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Numerical Simulation for Submerged Body Fitted with Hydrofoil 
by Boundary Element Method

by Satoshi Masuda, Member, Yoshikazu Kasahara, Member 
Isao Ashidate, Member

Summary

Recently many kinds of high speed boats have been developed. The hydrofoil type is one of them. 
On considering the hydrofoil type, one important problem is interaction, for example, interaction 
between the main hull and the hydrofoil, the hydrofoil and the free surface etc. Here we consider the 
interaction between the free surface and a submerged lifting body by numerical simulation. The 
submerged lifting body is composed of a submerged body and a hydrofoil adapted to it. The numerical 
method is the Boundary Element Method (BEM) that was originally developed at Hiroshima Univer­
sity by Mori and Qi., We have modified the original method and have applied it to this case.

We measured the lifting force and the pressure distribution on the hydrofoil in the NKK Tsu' Ship 
Model Basin, and confirmed that BEM is an effective method for the interaction problem between the 
free surface and a submerged lifting body. By using this BEM, we considered the depth effect of the 
lifting force of the submerged lifting body, the optimum location of the adapted hydrofoil and the 
optimum submerged body shape,
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Fig. 3 Position of pressure measuring sensors
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Simulation of Tandem Hydrofoils 
by Finite Volume Method with Moving Grid System

by Hideki Kawashima, Member, Hideaki Miyata, Member

Summary

A finite-volume method is applied to a problem of tandem hydrofoil advancing beneath the free 
surface. The curvilinear grid system is fitted both to the free surface and to the hydrofoil surfaces 
which moves by the wave motion and ship motion respectively.. It is demonstrated that such simulation 
technique is useful for understanding of hydrodynamical properties of system with moving boundaries 
and that it can be practically used for the design of hydrofoils with flaps and associated control system.
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Table 1 Conditions of computations
Reynolds number 1 1.0x10* 11

Froude number (baseden chad length} &0 ,

cooptiutiooal region 1 ," -13.(Xx<20.0- '
-5.25<y<0

-10.0<x<16.0

-5.25<y<0

numberofgrid points (i* j*k)~ 199*50*5 160 * 50 *5

distance between wings (based on cbotd length ) 10 3 ’

. time inclement 1 dt 1 1.0X10-* - -

wing section -  NACA4412

attack angle of the fote foQ 2.63

attack angle of the aft foil u* ,

depth of the fore foil ( based cochoni length) IJO

depth of the aft foil ( based on chccd length ) - 1.25

number of gnd pants on the fcil surface ' ; ' 35 : , ■  l- :

. minimum gnd spacing ‘ v 4.0x10"
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Fig. 3 Time histories of CL of fore and aft foils after 
starting. ,
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Fig. 4 Time-sequential development of computed vor- 
1 ticity fields and-wave profiles of free surface 
' after starting. Fn—6.0 and f?e=T.0X106, t =4,

, 6, 8, 10, 12 14, the interval of contour is 0.1,
clockwise rotation is drawn in solid lines and 
anticlockwise rotation is drawn in dotted lines.

y&R%)%. bmwj'&, tern, s
Wm$-IE52toC#SS-tir, % m, #m#Kj:3#^ 
^©^#&gg^.##ma±^E 5 S&6T&R: 10®$ 
T©MSMtfiL, ffi%hWM>hP3tt(9)^KJ: 9-5-x.ZtiSo
Ri-mmmssfegt, ku, mam
®A$@$EK*3 $ 5 K&* CMLTV23,

5=y<!C6-l- 5as«. sin(tuf) . (9)

, • '■<o ffishmftmnmm
. C: M?&& • ::•. . .

. LL: --mm ,-■■ ■ .
9: mmmm

Save : (2.5 deg)
ecnp-.mm&ftmftwm (7.5deg) ■

• Table 2 ©<t 5 C^ggE k (10)^Tg@ ^3#%7cff 
^ s^-y-^-kLTEibs-eirosfT^ 

fk.Fig.5K CASE 1-CASE 4 ©##M=K*#38mM 
a© CL e>-r, #
#©#mm©m#K $ o, #m© cl



fcWKMI&cy-TAijopgggy 5 3.y-y 3 y 15

Table 2 Parameters for flap deflaction tests

distance between wings 
( based on chord length )

nondimenaonalized
fiequmcy

CASEl 3 1.0

CASE2 10 0.5

CASES 10 1.0

CASE4 10 1.5

CASEl

CASE2

CASE4

CASEl

Fig. 6 Comparison of vorticity contour maps in 
different test conditions (see Table2). F>z=6.0 
and /?C=1.0X106, the interval of contour is 0.1, 
clockwise rotation is drawn in solid lines and 
anticlockwise rotation is drawn in dotted lines.
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Fig. 5 Comparison of time histories of CL in different 
test conditions (see Table 2).
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1 Table 3 1 Design1 condition (full scale ship) '
. ,, ■», ' .• • T.-f i , - ■ i: . , »- ii, ,> •■,'■:

Je„ngth' ; L -' i 24.0m ...
■ width * "-'• -'K-' 1 *' '• 10.0m ' “
weight lOOt
velocity y , - t , 40kt.- ■

20.58m/s ,,1 • '
chord length ; .. li0m
span length \ 9.0m. ,
depth of the foie foil 1.0m *- - •
depth of the aft foil - - l.-25m. » >s>-->
length between foils 
(based on chord length)

id — ’-'■

Table 4 ,Ge_pnip|pry of the glpp fpr fpmpptatjfln

nondimensionalizedwelghf 0-721

nondimetgionalized !pomeg( gf ipe^g 27.14
CL of the fore foil ' ' x! ’: ' 0.454 ' -'

CL of the aft foil 0.273 ,: .

Ct of. the ship . * 7 ‘ ,0.04 -
location of centroid ‘ 1 (x,y) = (- 0.936,1.0)

-tfstributed equivalent 
weight of the hull

center of gravity (*0.936,1.0)
thrust (y-0.8)

L. | water level (y»0.0)-

forefo3(*S.O,*1.0) aftfoa(5.0,-1.25)
— -= concentrated equivalent *!

weight of the engine

, i'jh Fig. 8 : Schematic view of the hydrofoil.
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iv. Table 5 Conditions of computations
' Reyncdds number " "1 ' '- ' " 1.0x10*

1 Froode number ' 1 ‘ f — 6j0

ccoputiticnal repco -13.Oct<20.0 -5.25<y<0 . 1

• number of grid points , . -
' 0-j*k) " "

199 *50 * 5 207 * 50 *5
(wave mating)

distance between wmgs(based co chord length ) 10 -

lime increment dt LOXIO-1 ) , .;

-wing section , NACA4412 '

attack angle cf the fore foil (degree) 268

attack angle of the aft foil (degree) 1.23

depth cf the foie foil ( based on chord length ) IjO '

depth of the aft foil ( based co chord length) - - 125

number of grid points on die foil surface 35 „

minimum grid spacing * 4^x10" . .
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Fig. 9 Time histories of pitching and heaving motions 
in impulse response test. Heaving motion is 
nondimensionalized with respect to chord 
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motion is nondimensionalized with respect to 
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Hap angle of the fore foil

flap angle of the aft foil
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Fig.'13 1 Comparison of pitching motions in different 
control conditions, (see Table 8)



4 3 ? ^ v-i/3 y 19

Fig, 14 Comparison of heaving motions in different 
control conditions, (see Table 8) Heaving 
motion is nondimensionalized with respect to 
chord length.
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Determination of the Unknown Wetted Surface of Planing Plates 
by a Formulation Based on High Aspect Ratio Approximation

by Kiyoshige Matsumura, Member Yuuki Mizutani

Summary

It is intended to solve a problem to determine the unknown wetted surface of free—running planing 
plate. Efforts from the view point of the perturbation method are paid to analyze both the near and 
far field of flow around a restrained planing plate with comparably large breadth such a wave-dozer, 
disregarding gravitational effects. Matching process of each height of water surface leads to a non­
linear system of integro-differential equations to determine the distributions of both the wetted length 
and the apparent circulation around the plate. Serious solution of reduced single integral equation, still 
holding 3-dimensional characteristics but the so-called downwash effects, diverges from the assumed 
high aspect ratio solution because of the logarithmic non-linearity. The equation gains an insight into 
static stability in performance and the limitation in height to restrict the plate in exposure above still 
water. The obtained configuration of wetted surface draws well the behaviour of the spray root line 
crossing the hard chine, however it is unfortunately rather wide to coincide with the experimental one. 
Free-running condition is estimated.
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Fig. 2 Flow configuration in near field
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Fig. 9 Plots of calculated wettecl length at the center 
line and the first approximate solution of the 
integral equation
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Numerical Study on the Aerodynamic - 
Characteristics of a Three-Dimensional 

Power-Augmented Ram Wing in Ground Effect

by Nobuyuki Hirata*, Member

Summary — — -
An investigation through numerical experiments was conducted to determine the aerodynamic 

characteristics of a power-augmented ram wing in ground effect (PAR-WIG). The Navier-Stokes 
solver used was a MUSCL-type third-order accurate upwind differencing, finite-volume, pseudo­
compressibility code based on a multi-block grid approach. In order to understand the mechanism of 
the power-augmentation effect, two boundary conditions on the ground were considered: (1) a 
moving belt ground plate condition; and (2) a fixed ground plate condition corresponding to the wind 
-tunnel tests. Thrust was represented using prescribed body-force distributions.. The flow arouncLa 
rectangular wing with end-plates and propellers which were placed forward of the wing and blew under 
the wing, were computed by the solver with different trailing edge heights. Results were compared with 
experimental data and the aerodynamic characteristics were discussed. *  ---- :—

1. Introduction

A wing in ground effect (WIG) vehicle is expected to 
be one of the promising super high-speed craft in the 
next generation, since it has an exceptionally high lift 
to drag ratio performance at low altitude. However, to 
design a full-scale vehicle with an extraordinary perfor­
mance is very difficult owing to the need for low speed 
take off and landing on the sea. High speed take off and 
landing from water require an excessive structual 
weight and engine power because of the large wave 
impact loads and the water resistance. One of the 
possible solutions to this problem is a power-augmented 
ram (PAR) concept, wherein propulsors are placed in 
front of the wing and the efflux from the propulsors is 
directed under the wing to generate a high lift force at 
low speed. This concept can reduce the take off and 
landing speeds, thus reducing impact loads and also 
allows much higher wing loading.

Aerodynamic characteristics of PAR-WIGs have 
mostly been studied, using experimental methods. -At 
the David W. Taylor Naval Ship Research and Develop­
ment Centre, from 1975 to 1978, experimental and ana­
lytical studies were systematically conducted”. They 
measured the PAR performance both statically and at 
forward speed, over a solid surface and water in various 
sea states. They also predicted the static lift and drag 
performance using two-dimensional incompressible 
potential theory. Recently in Japan, some experimental

* Ship Research Institute 
Received 10th Jan. 1996 
Read at the Spring meeting 15, 16th May 1996

studies2,3'” and theoretical analysis taken forward speed 
into consideration3', have been conducted. Neverthe­
less, no flow computation has been performed except 
CFD simulation for two-dimensional PAR-WIGs by 
Hirata6,7'.

In the present study, the aerodynamic characteristics 
of a three-dimensional power-augmented ram wing in 
ground effect are examined with CFD procedures and 
experimental results. The Navier-Stokes solver used8’ 
is based on the MUSCL-type third-order accurate 
upwind differencing, finite-volume, pseudo-compres­
sibility method with an algebraic turbulence model to 
close the system of equations. Because of the geometric 
complexity of the configuration, a multi-block grid 
approach is introduced. In order to understand the 
mechanism of the power-augmentation- effect, two 
boundary conditions on the ground are considered:
(1) the velocity is equal to the uniform flow; and (2) 
the no slip condition. They correspond to an actual 
operating condition and a wind-tunnel test with a fixed 
ground plate respectively. Propeller effect is represent­
ed by prescribed body-force distributions proposed by 
Hough and Ordway9’. Results with different trailing 
edge heights are compared with experimental data and 
the aerodynamic characteristics are discussed.

2. Model Shape and Experiments
The principal particulars of the test model used are 

listed in Table 1. The wing, as shown in Fig. 1, has two 
features. First the aspect ratio is very small compared 
with that of conventional aeroplanes. The reasons for 
such a small aspect ratio are: a large effective aspect 
ratio can be obtained from the ground effect; and the
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Table 1 Principal particulars

- . - - Model.
chord length 0.5m
span length ~ i - , 0.3m =.
wing area , 0.15m2

rwing setting angle L 6?.
aspect ratio 0.6
wing section NACA6409
planform rectangular

Propeller.
propeller radius 90mm
hub radius ' 8.5mm
number of blades , , ■ 2 '
rotation inward -

L - 1 l Hi '
; Ground plate. '' ’ ' ^ '1

forward plate length 1.23m , ,
slot width ' ' 40mm
slot angle 1 45°
rear plate length 2.0m
plate thickness , ,, i 36mm

, position of L.E. of rear plate x = —0.865m,

Fig. 1 .Wing model and coordinate system ,j

PAR performance is,not fully effective with ,a wing,of 
large span. In addition, the model has end-plates so, as 
to create;-a high pressure region under the wing. The 
base line of the end-plate is parallel to the: ground and 
the reference, height is equal to that of the wing at the 
trailing edge. - ,h ,T , -(

Experiments were conducted in a wind tunnel at the 
Ship Research Institute, as shown in Plate l4’. In order 
to simulate the ground,,effect, two methods, can be 
considered8’,an image-wing . method and ra ground 

, plate (board) method. However, the former method is 
very, difficult, for use with ; PAR, and, in the present 
measurements, only a ground plate method was adopt­
ed. L The coordinate system, nomenclature and appara-

Plate 1 View of experimental arrangements in wind 
i, i ,1, tunnel - . -,

'Propeller

. Fig. 2 Apparatus of experiments with a ground plate

; tus of the experiments , are shown in Fig. 2, , , .
;-,,,, A ground plate was installed in, the centre, of the wind 
I tunnel. In order to remove the boundary layer devel­
oped over the plate, a slotjwas set in the plate upstream 
of the model10’, as shown in Fig. 2. The dimensions of 
the ground plate are listed in Table 1. The flow beneath 

, the plate was accelerated by a ramp,, hence the slot 
provided the required suction. However, since we did 
pot ,use a moving belt, a boundary layer whose thickness 

;,was about 25, mm at the wing, still remained on the 
, plate8’. , i , . ,

The power-augmentation was simulated by means of 
a, pair of model-aeroplane propellers placed upstream 
of the,wing. The propeller position relative to the 
leading edge of the ,wing was kept constant with the 
changes of the ground height. i 
Jbift, drag and pitching moment about the 1/4 chord 

. were measured by a six-component force gauge. Forces 
on; bpth propellers were measured together by a two- 
component force gauge and thrust is defined as a resul­
tant force in, the xt and zrdirections. Surface-pressure 
on the pressure side of the wing was also, measured. A 
uniform flow of 7.0 m/s was set with a reference pitot- 
tube in the wind-tunnel, however the velocity Uo at the 
wing was accelerated to! 7.45 m/s, because of the dis­
placement effect, of, the ground plate, apparatus, the
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blockage of the wing and the traverse. The Reynolds 
number based on the chord length and the velocity Uo, 
was 2.4 X 10s. Aerodynamic forces, thrust and~moment
are non-dimensionalized by -^pUoSw,-ypGo S„ and

■^pUdcSw, where p, Sn and c are the density of air, a 

wing area and a chord length respectively.

