)

where A=(M-X.), G, = (LX+XH+XW+XI‘+XR)



G, =

1.505

(m-Y,) (mx,-Y) -mz, (LAY, +Y +Y +Y, ) (mx,-Y) ‘ ez

v, - Ny (1-Ny 0 G, = |(L+ N AN +N,+Nj  (I'-N) 0
(5 Yo-mz) oY (1 - I\”;) (L+ K +K +K +K ) LY. (- Kﬁ)

; (m - Y;,[ (muy, - Y.) (L+Y + Y.+ Y.+ YR) (n-Y:) (L+ YH+ Y‘|,+ Y,,+YR) -Hz,,
(mx - N} (] - N’-') (LANAN AN ANJ | Gz|-Guy, - N (LAN NN +N) 0
(2 Yi-mgy) oY, (LAK 4K 4K +K)) (z, ¥:- m:.;l) (L+ K+ K AK K (1 -K)
Ly=mrv-mz,pr L.=-mru, L.=-mx;ru . Lo=mz,ru
Hull Forces

X, = (X -Yvr-Y.r" - Res(u)

Y=Y v U+YrU+Y vi+Y vr+Y r’

N,=NrU+N U+N P +N _rvU+N _vVi/U+ N QU +N voU+N,_roU
Ky=Kp+RQ.x)-2, (Y U+ Y rU+Y vV +Y vr+Y 1) where U = (17 + v}

Froude-Krvlov Wave Forces

S
I

w=-P&(H2)k cosy f L a(y) e FUST Ax ) sink(x+x g cosy) dx
Yo = pg(H2)ksiny [, a(y)e s’ A(x,) sink(x+x; cosy) dxg

P
il

w g (H/2) k siny /, a(y) e FUs A(x ) xg sink(x+x, cosy) dxg

PN
|

w= PE(H2)k siny ,/; a(y) e s A(x, ) z,, sink(x+x, cosy) dx
Propeller thrust ‘

X, = (l-1)p n* D' K (u, v. r)

Rudder Forces

X, =-F (uvr.6) sind

Y, =-(l+a,) F(uv.rd) cosé

N, = -[1+a, ( x, /x )] x, Fyfur, o) cosd

K, =-(1+a,) z, F(u.v,n0) cosd