3. Computational Method

The Navier-Stokes solver used in the present study is 
the upwind finite-volume method with global conserva­
tion and based on a multi-block grid approach because 
of the geometric complexity of the configuration. For 
details, see Hirata and Kodama81. . .

3.1 Navier-Stokes Solver - - - -
The governing equations are the three-dimensional 

incompressible Navier-Stokes equations with a pseudo­
compressibility method in conservation form. They can 
be given as: _ . .

Qt+(E+Ep)x+(.F+Fv)i/+(G+Gv)z+H=Q (1) 
where {x, y, z) are the Cartesian coordinates. The 
dependent variables q, the inviscid flux vectors E, F, G, 
the viscous flux vectors Ev, Fv, Gv and the body force 
vector H are written as:

'u ~uz+p vu wu

q=
V , [E F G]= uv v2+p wv
w uw VU) w2+p

.p. 1 . fiu 0U) .

[Ev Fv

2 Ux Uy+Vx
Uy+Vx 2 Vy
Ux+Wx Vz+Wy

Uz+Wx' 
Vz+Wy 

2 Wz
L o o o

fbx 
fby 
fbz 

. 0 .

(2)

where (w, v, w) are the velocity components, p is the 
pressure, y9 is a positive constant of pseudo-compres­
sibility, Re is the Reynolds number, {fbx, fby, fbz) are the 
body force components and vt is the kinematic eddy 
viscosity determined from the turbulence model.

The finite-volume method is used for a spatial discret­
ization with the cell-centred layout. Thus, the depen­
dent variables q and the kinematic eddy viscosity vt are 
placed at the centre of each grid cell and the grid cell is 
treated as a control volume.

The values of inviscid terms at each cell face are 
computed using the third-order accurate upwind 
differencing scheme constructed within the flux- 
difference splitting framework. The third-order accu­
racy is attained in the pre-processing (MUSCL) man­
ner. Viscous terms are discretized in the second-order 
central differencing scheme based on the Gauss integral 
theorem.

The Pads time differencing form is used for time 
integration with 5=1.0, namely the Euler implicit. As

a space integration method, the IAF procedure is adopt­
ed.

In order to correspond to the flow around the compli­
cated configuration, a multi-block grid approach is 
introduced. The approach does not allow the disconti­
nuity of grid points on the interface surface, thus the 
geometric flexibility is restricted. However, sweeps for 
the IAF procedure through the whole of the solution 
domain are possible and the efficiency of the calculation 
can be kept to the level of a single grid.

3.2 Turbulence Model
The closure of the system of equations is achieved by 

introducing an algebraic two-layer turbulence model 
proposed by Baldwin - Lomax with a minor 
modification111. Because of the geometric complexity of 
the configuration, the model is modified in the region 
where multiple turbulent length scales are present, such 
as around the wing, the end-plates and the ground. 
Generally, one structured cell has the possibility to be 
affected by a maximum of six boundary surfaces of the 
solution domain: in the upstream, downstream, left, 
right, top and bottom directions. The following formu­
lation is taken as the linear combination of the effects 
from the multiple surfaces.

where ffm is the normal distance from the solid wall/ 
ground and Vtm is the corresponding kinematic eddy 
viscosity calculated by a conventional procedure neg­
lecting the presence of the other solid walls/ground. 
When the m-th boundary surface of the solution 
domain is not the solid wall/ground, ym and vm is 
treated as infinity and zero respectively. :

Although this formulation has no physical basis, it 
possess three desirable properties as follows: \

1) The computation of more complex length scales 
is avoided.

2) As either surface is approached (y«—*0), the 
- model degenerates to the correct Iimitingiorm of

the Baldwin-Lomax model.
3) Along the bisector of the included angle between 

the surfaces, the model is affected by both sur­
faces equally.

3.3 Propeller Model
The propeller effect is represented using prescribed 

body force distributions proposed by Hough and 
Ordway91. In order to estimate the flow around the 
propeller accurately, imposing both'thrust and torque 
components is necessary. However,, since the mecha­
nism of the PAR-effect is due to the. increase of the 
pressure under the wing —the efflux from the propulsors 
placed upstream of the wing, is directed under the wing 
and partially stagnated—,,the: nature of the effect can 
be explained by taking only the thrust component into 
consideration. Hence, the present computation neglects 
the body force distributions in- tangential component as 
follows:
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fbx=Axr*-l\—r*:cos Op :' 1
fbp = 0 (4)1
ftz— —Azr*J\—r* sin Op) , n' •

where * ;........ ...........

, AS? 105 ' ■ r -rJSs-At-Ctptop Ay ■ 16(4+3 Y^Xl- K) ’ i- Vrpr»p- Cr-^--
Y-Yh
1 ~Yh

y= R
Rp' y=

I'.i ’. i i.1 (5 ) .
where Op, Ct, Sp, V, R, Rp, Rp is the downward angle of 
the propeller, thrust coefficient, single propeller area, 
control volume, radial coordinate whose origin, is-the 
centre of the propeller, ajhub, radius and, a propeller
radius respectively.,, .it,, 11............. -n

3.4, Computational Domain-,and Grid 
Figure 3 illustrates the computational! grid and the 

wing configuration at a height of 5%of the chord length. 
To minimize computer resources, symmetry- is assumed 
about the vertical plane at the mid span position. The 
computational grid is body fitted to facilitate the imple­
mentation of boundary conditions. -The mesh contains 
75 planes streamwisely, 35 laterally and-55 vertically: 
The minimum spacings are 0.005, 0.005 and 0.0001, in the 
streamwise, the lateral and the vertical directions. The

Fig. 3 Computational grid at h/o—0.05

Fig. 4 Schematic view of block topology for a WIG

b!..,- - 1 Table 2 Boundary conditions
On ground.

'' '' ' ' numerical simulation '1 experiment

case-1 (u,v,w) = (1,0,0) , ,
case-2 (u;v,w) = (0,0,0)

,71.73 5z/c <2.27
z-symmetry ,otherwise

Ground plate method

zero pressure gradient is implemented.

Other boundaries.
boundary (ti,v,w) ’ P v%
inflow (1,0,0) zero gradient 0
outflow zero gradient ’ 0 zero gradient
outer zero gradient zero gradient zero gradient
symmetry pi. symmetry , symmetry symmetry
body (0,0,0) zero gradient ,.0

- < Propeller condition.

-position of centre > :(xp/c,yF/p,Zp/c)= , 1
(-1.0, ±0.188, zT£./c + 0.31)

downward angle 0, = 33°
coefficient of thrust Ct = 2.9

grid points are clustered near the wing, the ground and 
the symmetry plane. . ,

The solution domain extends 5 chord, lengths up­
stream from the leading edge of the wing and an equal 
distance downstream from the trailing edge of the wing. 
The far-field boundaries in both lateral and vertical 
directions are 4 chord lengths from the end-plate and 
the suction side of the wing respectively.

In the present scheme, the flow-field consists of 18 
blocks of grids. Each block is a rectangular parallele­
piped in computational coordinates. Figure 4 depicts 
the schematic view of block topology for the WIG.

3.5 Computational Conditions 
The computations were carried out with 3 trailing 

edge heights, h/c of 0.02, 0.05 and 0.10. As a boundary 
condition on the ground, two methods are considered as 
slipwn in Table 2. Case-1 is a very common type and 
similar to an actual operating condition. Case-2 corre­
sponds to a wind tunnel test with a fixed ground plate.

1 ’ ■ f l - - i * i l 1 i i < | 1
Solid wall condition on the rear plate ^behind the slot) 
and 2-symmetry condition otherwise are implemented. 
Thrust was given using, prescribed body force distribu­
tions from eqs. 4 & 5 and the magnitude, location and 
downward angle of the propellers are listed in Table 2. 
The Reynolds number was set at 2.4 X 10s. ,

i’ ’ 4. Results and Discussions
4.1, Comparison of Computed and Measured 

r * ( , Results fi ;
Prior to the actual test program, a calibration of the

' i " i 1 i i ' , i
propellers in a uniform flow was conducted without the 
wing. The propellers were placed at (xp/c, yp/c, Zp/c)= 
(—1.0, ±0.188,0.4) and the downward angle Op was 0°, 
namely paralleled to the ground. The thrust coefficient 
was set at 2.9. Figure 5 depicts the computed velocity



Numerical Study on the Aerodynamic Characteristics of a Three-Dimenaonal Power-Augmented Ram Wing in Ground Effect 35

vectors and pressure contour maps at x/c= —0.8. The 
flow is sucked into the centre of the propeller and the 
maximum pressure peak is formed. Comparison of 
measured and computed u-velocity profile along the 
horizontal line of (x/c, z/c)=(—0.8,0.4), is shown in Fig.
6. Although the measured data is scattered owing to the 
intensive unsteady state of the wake, the computed 
result shows very good agreement with the experimen­
tal data.

Figure 7 depicts the comparison of measured and 
computed surface-pressure distributions on the wing at 
h/c of 0.05 for case-2. Computed results agree well with 
the measured data on the pressure side of the wing. The 
pressure on the pressure side of each section holds a 
nearly constant high value. This state utilizes the 
power-augmentation well and can produce a high lift 
force. The data does not change very much in the 
spanwise direction. This suggests that the flow is 
mostly two-dimensional. Thus, the end-plates are 
found to be quite effective.

z/c

-03 -0.4 -03 -0.2 -O.l 0.0 0.1 02 03 0.4 03

Fig. 5 Velocity vectors and pressure contour maps at 
x/c=—0.8 (Contour interval is 0.1 Cp)

computed-----
measured o

y/c

Fig, 6 Comparison of measured and computed u- 
velocity profile along the horizontal line of (x/c, 
z/c)=(-0.8, 0.4)

computed -----
measured o12.0

2y7b=0.250

, 0.0

8.0 =■--

, -4.0

8.0

2y/b=0.917

0.0

x/c
Fig. 7 Comparison of measured and computed 

surface - pressure distributions oh the 
wing at /z/c=0.05 for case-2

Figure 8 shows the comparison of measured and 
computed aerodynamic characteristics. Computed 
results agree very well with corresponding experimen­
tal data for all characteristics through the whole range 
of the ground heights. The lift coefficient increases as 
the wing moves close to the ground. This trend is 
similar to the results obtained using only the ground 
effect, however the increase in rate with the addition of 
PAR is very large and at h/c of 0.02, the lift of PAR- 
WIG is approximately seven times as large as that of an 
un-augmented WIG. When the ground height is very 
small, the difference between case-1 and case-2 is very 
clear. The possible reasons will be discussed in the next 
subsection.

The drag coefficient without augmentation is almost 
constant with the ground height but that with power-
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1 10.0

: 8:0
measured(casej:CT=0.0) -----

(case-2:CrM).0) V-----.
__ _(case-2:Cr=2.9) .......

computed(case-l:CT=0.0) o 
(case-2:CT=0.Q),i+ " 
(case-l:CT=2.E>) Q 

■. ------- (case-2:CT=2-.9) "X: .

Fig. 8 Comparison of measured and computed 
aerodynamic characteristics

augmentation increases as the' wing approaches the 
ground, similarly to the lift coefficient. Owing to the 
increased lift, the pitching 'moment coefficient about thd 
1/4 chord tends towards the nose down direction'as the 
wing‘moves close to the ground: The lift to drag ratio 
iricreases as the ground height becomes1 small, however,' 
the ratio is inferior to that without augmentation. The 
position of the centre of pressure shifts forward" as 'the 
ground height decreases. ' ' ’* ' ' 1 ' '

4.2' Effects on’Ground Boundary' Condition11 and 
1 Ground Height - ' ' ' - ‘

Figures 9, 10 & 11 depict the computed velocity 
vectors arid pressure distributions aty/c'of 0.188, 
contairiing the centre of the propeller.1 First we com-

h/o0.02(case-2)

Fig. 9 Computed velocity vectors,at y/c=0.188 -

--------5- ~t ------- h/c-0.02(casc-2)

1
^wPSStrrrrrrKLlF F. MJi

Figj.0 Enlarged view of computed velocity vectors at 
y/c=0.188 v -■ i ;

pare case-1 and case-2 at h/c of 0.02. The difference 
can 6'e observed in the flow over the ground: In case-2, 
a large flow separation occurs over the plate at x/c of 0. 
0~0.4, because of an adverse pressure gradient on the
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Fig. 11 Computed pressure distributions at y/c=0.188 
(Contour interval is 0.25 Cp. Dotted lines show 
negative values)

non-slip condition. The velocity under the wing is 
accelerated on account of this separation. Thus, a high 
pressure region between the wing and the ground can 
not be observed in case-2. In case-1, owing to the high 
pressure under the wing, the air flows backward over 
the ground upstream of the wing. However, the flow 
does not separate under the wing and creates a high 
pressure region under the wing. Consequently, lift 
performance in case-2 is less than that in case-1.

Secondly, we compare ground height effects. As the 
wing moves close to the ground, the blockage under the 
wing increases. At higher altitude, the air flows smooth­
ly under the wing. The flow above the wing does not 
change very much with the ground height except in the 
vicinity of the suction side of the wing. The difference 
is due to the flow spilling over the wing from the 
propulsors. As the wing is close to the ground, the 
momentum flux of the flow spilling over the wing 
increases. Thereby, the pressure of the suction side of 
the wing becomes small as the ground height decreases.

Figure 12 shows the computed surface-pressure distri-

h/c=0.02(case-l)
(case-2)

h/c=0.05(case-l)
(case-2)

h/c=0.10(case-l)
(case-2)

-2 -1 0 1 - 2 3 4
x/c • —

Fig. 12 Computed surface-pressure distributions on 
the ground at y/c=0.188

h/c=0.02(case-l) —
(case-2) --+-- 

h/c=0.05(case-l)
(case-2) -----

h/c=0.10(case-l)----- -
(case-2) .......

8.0

„ 0.0

Fig. 13 Computed surface-pressure distributions on 
the wing at y/c=0.188

buttons on the ground at y/c of 0.188. On the whole, 
when the wing is close to the ground, the pressure 
becomes high. At h/c of 0.02, a pressure difference can 
be seen because of the large separation over the ground 
for case-2. The results for all cases show a small 
pressure hump, upstream of the leading edge. This is 
the impingement point of the efflux from the propulsors. 
As the ground height decreases, the position shifts 
forward.

Figure 13 depicts the computed surface-pressure dis­
tributions on the wing at y/c of 0.188. As the wing 
becomes close to the ground, the pressure on the presr 
sure side becomes high. The results correspond to the 
pressure distribution on the ground (Fig. 12). The 
results of case-1 at h/c of 0.02 indicate that the pressure 
coefficient on the pressure side of the wing is an almost 
constant high value. This is very close to the ideal 
power-augmentation performance.

Figure 14 shows the velocity vectors on the horizontal 
plane at z/c=zt.e./c—0.01. For all cases, the tip separa­
tion can be easily observed at the leading edge owing to 
the high pressure under the wing. As the ground height
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Fig. 14 Computed velocity vectors at z/c =zr. J./c—0.01

becomes larger, the air under the wing flows smoothly. 
In case-1, at /z/c of 0.02, the air flows backward near the 
symmetry plane on account of the high pressure under1 
the wing. j ,, ■ .I,

Figure 15 depicts the computed spanwise distributions 
of the lift coefficient. Because of the presence of the end 
-plates, high pressure exists under the wing and the flow 
is very similar to the two-dimensional case. Thus, the 
end-plates are quite effective. 1 ■ < ‘ r'

Figure' 16 shows' the components of the computed 
drag coefficients. The "frictional component is nearly 
constant with the ground height, as a result, the increase 
of the drag is derived only from the pressure drag. ■

' ' ' m 1Conclusions

Flows around a three-dimensional power-augmented 
ram wing in ground effect with end-plates were comput­
ed by a Navier-Stokes solver so as to clarify the aer­
odynamic interference between the wing,' the ground 
arid the propulsors. Because of the geometric complex­
ity of the configuration, a multi-block grid approach 
was" introduced. As a ground boundary condition, two 
rnethods were examined:1 case-1) the velocity is equal 
to the uniform flow; and case-2) the no slip condition. 
They corresponded to an actual operating1 condition 
and wind-tunnel tests' with a fixed ground plate respec­
tively. Propulsors were represented rising prescribed 
body-force distributions. The reshits obtained were as

15.0

10.0

U

5.0
f . .

0.0 ---------------- '---------------- '----------------
0.0 0.1 , 0/2 0.3

y/c ...

Fig. 15 Computed spanwise distributions of lift 
coefficient ' -----

h/c=0.02(case-l) 
1 (case-2) 

h/c=0.05(case-l) 
! (case-2) 

h/c=0.10(case-l) 
(case-2)

300-6—6-
■H~)--- 1-

case-1 (frictional) -o- 
(pressure ) -+-■ 

case-2(frictional)--Q- 
pressure ) -x-

G 0.5

Fig716 Components of computed drag coefficients

follows: i i
1. Results simulated with different ground heights 

showed good agreement with experimental data 
1 1 in terms of the aerodynairiic characteristics for

' ' ' the ground heights of 0.02~0.10c.
'"2. 1 A further decrease in the ground height raised the 

1 ' lift coefficient, drag coefficient and lift to drag
' ratio. However, the lift to drag ratio was inferior 

to that without augmentation, because of the
I ' * increase of1 the drag coefficient. 1 '
"13. • In the present case, distributions of surface-pres­

sure on the pressure bide of a wing and two- 
1 ' dimensional lift coefficient were a nearly con­

stant high value in the spanwise direction. Thus, 
r,, mi the'erid-plates were found to be effective, as in
II the un-augmented condition.

^ ■ 4. 1 The lift coefficient of case-2 was less than that of 
"r- case-1, because in very close proximity to the 

' '■ grourid, the flow for case-2 has a large separation 
11 over the ground under the wing. This velocity 

• ' ' under the wirig was accelerated and as a result, 
' ' no high pressure region was found.
£ In future4 work, flow computation for a PAR-WIG 

vehicle with a fuselage and control surfaces will be



Numerical Study on the Aerodynamic Characteristics of a Three-Dimensional Power-Augmented Ram Wingin Ground Effect 39

performed with the compressibility effects and total 
aerodynamic characteristics of the full-scale vehicle 
will be examined.
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Numerical Simulation of a Bubble Flow by Modified Density Function Method

by Akihiro Kanai, Member Hideaki Miyata, Member

Summary

A new numerical simulation code is developed for elucidating the behavior of a bubble being based 
on the Navier-Stokes equation. The capturing of the interface between liquid and gas is implemented 
by the modified density function method significantly suppressing numerical diffusion in the rectangular 
coordinate system. The density function method, which eliminates the efforts of generating grids fitted 
to the interface, is shown to capture the complex 3-dimensional deformation of a bubble with sufficient 
degree of accuracy. Computational results of a rising bubble at high Reynolds number greater than 
1000 showed the unsteady motions such as those with zigzag or spiral trajectory and the various 
deformation of bubble shape like a spherical cap. It is also clarified that the unsteady motion is caused 
by the asymmetric formulation of longitudinal vortex behind the bubble. This code can be applied to 
the case of bubbles in a boundary layer to investigate the effects of bubbles on the boundary layer 
properties.
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Fig. 10 Time evolution of the vorticity component around the z-axis and the bubble deformation 
on the vertical plane through the volume center of a bubble for case 3. Contour interval is 0.5
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A Numerical Prediction with “DMDF” Model of Pack Ice Motion in the Okhotsk Sea

by Takatoshi Matsuzawa, Student Member, Hajime Yamaguchi, Member 
Chang Kyu Rheem, Member Shinsuke Suzuki
Hiroharu Kato, Member

Summary

The Distributed Mass/Discrete Floe model, DMDF model, is a new numerical model for pack ice 
motion computation. This model expresses the ice floe collision by dividing the pack ice into many ice 
floe bunches in which ice floes are distributed uniformly: thus it can express the discrete nature of force 
transmission between the floes and also can treat a larger number of floes than a discrete element 
approach. This paper applies the DMDF model to the computation of one-week pack ice motion in the 
Okhotsk Sea of February 1994, transferring a large amount of data from the Japan Meteorological 
Agency, and then discusses the characteristics of the model and ice motion in this particular sea area.

The main conclusions are:
(1) The DMDF model showed rigorous ice motion against the external forces such as wind and 

current.
(2) The ice motion is determined mainly by the wind, but the local behavior is strongly affected 

by the current.
(3) The interaction between the wind, ice and current is important, thus the coupled computation 

with the current is required to predict the ice motion more precisely.
(4) Since the direction of shearing force due to wind is different from the wind direction by the 

influence of Coriolis force due to the earth rotation, the computed ice motion agrees better with the 
observation when the shearing force direction is deviated in clockwise direction.

(5) The computed ice motion is compared with the buoy observation. The result showed fairly 
good agreement. It is recognized, however, that more accurate and detailed current data is necessary.
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At: Total ice area in a bunch
Ca : Friction coefficient between air and ice
Cd ■ Friction coefficient between air and water' | ! ; ' II
Ca ■ Friction coefficient between ice and water 
dt: Time step for the computation 
Ez : Eddy viscosity in the depth direction 
/: Coriolis parameter ,, , / - , ,,i.

Ft: Ice interaction force (internal stress) 
g : Acceleration of gravity t, ^
k : Unit vector in the depth direction 

Mt: Total ice mass in a bunch 
Nt: Number of floe rows in a bunch 
lit - Number of floe rows to collide in a bunch 
Va : Wind velocity
Vw: Water velocity - ‘ ' ' 1
» T . ‘ I 1 ^ ' !'■ ' 1 ' . ( I I ,rvt. Ice velocity
Mi ■ Ice/ice friction coefficient , , ,

V ■ Water surface elevation , ........
Pd Density of air , . ^
Pi: Density of ice.......................... ' - 1
Pa : Density of water
fa ■ Shear stress acting on a bunch due to the wind 
fa •_ Shear stress acting on a bunch due to the 

current
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Fig. 1 Introduction of Ice Bunch to Treat a Large 
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(a) Rectangle Roes

Fig. 2 Ice Internal Force Acting between Floes
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Table 1 Physical and Computational Parameters" 
for Calculation

I Density of Air: pa
. Density of Water: p„

Density of Ice: p,
Acceleration of Gravity: g 

' Coriolis Parameter: /

Friction Coefficient between ^
- the Air and Ice °

Riction Coefficient between > 
the Ice and Water 

Ice/Ice Friction Coefficient: Pi 
Ice/Shore Friction Coefficient: p,

Representative Length of Floe: Ih 
Number of Layers in the 

Depth Direction 
Eddy Viscosity in the ^ 

i ; Depth Direction ' '
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Fig. 6 Observed Ice Concentration on 8th February, 
1994
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Table 2 Cases of calculation

Current Floe Type Direction of Shear Force 
due to Wind Fig.No.

Interaction between 
the Wind, Ice 
and Current

rectangle
same as the wind Fig.8

22.5“ right 1 Fig.9
45° right Fig.10

No
Interaction

rectangle 22.5“ right Fig.ll
disk 22.5“ right Fig.12

Fig. 8 Calculated Ice Concentration on 8th February, 
1994; Rectanglar Floe Model. The direction of 
shearing force due to wind is the same as that of 
the wind.
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Fig. 7 Variation of Wind during 1 st and 8th February, 
1994
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Fig. 9 Calculated Ice Concentration on 8th February, 
1994; Rectanglar Floe Model. The direction of 
shearing force due to wind is deviated by 22.5° in 
clockwise direction from the wind.
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Fig. 10 Calculated Ice Concentration on 8th February, 
1994; Rectanglar Floe. The direction of shear­
ing force due to wind is deviated by 45° in 
clockwise direction from the wind.
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Fig. 11 Calculated Ice Concentration on 8th February, 
1994; Rectanglar Floe Model. Stationary Cur­
rent (No Interaction between Current, Ice and 
Wind), The direction of shearing force due to 

; wind is deviated by 22.5° in clockwise direction 
from the wind.

Fig. 12 Calculated Ice Concentration on 8th February, 
1994; Disk Floe Model. Stationary Current 

- (No Interaction between Current, Ice and 
Wind), The direction of shearing force due to 
wind is deviated by 22.5° in clockwise direction 
from the wind. _ , t
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A Stochastic Model for the Long-Term Prediction 
----- Application of the Model to Predicting Ship Responses-----

by Akiji Shinkai, Member Shuntao Wan, Student Member

Summary

This paper discusses the reconstruction on the algorithm of the long-term prediction by using a 
stochastic model.' The model is a rational long-term stochastic model for calculating the long-term 
statistics of sea waves which was proposed by G. A. Athanassoulis et al. On the basis of the same 
framework of treating the wave climate as a stochastic model, the algorithm for the long-term 
stochastic prediction of ship responses in ocean waves is examined and improved for the purpose of 
using the combination of some long-term wave frequency data which presented with some differences 
in data format. The long-term predictions of vertical acceleration induced on the bow of a container 
ship are executed for a few patterns of combination of wave data, and further investigations for 
reconstruction of the algorithm are discussed.
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Table 1 Principal dimensions of the container ship
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On Statistical Properties of Wave Amplitudes in Stormy Sea 
----- Effect of Short-crestedness-----

by Hirofumi Yoshimoto, Member

Summary

A method to estimate the statistical properties of non-linear short-crested irregular waves without 
any limitation regarding the directional spreading or the spectral band width is presented which is 
based on the secondary interaction theory of surface waves. It is shown that the statistical problem 
can be reduced to that of finding the eigenvalues and the eigenvectors of two real symmetric matrices 
and the probability density functions of surface elevation can be obtained using the so-called Saddle 
Points Method. Numerical investigations regarding the effect of shortcrestedness on the statistics of 
wave amplitudes are performed. And the method is also used to analyze full-scale data measured in 
stormy sea states and is shown to be a powerful tool for the estimation of the statistical properties of 
the directional sea.

i. m m

#;©#%?%%& & n a mm
^»c,

Longuet-
Higgins11 EJ;-p X^jbtltz„ Longuet-Higgins tt, iBSC© 

Rice ©mm"
S 5>C, Cartwright and 

Longuet-Higgins3’ it, @@©@@^#©E$%aMR© 
•—e©#, %e,©a*C3HT$<© 

m&Tte, #4©figa-m©A#
-mm

tbe>ft,z>kz.zk&-or^?>o
L*>L, Longuet-Higgins 6©^jSH, ##%©###

if, t 5 ttMkimmam-cit, m

E$sa
¥i£ 8 ^ 5 M 15, 16 0

6, ©f L,. EEti¥J§ 
Z:Xti 

fct, D±U3 k^TLbtiZhOXrh
D, LT@@©@±#kV <
%'< Longuet-Higgins 6©^^Tlf, %##©*(&

Zk-rzumz,
©%±E$K^L<»D,

C C 5 LfcP9E.SK:
#L, S#i6SS26IS¥SI!lE (Long-crested
Irregular Waves) t LT%f;HbL, $#2£© 2 ^C©## 
B66ESC$tDXnfc¥Sl&:S:5rV7£6>„ ^LT, Cilt 
gzSiS-egi-zffl§Il/czSSt-? KlSfflL, *%%#©%$

c t ##%©
bp*., fmcmwfcm# 

K©tfA/kms©#%Tma@fb%m#& t ©mmr& 
3. mn©J:5 K9zFg©iS^T*EiffldiL5iS#z6ti, Sz6
M& (Long-crestedWaves) < if£C$l$*5)s < "PUiLfc
“Ez&JM (Short-crested,Waves)” ZLlittSS
g $ *Siri^ e> ©pga-#*#% b-6-5 c k (##%©:% 
fl-ffcffi Cj:^r^U5b©k®$?StLTt>5o fc-C,

t*© ± a s *



70 - B39g&#&m38& mi79#

@*>6, ^ftEjitf caseTl T,(4, %<Dfofr
tiESmigtbT/hSv^s, s.Z 5 E,;%#

m#©m%-rm, 1 #©#
-y-©*tiL^i6©t$t$ 1/2 © JHERt/ifeg-eSE-fb L T t >
So -

iftESl, case-2 TB, M<DI&fttZ
zSP©tf-^#iSm %g©#Br@k»9„ case-1 k 
^©ElRlf^rTo SSE, Sl©68S-@Mi!)tt case-1 Eib'* 
T/J\S < «»%**, S©^©SEib*^S < *
9, MtbTii, l5]-^l=l©iS^-k8Sk'E-fbtii&v^

s©aa-« i ^©*-y-
©*@^#©B I? l/2 %gr^# L "U3 9, case-1 k#?< 

AgS#W£ijrf0Fig. 2 -CS&fCfei 5 E, J& 
cittrS-S-ctt, ^©^ttit[R]§©2o 

<Dr&WC'<? tfrOMk*9, #©^©RRj± 1 %©^a-

Table 1 Simulation condition of surface elevation

case-1 case-2
wave-1 wave-2 wave-1 wave-2

h (m) 300 300 300 ' 300
(Oj. (rad. /sec) 0.6823 1 0.7235 0.6823 0.7235

su ' 0 0 0 0
5, (deg.) 0 0 180 0
2 Au (m) 5.0 5.0 ! 5.0 5.0

case -1.

0, 20 40 - 60 " 80

time (sec.)

case - 2-

time (sec.)

&©RS%j:9:*:S<&&. t©&&,
©^&©MiS^©mr&s E © E# L, sr5toctt2o 
©WK^^ b;>©m%#©%©^#k^So 

§ 6 c, Fig. 4 s, 2 %©m&m©m#a&#/<a%&
E, (16)aT#^.e,flS 2%©###mm&l&@rM&©@

t> ©rSSoMtt, Fig. 3
REOWCfroT^D, 0©##E 1 ^©^^©SfiA 

(Om.M=di-en QTF, kSTo /M=0° 4? case-1,
210=180°*?case-2 EtSSrS) SkoTHS, Hfn6>;b 
»>S <k 5 E, iS@M%©# A E* L # < Sg-fbL, 
210=0° k 2)0=180° (Dm^T\Z± < ^©/S^tt^STc 
£tiJ: 9, case-1 k case-2 © 2 #©##&©##%#© 
ffliEtt, fS^KIiSj® E#f S (5@#*©gEib E J: 9
%CTHSCk*%^So . -

si ^iRia-m@^#mu

c 8Ttt, m 2 #-C#6&4SK#F#HUK©t ft> 
kE, s.

3.1 , . (,
(16) 5%&, %©j:9»#EE%»So '

?=Re2s;((?;+z>,)

+ReSuSs/S/{fftt’(?/+!r/)(?/+ir/)+fli‘,(?/+ir/)(?;-ir;))

case -1 -

0 200 400 600 800

x(m)

case - 2

, 800

(a) time domain 1 ■ (b) • space domain

Fig. 3 Simulation of surface elevations with 2nd order effect.----- sum frequency component.
----- difference frequency component........results with total 2nd order effect



71

A0 $i dn (deg.)

Fig. 4 Behavior of bi-directional quadratic transfer 
function having, eii=0.6823(rad/sce),- <u2= 
0.7235(rad/sec) and /z=300m. G(+>: sum fre­
quency component. G(_): difference frequency 
component

si=Au, S2—An,—, sl=Auh (L=MxN) 
<7i=cos(Ai), 92=cos((*i2), —, qi=cos{<p,.m) 
n=sin(^n), r2=sin(^i2), •••, rt=sin((Jww)
HlP=-^, ^)=-5|U (ig)

zee, 1 %©^--y-©*@a rU)
&6If, q„ r,
5o '

S[9/]=S[r/]=0

S[W/]=S[w;]=y

S[»/r/]=0, £[?;?/]=0, £[wv]=0 (/¥=/) (19) 
Langley'2’ E* 6 w, (18)^©^ Sr k V %<D£ 5 =5rv h 
V 3.

?=s'g+9‘[fl,(-’+fl<+’]g+r,[fl(-,-SrW]r (20)
C u.K, s, g, r B «#§©£?£)• k LT s„, g„, nitfe-p 

b;Ks' tifr^ hA-), «wf0©^t
lt Hkf *h-ommft¥\-ehz><,

(20)S©6@S2^k 3^EAWT, 1 g=P.g,
p'=P2p Sfr5= P„ P2 k LX, H‘~>+HM, H'-'-H™

L7(-’+Lf<+), flr(-,-/r+’©@wfiA,
Afm A,, A2 C k&T& 3,3>„

g'[fl<-’+Sr(+>]g=(Pl‘g)'A,(Pl'g) 
r,[fl(-,-H(+’]r=(P2'g)%(P2‘g) (21)

Pi'g © jf&frt(Pi‘qh kSEk-U 
Xj=(P,‘q)j 0‘=1, •■■. L)
XMP^j-l 0"=L+1,-,2L)

ku (i9)^©ia®6fijfflrntf,em(2i)^ajg©2%
sa-est-e-So

?=Jj&=Ji&X2+W

CCT
A=(Pi's)J-, A,=(Ai)j, 7=1, —,L
A=0, A,=(A2)j, y=L+l, —, 2L (22)

£ C E, (A,),- A, © j mSOMnWm^kb-toKac
and Siegert14’ E jcA.B(22)aT&$A.A C ©####
M(d) b,

M(*)=&jL-iW*~vfSSir (23)

k*5o(23)a© FouriergmtfM ikCi t), £©#$
B#&& = k*^C@ 3.

P(0=j^J2e-i3:M(d)dd (24)

3,2 KM&
ESl&EB, *@ma©#3##gEM%K(24)^©##KI 

%© Fourier6^03 C k»?T§5^, %FSCtt, 
(24)aB@*?*E#&& C k B*%E@L < "’,
5 v AilEESto&EiS ■-> £* 3t#»w©A##T&3. 3. 
A.&T©kC3, Ra©Bwj@BkLTB, Kato and 
Kinoshita15’ Ei&jf Naess and
Jhonsen16’ E i 3RABtmw7k#B» k**^^§:A,T w

BABB, A.Tw 3 M&©mam»j. 5
$w&a&©K, %ak#ims#^©A©)a#KAB3 
KSI^MR©j.3 * W55. (24)at

f{K,z)=- ^+z{-ylog(l-^) + 4(fiJ,)}

(25)
T#x.5>fL5o z=h+zv k LT, f{£,z)=<p(u, v)+i<l>(,u, 
v) kA<„ US, g^BZ-EBoT V>(m, t>)=-^k*5 
J: ? E -T 5 k, L ©#m^l»l t rk fit# (#/3r)i=0 T 
S5o £fc, LEi&'st, p ;&* Zs"CEEC^oTVifck-f* 
3 k (3(6/9r)z,=0 T$>5o l^t, [d(p+ zW/dr]z,=[3/(Zf, 
z)/3r]z,=0 k%3. C©%A:%Ak#BA.3. S6C, 
Re/(£, z) ©4gEl*?j51 (steepest descent)
^(m, y)= —S©27,|r1 C :& 5 ^ 6>, S3^-E& t steepest 
descent Cfcitlf, @M^©3#B, zsfrb<?>
ckcas.

§T, (25)aCAWT, /(?,z*)=/(r,z)* kW^M##
*%$3©T, 9, (dp(M, 0)/5m)=0, BP%,



72 #179#

$#< iltKJ;-3t$J!)So Naess and Jhonsen'f It stee­
pest descent Rgg*&m$K#Rp-CHS E b^MmU 
frbmS.LXisy, Ztuzm-^X, steepest
descent EStoC, ^©EieS^S
fir5 EktE4-oT (24) S tiffi^toCWE-f- 5 Eb A?TS'
■So -

*>(e)=Re^r^dv 1,1 ■' (27)

5rj=, ^6g©ltfft4,:(26)Sl4-S-S-ttS»d £#‘\

So * 1 I
^■,M^ , ,
m±5B^7£#SK3So*S, temm.

RKt4, %AKx-t^ h )og#^.s& 
g*;&$o EE-C14, ##©7k»lc^l=l^%M|R**a&R 
tS#L»vi6©kUT, :'

S(f,8)=S(J)-G(8) ;; (28)
frequency

i ; ;e s(/) t4ki&isrx'^ >;v,
G(6) ti^lRl^iMIlScTS O, SiSiSrx^^ h;W; b'T%
© Modefied-JONSWAP X K^181, '

: ' '• ' : ,t
:sW=o:l73f%)^^g")z4-W

' EEV- ■-'■■: A , E\: -
F=1.323-0.414r+0.105r2-0.015r3+0.001rV :
<7=0.07-/<:/p, <7=0.09-/>/p- v ,: , (29)

' GO)
E E K, 7f„3 14##W, fP 1417 14 peak, 

enhancement parameter, s 142j[Sj$ltfv?7^ — & (4
±:mSrr&So Fig. 5 h ;p k

(29)l&THm=llm, fp=0.053/fe, 
7=1.0, (30)SCfc'V^T 3=200/75, 10 k bfcgST&So 
##&?E 3=75, 10 kt^#14, £B3E4 5 vteVRtf 
M^©^696®5> k"SfVtt>5o ‘: ;

Fig: 614, Fig. 5 ©Hi&^X^A b ;v k
bkc, *m?om ku*F#©*@m#©m$#aWM
^S»4cE5ITS 3„ S i K, Fig. 7 kt Fig: 6 @*tiEl)©'
B^sisWB^b, Ui#©#(@©@±# k##J©#m©@

Sr 200

direction
ig. 5' Frequency wave spectra and directional "func­

tion for numerical simulation ,

£[S„] (Appendix-A #i® =&$&%E • Fig. 6 4 5,2 %©####%% 5 A4tfeES14, Gauss
$T$.5,7ic@#g#©W@m <re#*mbbtUso' it ^Kjt^ui#j©A§ < & 5,
E14, ##m# k b T, Fig. 6 E Gaus4Fig. 7 K 3»K, ^©*@^#©*±###4'* < toT^SE k 
Longuet-Higgins 1E4 SE$*>, S6C2 '-kOf&fr kbT *?*?>S„S^©E kFig.7 K^-@@©@#©a
%©^©»%#l8b4:E#t#bT^S. ’ • £[Wff] 14,_Fig. 6 C5trE^SSM^©(® 19 £
#4 5%©E):A%A^So ' ' ‘ U;':) R%b7415,2%©####&%5 A4l4:E*14, iMlk

' ' ''11 ' - ' " @@'j©m@©#%##e@@#E#b-c^so:



73

Gauss rith sum

with sum

\/<7

Fig. 6 Probability density function of surface elevation 
for input directional wave spectra, ’with sum’: 
results when the difference frequency compo­
nents are omitted, ’total’: results with total 2nd 
order effect
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Fig. 10 Input directional wave spectra
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Table 2 Characteristic values for the analyzed data

r80202 r81214

data lenght(h) 13.5 13.5
number of ^ A/ 5362 5513

3.08 2.17

*1: standard deviation of surface elevation
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N

Fig. 11 Expected values and mean values of the largest, 
wave amplitude of crest in N observation
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Summary
Capsizing experiments were carried out for both models of container ship and purse seiner running 

in regular and irregular astern seas. Dangerous situations in ship speed and heading angle of ship to 
waves are experimentally and analytically investigated for the phenomena which are the so-called 
harmonic and parametric resonance, pure loss of stability, surf-riding and broaching-to. An analytical 
approach was attempted to investigate profoundly the dynamics of ship motions and capsizing in severe 
astern seas. The results of the analytical, approach by making use of computer program are in a good 
agreement with experiments.

1. Introduction

The safety against capsizing are concerned with the 
stability criteria when designing a ship, the operation of 
ship in severe seas and the probability to come across 
dangerous situation leading to capsize. Then, the occur­
rence of capsizing may be affected by a wide variety of 
causes. The hydrostatic righting arm curve for a 
smooth water seems to be still the fundamental base to 
judge the safety against capsize. Even though such 
traditional methods have apparently been successful in 
ensuring adequate stability of conventional ships, it is 
expected to establish a new basis to understanding the 
dynamics of dangerous situations associated with the 
operation of ships in severe seas. It is furthermore 
expected to relate the dynamics of ship capsize to the 
geometrical characteristics at the design stage and 
operational characteristics at sea. Several dangerous 
situations such as harmonic resonance, parametric reso­
nance, pure loss of stability, surf-riding and broaching- 
to have already been pointed out as mentioned in the 
first report5’. These phenomena exist in the heading 
angle from astern to beam seas and in the low encoun­
ter frequency range with severe motion both of ship and 
waves.

* Osaka University.
** Graduate School, Osaka University.

*** Nihon University
**** Ship Research Institute

Received 10th Jan. 1996
Read at the Spring meeting 15,16th May 1996

' The main problems here are how to describe and to 
solve the equations of motion involved in such phenom­
ena because the ship motion leading to capsizing are 
very complicated in the non-linear coupling motion of 
six-degrees of freedom. For this purpose, it will be 
reasonable to make the assumption that ’a complete 
description of ship motion is not attainable, but an 
acceptable simplification of the problem is useful to 
understand a typical feature of phenomena. There are 
two important considerations to be taken into account 
for this problem. The first is the fiuctuatioirof righting 
arm-in severe-seas which affects very sensitively on a 
amplitudes of roll. The second is the encounter fre­
quency of the ship to waves which becomes much smal­
ler than the natural frequency in heave and pitcti, so 
that these motions can be approximated to just tracing 
their static equilibria. Accordingly, this approximation 
enables us the heel, sinkage,"and trim relating to the 
righting arm to be determined based on their static 
balance as the ship is -travelling- in--waves. By 
simplification the righting arm curves for the relative 
position of ship to a wave was estimated and the equa­
tion of rolling" motion of ship running with-constant 
speed in severe astern -seas -was described,-so that it 
becomes possible to obtain a typical feature of har­
monic and parametric resonance from the numerical 
solutions of equation91 The pure loss of stability seems 
to be a limiting case to occur at the ship speed close to 
the waye phase velocity -in waves where the ship 
remains almost stationary on the crest for a sufficient 
time leading to capsizing. The surf-riding phenomena 
is one of the dangerous situation leading to the broach­
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ing-to. The ship is accelerated by the wave excitation 
in the forward direction and travels on the down slope 
of a wave. If the ship is unstable to course-keeping i% 
this situation; the ship is forced to swing through almost' f 
90 degrees from a following to beam seas and unable to , 
regain it original course.

In order to investigate these dangerous situations, 
free running model experiments of capsize in astern 
seas have been conducted ,at ,the.,seakeeping and 
manoeuvring basin of the National Research Institute 
of Fisheries Engineering in 1994s’ and the square basin 
of the Ship ‘Research Institute in 1995." ' This' second 
paper mainly ,deals with the model experiment conduct­
ed in 1995.

2. Model Experiments

Model experiments were carried out in the several 
combinations of heading angle of model to, waves and 
the speed of,model in regular and irregular seas. (The , 
models run at the speeds corresponding to each Froude 
number of 0.1, 0.2, 0.25, 0.3 and 0.4 for the container 1 
ship model and 0.2; 0.25, 0.3, 0.4 and 0.5 for the purse " 
seiner model in still water, respectively. Both models 
are controlled with the auto-pilot to keep the heading 
angle of the model to the waves equal to 0,15,30 and 45 
degrees.; The metacentric heights of each model corre­
spond to 0.15 m and 0.23 m in the full scale container 
ship and 0.75m in the full scale purse seiner. , ,
Model particulars |.fI, , .

Two models were used for the,experiments. One is an 
1/60 scale model of a 15 000 GT container ship ,designed 
by the Cooperative Association of Japan, Shipbuilders,

another one is an 1/15 scale model of typical 135 GT 
purse seiner which was designed with the current 
Japanese regulation of hshing vessels and is operating 
in the East China Sea., The metacentric heights were 
adjusted-to satisfy the minimum requirement according 
to the IMO Resolution A. 167 for the container ship and 
IMO Resolution A. 685 with 19 m/s of wind velocity for 
the purse seiner, respectively. Their principal dimen­
sions-are presented in Table 1 andjTable 2. Figure 1 
and Fig. 2 show the righting arm curves in still water

'A .

X=0 [deg.f
A/L=1.5

50 [deg.]

-I i : ■ • IK' ' ... . : : V I ■ ' i Jf'l
Table 1 Principal dimensions of container ship

f i l .1,1 i I I I 1 I . I r , ' 1 , 1 1 , I ‘ 1 1

Items Ship Model
Length , L(m) , 150.0 2.5
Breadth. B(m) 27,2; 0.453,
Depth i D(m) . . 13,5 0.225,
Draft j d/( m) 8.50 . > 0.142 ,

da(m) 8.50 0.142
Block Coef. c». ' 0.667 ’ 0.667
Model Scale T 1/60

,, ..Table.2 -Principal dimensions of purse,seiner ,

Items Ship Model
Length - L(m) 34.5,, . 2.3
Breadth ,B(m), 7.6„, 0.507
Depth D(m) i 3.07 0.205
Draft ; d/(m) 2.50 0.167

da(m) 2.80 ! 10.187
Block" Coef.1 Cb ■' 0:605 '0.605
Model Scale —'' 1/15

Fig.l Body plan and GZ curves of container ship

—
GZ [m] ;V

r—i
GM=0.75 [m]
V =H FHonl

tro lg'ty i A/L—1.5 
H/A=1/' 5

r.j t ’ r ^ "X ' , I , i 1
T-s;

still

J, \ 0 1
0

st 20 '40
' I '

deg.]

.Fig..2 Body"plan and GZ curves of purse seiner
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and in waves where the wave crest or trough comes 
amidships of the container ship and purse seiner, respec­
tively, The models were propelled with D. C. motor 
whose power was supplied by batteries on board and 
steered by auto-pilot. The power of the motor has been 
increased from the model experiments in 1994 
mentioned in the first report, to achieve higher speed to 
investigate the surf-riding and broaching-to phenom­
ena. Roll, pitch and yaw angles and their angular 
velocities were detected by fiber optical gyroscope. 
Accelerations of surge, heave and sway were measured 
by accelerometers. These measured signals were recor­
ded on board computer in a digital form. To store the 
equipment, additional watertight hatches were fitted on 
the upper deck. Figure 3 shows the outline of the radio 
control and measuring system.
Wave Characteristics

In the experiments, regular and irregular waves were 
used as shown in Table 3. For generating irregular 
waves, the ITTC spectrum (1978) was used as follows

where a> is the frequency of component waves, Hm the 
significant wave height and Tm the mean wave period.

The significant wave height and mean wave period 
were of Beaufort No. 6 and No. 7 for the purse seiner 
and No. 12 for the container ship, respectively as same 
as the experiments in 1994. Figure 4 and Fig. 5 stand for 
the wave spectrum of Beaufort No. 6 and No. 7 in 
comparison with those of the waves generated by the 
wave maker. The wave spectrum of Beaufort No. 6 for

purse seiner is the same as that of Beaufort No. 12 for 
container ship in the model scale. The generated wave 
profiles were measured during 200 sec. in model scale. 
In these Figures, it is shown that the measured spectrum 
is slightly higher than the specified one at the peak 
frequency. In addition, both models were also run in 
regular waves of wave height to length ratio 7f/A=l/25 
and wave to ship length ratio A/L=1.5 for the container 
ship, and H/A=l/15,1/17.25, A/L=1.5 for the purse 
seiner.
Experimental Results

A number of runs were performed.with various ship

Table 3 Wave conditions of the experiments 
(ship scale)

purse seiner container ship

regular
waves

H(m)=3.45
T(sec)=5.77

Vb=13

H(m)=9.0 
T(sec)=11.9 

VL=13 '

H(m)=3.00
T(sec)=5.77

X/L=1.5

irregular
waves

Beaufort No.6
Hm(m)=3.44
Toi(sec)=5.72

Beaufort No. 12
Hia(m)=13.7
Toi(sec)=11.4

Beaufort No.7
Hm(m)=4.02
Toi(sec)=6.64

On board equipments

Fig. 3 Outline of radio control system

• % n-
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, Fig. 6 Time histories of parametric, resonance of 
container model , • ■ ,, -

1 (Fm=0,2, x=30°; GM=0.15 m.B.No. 12)

10 r Pitch angle [deg.]
o,aA^aA^—

V % :

60 Roll angle [deg.]

[sec.] 
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---------- 10" -------15
oi (rad/sec).

Fig. 5 1 Wave spectrum-for-purse seiner model------

speed and heading "angle | in long crested irregular^ 
waves. ’ The models started to meet a higher wave 
group. If was observed-that "severe motions, unstable 
behaviors and capsizing of the models almost happened 
when the-models encountered aj wave group which 
consists of several especially-steep -waves-as -like as - 
regular waves. Theprobability: of capsizing then seems 
to relate to the probability of the model encountering a 
wave group having the necessary characteristics which 
may cause capsizing*’. - \ r

A remarkable difference was measured between the 
two models on the occurrence of parametric resonance. 
During the experiments,- it-was observed that the con­
tainer ship model experienced parametric resonance at 
the wave encounter period to natural rolling ^period 
ratio TelTp—\lt as shown in Fig. 6, while i the purse 
seiner model did not experience parametric resonance 
at any wave encounter period. The purse seiner model 
travelled with the coupled motions of severe rolling and 
yawing like a snaking walk as presented in Fig. 7.

[sec.]
",

-60
70 r Yaw angle [deg.]

V
angle Ldeg,

30,

-10
40 r Rudder angle [deg.] 

-401 ; _

60

[sec.]
■+■------d

60

[sec.]
4——d

60

Fig. 7 - Time histories of coupling motion of 
rolling-yawing of purse seiner model 

~ (Fw=0.5,2=30°, GM=0.75 m, B. No. 7)

Figure 8-presents the time histories of surf-riding phe­
nomena. The results of capsized and surf-riding runs 
are presented in Fig. 9-arid Fig. 10 compared with the 
dangerous zones indicated by the IMO guidance 1995"".

3. Equations of-Motion for Numerical 
Simulation

This.section attempts an analytical approach to non 
- ^linear dynamics of ship motions and capsizing in 

severe astern seas. For this approach, the horizontal 
body axes coordinate system as shown in Fig. 11 is used
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10 Pitch angle [deg.]
°,

-10
-lo­ go

60 r Roll angle [deg.]
°.

-60
40

0,

A- ir
r Yaw angle [deg.]

20

W 20
-401
40 r Rudder angle [deg.]

",

-40
—L-1 2b

Fig. 8 Time histories of surf-riding of purse seiner
model in regular waves 

(Fn=0.4, 2=0°, GM=0.75 m, H/A=1/17.25)

v=n°

Not capsized case

Fig. 9 Capsized and not capsized runs plotted with 
dangerous zone of IMO guidance

'7?

Fig. 11 Coordinate System

for describing equations of motion in a reasonable 
combination of manoeuvering and seakeeping motions. 
This coordinate system is defined to take rotation about 
the Y axis, and no( rotations about the y' and x' axes, 
but a ship can make a rotation about y’ and x' axes. 
The equations of motion with respect to this coordinate 
system are described in the following six-degrees of 
freedom, 1 -
for translational motions and forces ■ >

(,m+mx)U—{m+mB)Vii’=X'
(;m-\-m„)V+{m+mx)U4>=Y' (2)
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(m+mz) W = mg+Z'for rotational, motions and 
moments ’ :

(Ixx+Jxx) <j> — (Iyy&Jyy) — nlz) WV=K1
(lyy+Jyy) 6 + (Ixx+Jxx) 4>j—{mz — nix) UW — M' 
(Izz+Jzz) tny) UV=N' (3)

where m is the ship mass.Wz, Wy'and mz are the added 
mass with respect to the x, y and z axes, U, V and W 
the velocities along the x\ y' and z' axes, and <j>, 6 and 

<i> the angular velocities about the x', y' and z' axes. 
Equations of motion for roll, heave and pitch 

For simplification, assuming that the ship is running 
with constant speed- and constant heading angle to 
waves, the sway and i yaw ^angular velocities can be 
equal to zero, i. e. V=0 arid <P = Or From Eq. (2) and Eq.
(3) the equations of motion for three-degrees of free­
dom are given by, . - -

(/zx+/zx)f=/r o -i ,
(m+ mz) W=mg+Z' (4 )
(Iyy+Jyy) 8 —{mz—mx) UW=M'

The interesting point here is, the rolling motion and 
capsizing which is closely related to the righting arm 
curve and the roll damping1 coefficient. On the other 
hand, the heave and pitch motions can be approximated 
to just tracing their static equilibria since the encounter 
frequency of the ship to waves becomes much smaller 
than the natural frequency in these motions61. Accord­
ing to such a simplified approximation, the major forces 
acting on the immersed ship hull in regular waves as 

£,=<2cos A[|o+:rLcosx~(c— Ucosx)f] (5) 
can be evaluated on the basis of Froude-Kryldv hypoth­
esis as follows-' " s' , ,

K'=—K$4>—pgj^[ys(a:)cos <}>—zb(x)sin <f>\A(.x)dx

—pgsin. xJlIzb(x)cos <f>+yB(x)sm &\F(x)A(x)

Xsin k[$o+x cos x—(c— U cos x)t]dx (6) 
Z'+mg=pgf^A(x)dx+pgf^F(x)A(x)cos k 

’ x [fo+x cos x ~(c— U cos x)t\dx
M’= pgJ^xA(x)dx+pgj^xF(x)A(x)cos k|

x[|o+zcos%—(c—B cos%)f]rik ! 
where p is the fluid density, g the gravitational accelera­
tion, t time, x heading angle of ship to waves, A(x) the 
instantaneous immersed sectional area which is also a 
function of heave £c and pitch 6, yB{x) and zB{x) the 
center of buoyancy of sectional area, wave number k, 
phase velocity c, |c relative position of ship running 
with speed [/ and heading angle x in regular waves arid 
F(x) pressure gradient on ship with headirig angle x in 
regular waves of amplitude a as

. \,B{x) - T !l " sin g - ; , n I sin X . - . . IBWT A................(7)f
k—Seisin x

i i ’ tiii iif i* • i,'‘ / •'

Substituting the first equation in Eq.(6)into first equa­
tion in Eq. (4), then-equation of motion can be written 
as - >

(10)

(11)

=(-^-) [A0 sin (Oct —Bo cos o)ei\ sin % (8)

where ac is the equivalent extinction coefficient, T# the 
natural rolling period of ship which is equal to 
2W(;Ii+Jx)/pgmGM, CM is the metacentric height, (oe 
the, encounter frequency equal to k\c— U cos x\, the 
righting arm GZ, the coefficients Ao and Bo- are de­
scribed respectively as follows

, - GZ($£)=-^-jf[yn(x)cos <j>—zB{x)sin <j>]A(x)dx
1 ' ' (9)

A°= mQM Jl 0+ysWsin <j>]

1 X F(x)A(x)cos kUo+x cos x)dx

Bo= k«(^)c°s 0+ye(a:)sin <j>]

xF(x)A(x)sin k(fo+x cos x)dx, 
and |o is the initial , position of ship at t=0 defined by |c 
=|o+ Ut cos x-

The immersed sectional area A(x) can approximate­
ly be obtained from the static balance with respect to 
the hydrostatic pressure on the instantaneous immersed 
ship hull in Eq.(6). Hence, the equation of static 
balance are written as follows*

pg j^A(x)dx+Ho cos aiet+Io sin coet=mg (12)

pgJLxA{x)dx+Jo cos (oJ+Ka sin a>et=0 (13)

where the coefficients Bo, h, Jo and Ko could be calcu­
lated as

Ho=pgfF(x)A{x)cos k(£o+x cos x)dx

Io~ Pg fLF(x)A{x)sin k(£o+x cos x)dx ’

J°—P9 fLxF(x)A(x)cos k(£o+x cos x)dx

Ko=pg;JxF{x)A{x)sm. k(£o+x cos x)dx

In the same way, it is possible to describe the equa­
tion of motion in irregular astern seas81 given by the 
sum of sinusoidal waves yielding wave profile Kw as

?»= 2 Cn cos[-~(lo+x cos x)
«=i L 9
— (y (On U COS ‘xjt'+ 6nJ

where N is the number of component waves, (on the 
circular frequency, 6, the random phase angle, and Cn the 
amplitude of the %-th component waves which are 
given by the wave spectrum S(<y) of ITTC 1978, Eq. 
(1). After some mathematical manipulations in details, 
the equation "of rolling .motion can be written in the 
following form . - , ' V

‘. -

sin-(tun~T'c/ cos x)1

' —Bn cos(cy„—y"U cos x)f]sin x

(14)

(15)

(16)
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where the coefficients An, Bn calculated as 
An='mQi^JL [%WcoS ^+%Wsin (6]

XA(z)Fn(a:)cos^-^(5)+x cos z)+&j</z 
Bn= mQj^ fL^x')C0S 4‘+!/b(,x)sin $]

X A(z)F,Wsin^-^(fo+z cos

(OnFn(x)=Cn~ exp|
-^■B(z)sin %

(17)
The immersed sectional area A{x) in Eq. (17) can 
approximately be calculated from the static balance 
with respect to the hydrostatic pressure on the instanta­
neous immersed ship hull in Eq. (12) and Eq. (13). The 
equation of static balance are as presented by

+/,,sin((yB—Qj-U cos x)t^=mg (18)

pg jixA{x)dx+pg2^/b cos^cv„—cos zjl 

+Iin sin^B—^j-Ucos z)<]=0 f (19)

where the coefficients Hn, In, Jn and Kn could be calcu­
lated as

Hn=fLA(x)F„(x)cos[-tjjL(£o+x cos %)+&,]&

In= JLA(Lx)Fn(x)sm^^-(£o+X COS x) + £njdx 

Jn=fLxA(.x)F„(x)cos^A^(£0+x COS %)+e^dx

Kn=JlxA(x)F„{x) sin|^-^K|o+z cos

Equations of motion for surge, sway and yaw 
The surf-riding and broaching-to phenomena are 

frequently observed to occur without capsizing but with 
the total loss of directional stability and control. These 
phenomena happen when the model runs in astern seas 
of wave length comparatively longer than the model 
length, so that the fluctuation and loss of transverse 
stability will not be significant. The equations of 
motion of six-degrees of freedom may approximately 
be reduced to the coupled motions of surge, sway and 
yaw as below

(tn+-mx)U—(,m+my)V^
=r{l-t)-X(U, V, <P, d)+X„(z)

(7)iJrmy)V Jr{m + mx)t/(6 = T (V, (h, 3)4- y%,(%) 
(&,+/.) 9=N( V, 9, S)+Nn,(x) (21)
where T is propeller thrust, t thrust deduction factor, 
X( U, V, <i>, S) hydrodynamic surge force correlating to 
forward, sway velocities, yaw rate, and rudder angle, 
Xv>(x), Yu,{x) and Nw(x) denotes linearized wave excit­
ing surge force, sway force and yaw moment, respec­
tively, Y(V, (6, S) and N(V,<i,8) including Munk

moment (mx—my')UV stand for linearized 
hydrodynamic sway force and yaw moment due to sway 
velocity, yaw rate and rudder angle.

4. Examples of Numerical Simulation

Several examples of motions simulated by the time 
domain computation are -presented in this section in 
comparison with experimental results. Simulations 
have been conducted at the scale of the models used for 
the experiment. First of all, free rolling experiments in 
still water were conducted to obtain the equivalent 
extinction coefficient ae. The time history of free roll 
experiments is presented in Fig. 12 compared with simu­
lation result calculated from the linear equation of

(22)

Eq.(8)and Eq.(16)are used for the simulations of har­
monic resonance, parametric resonance, and pure loss 
of stability, and Eq.(21)was used for the simulations of 
surf-riding and broaching-to. A standard numerical 
procedure is employed to integrate the equations of 
motion leading to a step-by-step approximation of ship 
motion61.
Harmonic resonance

The first example is the harmonic resonance occurred 
for the container ship model running with heading angle 
30 degrees and Froude number 0.4 in regular waves of 
the wave height to length ratio fl/A=l/25. The pitch 
and roll responses are presented in Fig. 13 compared 
with the experimental results at the initial roll angle 
equal to zero. The pitch response may be used to know 
the relative position of ship to a wave and the wave 
encounter period. The second example is for the purse 
seiner model running with heading angle 45 degrees and 
Froude number 0.4 in regular waves of the wave height 
to length ratio H/A=1/17.25. The pitch and roll 
responses are presented in Fig. 14 compared with the

container model(GM = 0.15m) 

Experiment ° Simulation —
Roll angle [deg.]

purse seiner model(GM = 0.75m)
Experiment ° . Simulation
kRoll angle [deg.]

Fig. 12 Time history of free rolling experiments
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Experiment .=. Simulation

60
' 1
... 0,

-60

. Pitch angle [deg.]1
% /ft ' '' [sec.]

^ 20

-Roll angle . [deg.] , ...
. [sec.]

20

Experiment ° Simulation
10 r Pitch angle [deg.]

[sec.]

-Roll angle [deg.]

, Fig. 13 Harmonic resonance of container model in 
i , regular waves • -

, (Fh=0.4, z=30°, GM—0.15 m, H/A=l/25)

' 11 -

experimental results. In these examples,, the severe 
rolling occurred at the wave encounter period nearly 
equal to the natural tolling period, and the models also 
capsized when the wave crest overtook from astern. 
Harmonic resonance for both models running in irregu­
lar seas do not occurs because the wave encounter. i i , ■, i - i i ii hi iperiod in random.
Parametric resonance

The third example is the parametric resonance of 
container ship model running with heading angle 15 
degrees and Froude number 0.2 in regular waves of the 
wave height to length ratio H//1=1/25. The pitch arid 
roll responses are presented in Fig. 15 compared with 
^e experimental results at the initial roll angle equal to 
zero. In this example the severe rolling occurred at 
twice the wave encounter period and the roll amplitude 
grew up rapidly11,21 The first roll to port side with 
amplitude about 10 degrees, and' the last; roll to star­
board side about 50 degrees. Eventually, ttie model

i (i 1 j ' 1 • 'i ;■ ) . , , > l . 1 - "i "W 1
capsizes to port side. _

The fourth example is the case of container model 
running in irregular following seas of significant wave 
height Hi/3=13.7 m, mean wave period Tin=11.4 sec. 
and Froude number 0.1. The pitch and roll angles are 
presented in Fig. 16 in comparison between experimen- 
tal and computed results. It is noted that pitch angle is 
different from simulation but roll amplitude is almost 
the same. It is difficult for the simulation to identify the 
irregular- wave profile used for experiment. In this 
example, the severe.Tolling occurs at the wave encounter 
to the natural rolling period ratio nearly equal to 1/2, 
and the model capsizes when the wave crest over­
takes from astern..

Parametric Tesonance- for purse" seiner running in 
regular and irregular waves did not occur. Shortly 
speaking, as the GZ curve of the container ship has a 
hardening spring nature, with ah even small 
metacentric height which satisfies the stability criteria 
at the very limit, especially the indices for area of the 
GZ curve. As a result, the natural roll period can be so 
significantly large as to induce parametric resonance. 
On the contrary, as the GZ curve of the purse seiner has

Fig. 14 Harmonic resonance of purse seiner model in 
v 1 - regular waves

n - |" (Fn=0.4,2=45°, GM=0.75 m, H/2=l/15)

,. ' Experiment , f> , Simulation 
10 Pitch angle [deg.]

0 ArV>
“10*- i i - i,
60 r Roll angle [deg,]

[sec.]
2b

[sec.]
2b

Fig. 15 Parametric resonance of container model in 
regular waves ,

' (Fm=0.2, 2=15°, GM=0.15 m, H/A=l/25)

10 Pitch angle [deg.] Experiment 
[sec.]

II
-10 l
60 r Roll angle [deg.]

20

U “l”
-60L i i ■ - ......

. 11 i ii. . 'iii.'1..
10 Pitch angle [deg.]

0.

Simulation

20
~10

1 6drR°H angle [deg.]

.Fig! 16 Parametric resonance of container model in 
irregular waves

, (Fm=0.1, x—0°, GM=0.i5 m, B. No. 12)

a softening spring nature, her metacentric height should 
be,large to satisfy the IMO criteria A. 685.. As a result, 
the natural roll period is too small to induce parametric
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resonance in astern seas.
Pure loss of stability

The fifth example is the case of pure loss of stability 
for purse seiner model running in irregular sea of 
significant wave height #1,3=0.272 m, mean wave 
period 7oi=1.60 sec., heading angle 30 degrees and 
Froude number 0.4. The pitch and roll angles are 
presented in Fig. 17 compared with the experimental 
results. Because of the high speed, the model capsizes 
when the wave crest moves into amidships position3’. 
Surf-riding

The critical speed Identic for surf-riding of a ship can 
be estimated from the equation proposed by Kan3’ as 
follows

UamcoBX=c[l-JF‘™X] (23)

where Fa is amplitude of wave exciting surge force 
described by

' xsin^^sh#^- (24)

and L, B, d, Cp and C„ are the length, breadth, draft, 
prismatic and midship coefficient of the ship.

The critical speed estimated from Eq. (23) are shown 
in Fig. 18 in comparison with the experiment for the 
case of the following seas. The surf-riding for both 
models occur in higher ship speed than the critical one. 
The critical speed are shown in Figure 19 in comparison 
with the experiments for the case of heading angle x 
from 0 to 60 degrees. In this figure, the sign ▲, in the 
experimental results meaning “not surf-riding” but 
capsizing for the purse seiner running at Fn=0.4 with

10 r Pitch angle [deg.] 

1^

Experiment
[sec.]

(i
-101
60 r Roll angle [deg.]

10 Pitch angle [deg.] Simulation
[sec.]

_10
60rRoll, angle [deg.]

°.

-60

[sec.]

It 10 \ 20

Fig. 17 Pure loss of stability of purse seiner model in 
irregular waves

(Fw=0.4, %=30°, GM=0.75 m, B. No. 7)

• surf-ridden

(not capsized) 
A not surf ridden 

(not capsized)

(capsized)

O surf-ridden_ 
(not capsized)

A not surf-ridden 
(capsized)-"

- (not capsized)

wave velocity

purse.seiner

(H/ A. = l/17. 25) "
critical ship speed

wave velocity

container ship (11/1=1/25)

critical ship speed

Fig. 18 Critical ship speed versus, wave to ship length 
ratio at %=0°

heading angle nearly equal to 15 degrees with wave 
steepness l/17i 25. This is because of the fact that 
capsizing occurred just after the model was started 
before entering the steady surf-riding motion. The 
critical speed predicted by Eq. (23) seems to be reason­
able in comparison with most of experimental results. 
Broaching-to , ■ ,

It would be possible to simulate the broaching-to 
without capsizing but with the total loss of directional 
stability and control by making use of Eq. (21) which 
describes the coupled motions of surge, sway* and yaw. 
The linear hydrodynamic derivatives for manoeuvering 
motion in Eq. (21) were obtained from captive model 
tests and the linear wave exciting surge force, sway 
force, and yaw moment were predicted by making use 
of a strip method11’. The both models are directionally 
stable in still water. I

' A number of simulations with respect to the surge and
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wave velocity/cos x

critical ship speed

'Container ship . (h/ a=i/25)

(H/ A = 1 /17. 25)

I .1 .wave velocity/cos x

O surf-ridden (not capsized)

▲not surf-ridden (capsized)
A riot surf-ridden (not capsized)

• surf-ridden (capsized)
O surf-ridden (not capsized) |
▲ not surf-ridden (capsized) !
A not surf-ridden (not capsized)

Fig. 19 * Critical ship'speed versus heading angle of ship 
to wave at A/L=1.5

sway velocities, and yaw angle can be obtained in the 
specified combinations of Froude number and the head­
ing angle of ship to, waves. Simulation results for 
container ship are divided into two categories of mode. 
The1 first1 one is the mode that the yaw angle is 
exponentially diverging apart from the prescribed 
course. The second one is the mode that yaw angle is 
fluctuating around the prescribed course with the very 
long, period. Fig. 20 indicates the periodic stable and 
unstable ranges for container ship on the heading angle 
andithe ship speed. , . , • ’

On the other hand; simulation results for purse seiner 
model were divided into three modes. The first mode is 
noted when the yawangle is periodically stable with the 
prescribed course. The second mode occurs when the . 
yaw angle behaves as non-periodically stable with the 
prescribed course. " The third modes is identified when

• exp. (capsized)
Fn o exp. (not capsized)

*MS"''"""""""""'*

0.2
Periodic stable

0.0,
0 10 20 30

Fig. 20 Broaching-to zone of container model

40 50
%[deg.]

• exp. (capsized) 
o exp. (not capsized)

Periodic stable •

0 10 20 30 40 50
%[deg.]

Fig. 21 Broaching-to zone of purse seiner model

the yaw angle is fluctuating around marginal. stable 
state. Fig. 21 indicates the periodic stable, non-periodic 
stable and marginal stable ranges on the heading angle 
X versus Froude number Fn. ,

5. Concluding Remarks

An analytical and experimental study of ship motions 
and capsizing has been conducted for the two models of 
container ship and purse seiner running in severe astern 
seas. The main conclusions are summarized as follows

(1) The capsizing due to harmonic resonance oc­
curred in higher Froude number than 0.3 for both 
models in regular waves. .

(2 ) The capsizing due to parametric resonance 
occurred when the container model is running with 
Froude number lower than 0.25 while it did not occur in 
any Froude number of purse seiner model. i 

(3) The capsizing due to pure loss of stability 
occurred in a small heading angle at high Froude num­
ber nearly equal to 0.4 for both models.

, (4) The surf-riding occurred at high Froude num­
ber nearly equal to 0.4 which is in the same range as the 
pure loss of stability.
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(5) The broaching-to occurred at the Froude num­
ber about 0.4 for the container model running in non­
periodic unstable region and for the purse seiner model 
running in marginal region.

(6) A new analytical approach is presented for 
simulations of ship capsize in regular and long crested 
irregular seas. The conclusions mentioned above are 
the derived from both experimental results and numeri­
cal simulations by making use of the equations of 
motion for running with the heading angle of ship to 
waves. It is finally concluded that simulation results 
stand comparison with the experiments.

This study was carried out under the auspices of 
RR 71 Research panel of Shipbuilding Research Associ­
ation of Japan. The authors wish to express their 
gratitude to members of the RR 71, chaired by Prof. M. 
Fujino for productive discussions. The authors would 
also like to thank the assistance of Mr. K. Watanabe 
(Nihon University) at the model experiments.
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Non-Linear Periodic Motions of a Ship Running 
in Following and Quartering Seas

by Naoya Umeda*, Member Dracos Vassalos**, Overseas Member

Summary
This paper deals with non-linear periodic motions of a ship running in following and quartering seas 

with low encounter frequency. It aims at providing a methodology for more comprehensive understand­
ing of broaching. The motions discussed here include surge, sway, yaw and roll with an auto pilot. A 
manoeuvring mathematical model in waves is transformed with a mean-velocity inertia axis system 
and then an averaging method is applied to the transformed model. As a result, local stability and 
outstructure of periodic motions are discussed with numerical results derived using a purse seiner. 
These cannot be directly assessed by conventional linear models or purely simulation based 
approaches. Comparisons with experimental results are also shown.

1. Introduction
When a ship travels in following and quartering seas 

at a relatively high speed, she may suffer broaching. 
Since broaching can result in capsizing or grounding, 
many research efforts have been concentrated on study­
ing this phenomenon. Recently, occurrence, local stabil­
ity and outstructure of surf-riding equilibrium points 
have been intensively investigated'"", because broach­
ing can be explained as one of outstructure for unstable 
equilibria of surf-riding", On the other hand, a dynami­
cal system of a ship in regular quartering seas has other 
steady states. These are periodic motions at fre­
quencies equal to the encounter frequency of a ship in 
waves. Broaching can be regarded as a transition 
between periodic motions and equilibria of surf-riding. 
Therefore, it is necessary to investigate periodic 
motions as well as equilibria of surf-riding.

Nowadays prediction of periodic motions in waves 
within a linear strip theory has been well established as 
a practical tool. Nevertheless, a linear theory leads to 
infinite amplitudes of surge and sway when the encoun­
ter frequency is zero. Thus, it is rather questionable 
whether the long-term prediction for surge or sway is 
reliable. Ishida and Kan5’ pointed out that the infinite 
amplitudes are due to the absence of restoring terms in

* National Research Institute of Fisheries Engi­
neering

** University of Strathclyde

Recevived 10th Jan. 1996
Read at the Spring meeting 15, 16th May 1996

surge and sway, and suggested that they are related to 
broaching. However, since their investigation was 
within a linear theory and broaching is a highly non­
linear phenomenon, they did not clarify the.relationship 
between the large amplitude periodic motions and broa­
ching. ■.

In this study, the occurrence, local stability and 
outstructure of non-linear periodic motions will be 
investigated for the case of a ship running in regular 
following and quartering seas with low encounter fre­
quency. A methodology for this investigation has not 
been known because it would appear that non-linear 
vibrations without restoring terms have not yet been 
treated. Therefore, there is a need to provide a metho­
dology first to fill this gap:

When a ship runs in following and quartering seas, 
the encounter frequency of the ship in waves becomes 
much smaller than the natural frequencies in heave and 
pitch. Therefore, heave and pitch motions can be 
approximated by simply tracing their static equilibria. 
Thus, it is sufficient to examine surge, sway, yaw and 
roll motions, whose restoring terms are zero or Small. 
In addition, because of the low encounter frequencies, 
hydrodynamic forces due to the shedding of free vor­
tices are dominant and wave-making effects are almost 
negligible. Thus, a manoeuvring model is more suitable 
than a seakeeping model. In this paper, the mathemati­
cal model used for the investigation of equilibria of surf 
-riding will be adopted. Since the model is notjsuitable 
to describe periodic motions, it will be transformed with 
a mean-velocity inertia axis system. Then, by using an 
averaging method, non-linear periodic motions will be 
investigated. While in averaging methods natural
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vibration due to inertia and restoring terms is usually 
regarded as the zero-order solution, it will be attempted 
to use the natural vibration due to inertia and linear , 
exciting- terms as the-zero-order solution^ . 1 ‘ -

2. Nomenclature ; . .

a : wave amplitude
Ah : interaction factor between hull and rudder 
As : rudder area
cwave celerity >0, i. - • /,

Cb : block coefficient
Cfo ■ frictional resistance in two dimensional flow 
Ct ■ total residual resistance coefficient 
d : mean draught , i : . p

da - aft draught , ; , ,
d/ : fore draught •
Dp : propeller diameter
Fn : nominal Froude number ‘ 1 1 " ‘ ''

g ■ gravitational acceleration ' 11
GM: metacentric height ' . ,
GZ : righting arm 
H: wave height 

Izx ■ moment of inertia in roll 
7zz - moment of inertia in yaw 
J . advance coefficient of propeller

Jxx '■ added moment of inertia in roll 1 -........
i/zz t.added moment-of inertia in yaw ■ 11 -- ’

1 k: wave number' ' ■ 11 1
Kp l rudder gain >’ ^ -■■
Kt - thrust coefficient of propeller 1 >
Kw :-wave-induced roll-moment - .1 '

1. c. b.: longitudinal position of centre of buoyancy 
In : correction factor for flow-straightening effect''

■ due to yaw rate -,r ■ 11
L : ship length between perpendiculars 
m: ship mass 1 > 1 ' : -

mz • added mass in surge" > . -
■ my : added mass in sway '• 1

n '■ propeller revolution number 1 1 ' ' 1 ’ "
Nw : wave-induced yaw moment " ’
OG: vertical distance between centre of gravity and ' 

i "i . ■ waterline ' vn U> . i > ■
- p ■ roll rate • ■ ■ ■ i < ■ ■ • 1 11 ■ ■1 '

i rivyaw rate ru .,'|j •" ■ ■ ■> 1,1 ' -i 1 ' ■
L R l ship resistance ............... .
'f Sf - wetted surface'area ■1 1 " i i

f t time 1 u11 ''i ' ' '■! 1 ’ 11 ' ' " '' '
' &> : thrust deduction factor 1

■ ' T propeller thrust 1 ■'
To': nondimerisional .time constant for differential ' 

i" -n- control ' I- i . ' '11 ii - -.11
"Tel nondimensional time constant for steering gear 

Tp'! natural roll period ■ - ’ ■ 1 ' -
M : surge velocity' ' ....... .. > i ,

' Uoi' ship cruising velocity 
'■ y : sway velocity ' ' ii . i n i .

; Wp : effective propeller wake fraction

xh : longitudinal position of centre of interaction 
force between hull and rudder 

xr : longitudinal position of rudder
I - -Xu, : wave-induced surge force

. Ym : wave-induced sway force 
• zh - height of centre of lateral force 

zhr : vertical position of centre of effective rudder 
force

zr : vertical position of centre of rudder 
• ! Yr ■ flow-straightening effect coefficient 

S : rudder angle
E* : wake ratio between propeller and hull

II -* da', vanishing angle
i Km/L : gyro radius in pitch 

Kzz/L : gyro radius in yaw
1 i Kp : interaction factor between propeller and rud­

der
Kpo: linearlised damping coefficient without for­

ward velocity 
n , , /i: wave length ,

A : rudder aspect ratio 
fc : longitudinal position of centre of gravity 
P ■ water density 
a: eigenvalue 
(6 : roll angle 
X ■ heading angle

Xc ■ desired heading angle for auto pilot
co,;: averaged encounter frequency 1

3. Mathematical modelling
'As can be seen in Fig. 1, two co-ordinate systems are 

used: wave fixed with origin at a wave trough, £ axis 
in the direction of wave travel; upright body fixed with 
origin at the centre of ship gravity, the x axis pointing 
towards the bow, the y axis to starboard and the z axis 
downwards. The latter co-ordinate system is not all-

6

wave trough

Fig. 1 Co-ordinate systems for equilibrium points of 
surf-riding 1
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owed to turn about the x axis6’. The symbols are 
defined in the nomenclature.

The state vector x of this system is defined as fol­
lows:

x={£c/A, u, v, <t>,p,x,r,d)T (1).
The dynamical system can be represented by the follow­
ing state equation:

x = F(x)=(fi(x),Mx), fa(x)}T (2)
where

fi(x)=(u cos x~v sin x~c}/A (3)
Mx)={T(u : n)-R(u)+X^olA,x)}

Hm+mx) (4)
Mx)=[~(m+mx)ur+ Yp(u : n)v+ Yr(u : n)r 

+ YP(u)p+ Y(,(u)<j>+ F»(fc/A, u, x n)8 
+ Yw(£g/A, u, x i n))l{m+mv) (5)

f,(x)=p (6)
Mx)=[mxznur+K„(u : n)v 

+Kr{u ; n)r+KP(u)p 
+Kt(u)tp+Ki,(£c/A, u, x : n)S 
+Ku,(£c/A, u,x'n) 4
—mgGZ(gc/A, <fr, x)}/(Gx+Jxx) (7)

/6(x)=r (8)
fi(x)={Nv(u i n)v+N,(u i n)r

+Np(.u)p+Nt(,u)<fi+Nt(.£c/A, u, x '• n)S 
+Nw(£c/A, u, x n)}!{Izz+Jzz) (9)

Mx)=[(U0jL){-o-KP{x-Xc)}-Kpnr]lTk(m. 
Since the external forces are functions of the surge 
displacement but not time, this equation is non-linear 
and autonomous.

The wave forces and moments are predicted as the 
sum of the Froude-Krylov force and hydrodynamic lift 
due to wave particle velocity by a slender body theory. 
Umeda et al.7) validated this prediction method with a 
series of captive model experiments covering the typi­
cal broaching conditions, namely, the runs with zero 
encounter frequency in extremely steep quartering seas. 
As accepted widely, the wave effect on the righting 
moment can be estimated by integrating water pressure 
up to the wave surface. The manoeuvring derivatives 
with respect to sway, roll and yaw can be obtained by 
conventional captive model tests in still water and 
rudder angle derivatives are calculated using the inflow 
velocity modified to take into account the orbital veloc­
ity due to the wave, together with the change in the 
propeller race. In addition, coupling inertia terms are 
neglected because of the low encounter frequency. The 
wave effect on the manoeuvring derivatives was taken 
into account in some previous studies. The model 
experiments by Fujino et al.8) showed that it is generally 
small as long as a ship is free in heave and pitch. The 
non linear terms of the manoeuvring derivatives are 
also assumed to be negligible because the sway velocity 
and yaw rate are much smaller than the. forward veloc­
ity even during broaching, as observed by Fuwa et al.9)

Furthermore, the following simplifications are made 
as a first step.

Yp=Np=0 (11)

GZ^c/A, <p, x)~GZ(<P)~GM<p+k*<P3+ks<P5 (12)
Ys(£c/A, u, x ’> n)~Ya(u : n) (13)
Ns(ic/A, u, x '• n)~Na(n i n) (14)
Ks(ic/A, u, x : n)~Ka{u : n) (15).

The formulation of hydrodynamic forces and moments 
without these simplifications is not significantly 
difficult, and will be shown in the near future.

4. Analytical treatment of periodic motions
An inertia co-ordinate system travelling with a mean 

ship velocity, U, and mean ship course, x, is defined as 
shown in Fig. 2 and enables a transformation of Eq. (2) 
based on the wave fixed co-ordinate system to a non­
linear and non-autonomous model. In this model the 
ship motions are represented by surge, Xc, sway, Yc, 
roll, yaw, x and rudder angle, 8 around the inertia 
co-ordinate system travelling with a mean velocity and 
course. Here it is not assumed that the surge and sway 
motions are small because no restoring forces exist for 
these motions. Thus, small parameters are assumed as 
follows:

a/A, $, x, 8, XclU, Pc/U, f=0(e), e«l (16), 
whilst the average encounter frequency, we, is defined 
by

coe=co—kU cos x ’ (17).
Ignoring higher order terms of e, the following equa­
tions for periodic motions are obtained.

AuX gF BuX c
=F\sin (coet—kXccos x+kYcsin x~sf) (18)

An YG+-B22 Yg+Bu$ + Czirp+Bz&X + C26X + Cad
+Dia xXcDzb xXc+DicXXc 
Y Dzd 8 X gY D'2eX c Y c 

=FL sin (W—er—cos %+sin %) 
+Fib(a}e—k5Cccosx+k~Ycsinx), 1 
Xsin (Wet—kXc cos z+^fcsin %)
+FicUoe—kitccos x+kYcsin %)

5

wave trough

Fig. 2 Co-ordinate systems for periodic motions
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xcos (met—kXc cos' z+kYcrsin x)
+F2d( U+Xc) cos (aict—kXc cos %
+Afcsin x)FFze(U+(Xc) ■ '
Xsin(<ycf—&Xbcos z+£$csin z) ,

»i + J^/{U+.Xc(H"G*)} i > i ji
Xcos (met—kXc cos x+kYcsin z) r
+F2g{U+Xc(l+C*)} II' " \ -i'-"
Xsin (coct — kXa cos %+kYcsin %) . (19).

Ant'$+Bu<j>Jr Cu$+BaY c+BieZ + C<6% + C«5
'' -hDtaXXc+DibXXc—DicS YtC~i~DidXc Yc

i c i +mgk3ijy‘+mgks<fis
=Ftasm (o)et—kXccos x+kYesin-x) 1 

■ +Fie cos (<»«<—&Xc cos x+kYcsm x) •
ii 1 1 -fFVsin((Oct—SF—kXccos x+kYcsin z) •

. +FAd(aie—k^cCOS x+kYcsm x)
• Xsin(coet—kXacos z+£fcsin z) 

i •’ "i -hFteioie—kXccos x+kYes'm x)
Xcos (coet—kXc cos x+kYc sin x)

' +Ft/(U+Xc) COS ((Oet ' 1 

' , —&%ccos z+AFc sin %) 1 l
+Fta(U+Xa) sin (diet 

1 — kXGCOS x +APcSin z) 1
t:■ i. ' +Fah[U+Xc(lYCr)} • . '

Xcos (aiet—kXaCos x+kYcsin x)
, . +F4l{U+Xc(l+C«)} _

Xsin (aiet—kXc cos xYkYc sin x) (20)
Am % + Bm Z + CmZ + Be2 Fc+Bm 4? +i Cm Ce7 5

+DsaxXc+D6,xXc-DecS XcYDedXc Y c 
f =Fea COS (cOet—JtXa COSc J+kYc sin X — £,u)

+Ftb(a)e—kXc cos x+kYcsin x) i,
Xsin (diet—kXo cos x+kYc sin z) j f 
+Fec((Oe—kXcCOS z+^Fcsin.z) n - 

; Xcos (coct—kXccos x+kYcsin x)
+ Fed(U+X}c) COS ((Oet , ' 1 1 1

—kXc cos z+kYc sin z) . ! 1 i 
+B6e((7+^'c) sin (d)ct, . , ' \
—kXc cos x+kYc sin z)
+B6/(j7+Xc(_l+Cff)}
Xcos (wet — kXe cos x +/e?csin x) 
+FcAu+Xg(i+cr)}
Xsin (wet—kXa cos x+kYc sin z) (21)

B77l+d+B,6f+C7'6Z=0 fi 1 (22).
Here the coefficients, Am, Bm, Cm, Dm, Fm, £f, sm, Cr, 
are obtained by the coefficients in the right hand side of 
Eq. (2). (/, m=1, —, 7, a=a, i). For realising caps­
izing, restoring terms in roll are assumed not to be 
subject to the perturbation principles. |

Further, it is assumed that 
XctK Yc/A=0(v) 1/=0(e2'3) ’ (23).

Consequently, higher order terms than e2!/ are ignored. 
This additional assumption means that non-linearities 
due to surge and sway are nofcso large; -As a result, the 
following form of solutions can be expected with fre­
quency equal to the encounter frequency:

Xe=ri cos (diet — £ 1) (24)
Yg—Tz COS (cOet — £2) (25)
}—rt COS (diet —£ a) , 1 - 1 1 1 1 1 v ,/> (26)

xcos (coct—en) ' ■ - (27)
8 = r7 cos (diet—£7) > (28).

Then the van del Pol transformation is expressed ■ as 
follows:

(Ml Vl)T = P(Xc Xc)T ' (29)
(uz vz)T=P(Yc Yg)t 1. (30)l-Q

.

.11s , (31)
(Me to)T=B(z xY • ' (32)
(m? to)r=B(d j)F (33)

where - ‘ '
COS '(Oet. — 1/Wsin (Oetl ■ ' - J

—sin (Oet —l Idle COS (Oet\ '

Substituting Eqs. (29) - (33) to Eqs. (18-22) and averag- 
11 ing them over one period, that is,

, 0<t<2x/a)e (35),
the following averaged equation is obtained.

U = Cr(u)={ffl(u), 62(1;),—, fflo(u)}T (36)
where

U={mi, Vi, 1(2, to, It A, to, Me, to,'M7, to)r (37)
9M=\(0'V(-^^cos er-^-M,

+lS,7{3sin £f(y?COs2f

—2totocos z sin z + ylsin2'z)
+cos £f(uIcos2 z —2mi«2cos z sin z 

y +m| sin2 zj)
—2 sin £/(—«,to cos2 z+M?to cos z sin z)
+ M2to cos z sin z—Mzto sin2 f)} (38)

1 ' - ' ^ - F"' ’ * B '1''
A(o)----g^-sin ......

I , ~16Si,{3sin£F(^C°s2^ i 1 1

< 1 —2itiUi cos x sin x + mIsin2 z) 1 1 '
+sin ef(y2 cos2 z—27/ito cos'z sin z 

" + Vz sin2 z) f ’ 1 '•
—2 cos £f(—itivi cos2 z+Mito cos z sin z 

1 + M2to cos z sin z ~ M2to sin2 z)} 1' (39)
' / v 1' 1 1 ’T -
M=Y(0eV2-^^ .I, ,

. 1,. ' X(Fza cos £FJrFzbdie+FzeU-’rFzgU)

, ' , . ; C24to+£UeB26M6+ C2eto + „C27to)

.1 .111 YFzMc+FcU+FzrU) . ,
x(uf cos2 z —2miM2 cos z sin z + mI sin z 
+3y2cosz z~6toto.eps z sin z+Suisin2 z) 

;l + a (~Fzasin£F+Fzc(oe+FzdU
•; I , °(9e^z I, , I /

, +F2fU)x(—uiVi cos2 z+mi to. cos z sip z 
+M2to cos x sin z —M2tosin2 z) (40)

9t(v)=.~\(OeUz--^^ ■ ' _ 1 -'

X(—sin £f+FzcCOe-^- FzdU-b Fz/U)

1 1 .—2ai^Aa (Q)e^22to-h VeBuVt

— C24 M4 -f- (OeBzGVc, CzgKh— C21U1)
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+ 16£422(-f2‘sinf

+/'sc®*+p2dU+Fz/U)
x(m?cos2 x~2viV2cos % sin x + mIsin2 %
+3m2 cos2 x~ 6mim2cos x sin x
+3mI sin2 x)
+ {Fla COS SF + FlbCOe+FleU

+F2gU)x(—uiVi cos2 x +to cos % sin % 
+ m2Mi cos % sin x~Mztosin2 x) (41)

X(F4a + Fic COS £f + FidtOe + FtgU+FtiU) 

—2aieA« <ycS««4+ C44M4
k2+ 0)eBKll6+ CkI>6+ ChVi) + 2g(ye^)4

X (Fta + Ftc COS £f + FtdCOe+FtgU+F41U) 

X(m2 cos2 x—luiuicos % sin x + mI sin2 x 
+3m2cos2 x—Gtotocos x sin x+3vZsin2 x)
+ Sco^Au ^Fib sin Sf+F^Oc 
+Ft/U+FthU)x(—uiVi cos2 x 
+ Mite cos x sin x
+ U2V1 cos x sin X-U2V2 sin2 x)+
X {—6fc( w! u< + to3)+5fe(2wi te—2m2D4—d!)}

(42)

x(F46—Ficsin £F+F4eQ)e+Ft/U+FthU)

—2&1&A44 (^^zte+aie&ite— C44M4

— C46M6+ (OeBibVi— CnU-i)+-
k2

16eieA44
x(Fi6—Ficsin £f+F4ea)e+Fi/U+FihU) 
x(3w2cos2 x~&UiU2cos x sin x 
+3m2 sin2 x
+ M2cos2 x—Ztetecos x sin x + mZ sin2 x)
+ 8c!UjFta+FicC0S SF+Fid We

+F4aU+F,iU)x(—uiVi cos2 x 
+ Mite cos x sin x
+ m2Mi cos x sin x~M2tesin2 x)+
X {6&( M2+3m4 M2)+5fc( mI—4 m? M4 + M4M4))

(43)

X(Fca sin £F~i~F<ib(Oe+ Feed+FegU)

—2a)cAeJ'OJcF,:‘2 ^+ai&Bs4M4+C64M4
A2+ a>eBmU6+ C&V6+ CejVj) "*"25^4^"

X(Fea sin £f+Feb(Oc^~FeeU+FegU)
X (m2 cos2 x —2mim2 cos x sin x + m2 sin2 x 
+3y2cos2 x—Gtetecos x sin x+3mIsin2 x)
+ %(!)cA<x ^Fa C0S ^-F+FecCDc+FedU 

+Fe/U)x(—MiMicos2 x +Mi to cos x sin x

+ m2Mi cos x sin % — U2V2 sin2 x) (44) 
ffs(M)=-|^M6-2^ 

i X(F60 cos EM+FscCOe+FsdU+Fe/U)

—2(u<m466 (<yaBs2te+oieBuVt—C«Mj
k2+ OleBeeVe— CeeMs™ CsyM?) +

X (Fee COS £m + FecO)e+FsdU + Fe/i/)
x(3m2cos2 x— 6mim2cos x sinx+3M2sin2 x
+ Mi cos2 x —2Mite cos x sin x + mZ sin2 x)

k2 —+ 8^1^55 (^6a sin £»i+Fet,a>e+FeeU
+FegU)x(—uiVt cos2 x+miM2cos x sin x 
+ m2Mi cos x sin x — M2te sin2 x) (45)

A(M)=ya,.te+2^g^-

sin £// + /;66<ye + -p6e(/ + ^6yC/)
Bi$Bqz

<2.(OcBt7
BisCsa

Ass
BisCsS

A 66 

k2B-,

M4+(c76-—reBi

•to+tveta-

BieB&i
A 66 ’

BisCsi

•COeUz- (OeUA

Ass -tor

-IGWwJ^sina'
+ Fbb(Oe+FieU+FegU)

x(m2cos2 x—2miM2cos x sin x+m2sin2 x)
+3Mi cos2 x~6mim2cos x sin x+3M2sin2 x)

cos ^+F6c<ue+F6,t7
+i?6/t/)x(—cos2 % 4-mi to cos z sin z 
+ Mzto cos z sin z — «2to sin2 z) (46)

9io(u)r-—«-<yeM7+
Bis

2 2tye577A66
x(F6a cos 4-/?6c6ye+.FedU~t~Fs/U)

2(0eBn ( Bi&B&z.
Aes “(OeVzm BisBsa

A$6 (Veto

~i
+Fec<Ve+F6d(/+Fe/U)
X(3m2cos2 x—6mi2<2cos x sin x +3mIsin2 x 
+Mi cos2 x-2Mite cos x sin x+mI sin2 x)

: 1 --rafer(F-sin £"+ir«<ye+F6et7

+FsgU)x(—uivi cos2 x + Mite cos x sin x 
+m2Mi cos x sin x — M2te sin2 x) (47). 

As can be seen, the equation obtained is non-linear and 
autonomous. Similarly, different averaged "equations 
can be found for several subharmonic motions:

5. Determination of steady states and their 
outstructure

In order to obtain steady states of ship motions, the 
fixed point, Mo, should be calculated by solving the 
following equation: _ . ________
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G(v„)=0 ' (48).
Then, G(v) is linearlised at v0, putting v=v0+q to 
obtain the following equation:

q=DG{vo)q ■' ' ‘ (49)
where ; - , ,

DG(v)=-£j-(g,(v)) lsSz./rSlO (50).

If an eigenvalue of DG(vo) has a positive real part, the 
local asymptotic behaviour at Vo is unstable.

bo is a fixeii point of the averaged equation. The 
averaging thedrem101 indicates that,1 if an averaged 
equation has a hyperbolic fixed point, Vo, the original 
equation possesses a unique hyperbolic periodic orbit of 
the same stability type as v0. Therefore, Vo means a 
periodic motion with frequency equal to the encounter 
frequency and its local stability can be examined by 
means of eigenvalues. Subharmonic motions can be 
similarly investigated.

The Hartman-Grobman theorem and stable manifold 
theorem"" indicate that the invariant manifolds re­
presenting all trajectories associated with a fixed point 
can be obtained by tracing trajectories backwards and 
forwards in time from the eigenspace spanned by the 
eigenvector at the hyperbolic fixed point. The invariant 
manifolds analysis based on this theorem affords us 
understanding of the relationship betvyeen local and 
global behaviour associated with periodic motions. 
Thus," invariant manifolds are called outstructure of a 
fixed point. . v

6. Numerical results for periodic motions
Some numerical calculation's were carried out for 

periodic motions on the basis of Eq. (36). The ship used 
here is a 135 GT purse seiner that was designed with the 
current Japanese regulations of fishing vessels and is 
operating in the East China-Sea. , .

In order to obtain the required .coefficients for the 
mathematical model, the results of captive model tests 
with a 1/17.25 scale model of this purse seiner were 
made use of. The tests compose resistance test, self- 
propulsion test, circular motion tests and rudder angle 
tests in still water. These were carried out at the 
Marine Dynamics Basin of the National Research Insti­
tute of Fisheries Engineering. Since the added mass and 
moment cannot be obtained from circular motion tests, 
m„ and Jzz were predicted using a strip method whilst

i -if -
Table, 1 Principal particulars of the pursei seiner,-

" X 34.5 [m]
B 7.6 [m]

- P 3.07 [m]
dr 2.84 [m]
d, 3.14 [m]
Cb 0.652 ,f

l.c.b. (aft)., 1.742 [m] 
Sr 391.8 [m2]

k„/L 0.332 
kJL 0.332 
;GM„ 0.755 [m2]
0V 40.47 [degrees] 
T+ 7.47 [sec]
Dp i 2.60 [m] " '
Ar , 3,486 [m2]
A 1.838, , . , ,

mx was estimated empirically. For a roll damping 
moment, free roll tests were carried out without for­
ward velocity. Forward velocity effects on the roll 
damping were estimated by Takahashi’s empirical 
formula10 A restoring arm curve is fitted with a fifth 
order polynomial which has zero values at 0 degrees, 
180 degrees and the vanishing angle, Qo. Forward 
velocity effects on the restoring terms in sway, yaw and 
roll were measured with a heeled model, and fitted with 
functions of the Froude number. On the other hand, 
coupling hydrodynamic coefficients of sway and yaw 
due to roll rate are ignored, because of limitations of 
the experimental capability. All the coefficients for the 
mathematical model are presented in the Appendix, in 
Tables 1-2 and Figs. 3-5.

Using the above coefficients, the stability di­
scriminant D, defined as

D=YvNr+(m+mx—Yr)Nv (51),
has a positive value indicating that the purse seiner is 
directionally stable in still water. This fact was also 
confirmed by examining the eigenvalues of the autono­
mous system in still water, whose fixed point corre­
sponds to a straight-course running with a constant 
velocity.

To identify periodic motion in waves, the fixed points 
of the state equation of the averaged system should be 
determined by using Eq. (48). There are two ways to

Table 2 System parameters used for numerical 
calculation -

m/m , 0.0834
m/m 0.8414
JJ1* 0.5424
Yhv’ -0.6327
Yht’ 0.1396
Nnv’ -0.0858
Nit’ -0.0804
zn/d 0.4953

I-Wp 0.858
1-tp 0.853

11 Kso 0.139

8h ' 0.320
xh/L -0.453
zim/d 0.266

Kp 0.6167
Sr 0.9577
Yr ' 0.422

Ir/L -0.683
Te’ 0.1

(at Fn=0.4) 
Kp 1.0
Td’ , 0.0

Fig. 3 Ship resistance coefficient of'the purse seiner
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Surge Amplitude

----- Linear
o Nonlinear(A) 
n Nonlinear(B)

Ky=-0.1373J2-0.2283J+0.2244

Fig. 6 Surge amplitude (surge-sway-roll-yaw-rudder 
Fig. 4 Propeller thrust coefficient of the purse seiner model; 72//1=1/15, 2/L=1.5, %=15 degrees, Kp

=1.0, Td=0)
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Fig. 5 Measured manoeuvring derivatives with respect 
to heel angle

solve the equation. One is an algebraic way, in which 
simultaneous algebraic equations are transformed to a 
higher order algebraic equation and then solved numeri­
cally. The other is an iteration method with deriva­
tives, that is, the Newton method. The former can yield 
all solutions but the transformed equation becomes 
extremely complicated. The latter is easier but the 
derived solutions depend on the initial values used for 
the iteration. In this paper use i is made of the latter 
way. Provided the results are encouraging, use can then 
be made of the former way to obtain more comprehen­
sive understanding in the near future.

Firstly, steady periodic motions calculated by using 
Eq. (48) are shown in Figs. 6-11. Here the amplitudes 
are non-dimensionalised as follows:.

n'=n/s (52)
ri=n!a (53)
ri=r,/(ak) (54)
re=roKak) (55)
ri=r7/(ak) (56)

Figs. 12-13 show the maximum of the real part of 
eigenvalues which represents local stability of periodic 
motions. Here the eigenvalues are multiplied by the 
absolute value of the encounter frequency. The linear 
model presented here is obtained by ignoring all the non

Fig. 7 Sway amplitude (surge-sway-roll-yaw-rudder 
model; 72/2=1/15, 2/2,=1.5, %=15 degrees, Kp 
=1.0, 7s=0)

Fig. 8 Roll amplitude (surge-sway-roll-yaw-rudder 
model; 72/2=1/15, A/L=1.5, %=15 degrees, Kp 
=1.0, Td=0)

-linear terms in Eq. (36) and possesses a unique solution 
for each control parameter set. On the other hand, a 
non-linear solution obtained by an iteration method 
depends on the initial values because the non-linear 
model can possess co-existing solutions. Here “Non­
linear (A) ” means a non-linear solution obtained by the 
Newton method whose initial value is the non-linear

Roll Amplitude



96 11 Journal of The Society of Naval Architects of Japan, Vol. 179 1

Yaw Amplitude

Fig. 9 Yaw amplitude (surge-sway-roll-yaw-rudder 
.■ model; H/A=1/15, A/L=1.5, %=15 degrees, KP 

=1.0, Td=0) 1

Phase of Surge \

Linear

o Nonlinear(A) 

□ Nonlinear(B)i 0.2 -•

Fig. 10 Phase of surge (surge-sway-roll-yaw-rudder 
model; 77/2=1/15, A/L=1.5', %=15 degrees, 
KP=1.0, Td=0)

Phase of Sway

Linear '

Fig. 11 Phase of sway (surge-sway-roll-yaw-rudder 
1 " model; 77/2=1/15, A/ll= 1.5, 'Jr=15 " degrees,

%=1.0, rD=0)v 11 " l ;
i. , i

solution for slightly lower Froude numbers. Thus the 
solutions are determined in 'sequence; from F„=0.05 to 
.Fi=0.7. The step of increasing the Froude-'number is 

lO.OI. , “Nonlinear (B)” on the other hand refers to 
solutions determined in sequence from Fn—0.7 to F„—
0.05. ; 1 - i -ih 111 L 'i: j i,

When the encounter frequency is zero, that is, Fn— 
0.506 in this case, amplitudes of linear surge and sway

Maximum of Real Part ofEgenvalues

400-

100 -

Fig. 12 Maximum of real part of nondimensional 
eigenvalues multiplied by the absolute value of 
the encounter frequency (surge-sway-roll-yaw 
- rudder model; 77/2=l/l5, A/L= 1.5, %=15 
degrees, KP=1.0, To=0)

i

■ Maximum ofReal Part of Eigenvalues

Fig. 13 Maximum of real part of nondimensional 
, eigenvalues multiplied by the absolute value 
of the encounter frequency (surge-sway-roll- 
yaw - rudder model; 77/2=1/15, 2/L=1.5, %= 
15 degrees, KP—1.0, To=0)

motions become infinity; This is due to the absence of 
restoring forces in surge and sway. Since restoring 
moments exist in roll and yaw, amplitudes of linear roll 
arid; yaw are finite. However, they are very large 

-because coupling terms due to sway become large. The 
restoring moment in yaw is due to the stability deriva­
tive, Mi,' which rhairily consists of the Munk moment.

If non-linear terms are taken into account, some 
terms proportional to surge and sway displacement 
emerge and thus the amplitudes are finite even when the 
encounter frequency is1 zero.1 These virtual restoring 
terms exist because a' wave is described with a 
sinusoidal function of displacement as well as time. 
However, a linear theory ignores the contributions from 
periodic displacement as higher order.

Although amplitudes of surge and sway are finite 
with the non-linear prediction, they are still too large. 
That is, they are from 70 to 200 times larger than'wave 
height or from'4 to 14 times larger than wave length. 
-Thus it is necessary to examine their stability. Fig. 12 
and its part-enlargement, Fig. 13, show that the linear 
solution is stable except in the neighbourhood of a>e=0. 

'The instability of linear solution can be excluded by
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fixing the rudder amidships, as shown in Fig. 14. Obvi­
ously, the linear model cannot be justified because 
stable and extremely large amplitude does not satisfy 
the assumption of small amplitude. In Fig. 13, the 
Nonlinear (A) solution is stable when F„<0.41 and 
unstable elsewhere. Contrary, the Nonlinear (B) solu­
tion is always unstable. Therefore, stable and unstable 
periodic motions co-exist when Fn < 0.41. The ampli­
tudes of stable surge and sway motions remain about 5 
times larger than the wave amplitude or about one third 
of the wave length. The roll is dominant for the insta­
bility of non-linear periodic motion, as the eigenvector 
indicates in Fig. 15. The unstable roll amplitude is 
almost constant and about 16 times larger than the 
maximum wave slope. This implies that the unstable 
periodic roll motion has a single amplitude of about 196 
degrees. This can be regarded as capsizing in practice. 
The unstable periodic yaw motion can be large when oic 
>0 while it decreases when aie<0.

At o>e=0, there is a discontinuity of phase in surge 
and sway. This can be helpful in understanding the 
divergence of linear periodic motion at <oe=0 as a kind 
of resonance with natural frequency of zero, which is 
due to the absence of restoring force. In addition,

Maximum of Real Part of Eigenvalues
(ReCoOjmax

——Linear
. ^ o Non!ineai(A)

0.2 o$r (Wtato 0
8

o NonlinearfB)

-0.5

Fn

Fig. 14 Maximum of real part of nondimensional 
eigenvalues multiplied by the absolute value of 
encounter, frequency (surge-sway-roll-yaw- 

' rudder model; H/A=1/15, A/L=1.5, x=15 

degrees, A},=0.0, 7o=0.0)

Eigenvector at an unstable periodic motion

0.8
0.6
0.4
0.2

ul vl u2 v2 u4 v4 u6 - v6 u7 v7

Fig. 15 Eigenvector at an unstable periodic motion 
(.HI,1=1/15, A/L=1.5, %=15 degrees, F„=0.4, 
A,=1.0, To=0)

normal resonance in roll is also shown at Fn~0.1 but is 
not significant because of the relatively large roll damp­
ing momenta . _ _____ ____  ____

The periodic motions obtained by Eq. (48) were 
checked against model experiments undertaken by 
Umeda et al.12) with a free running model of the ship 
used in this paper. The comparison between calcula­
tions and experiments are shown in Figs. 16~17. Here 
the non-linear calculation means the “Nonlinear (A)” 
defined above and only a stable periodic motion can be 
observed in the model experiments with these control 
parameters. The calculated results compare fairly well 
with the experimental results.

With the control parameter used here two distinct 
cases are found as shown in Figs. 6-11: one refers to the 
co-existence of stable and unstable periodic motions 
and the other to co-existence of two unstable periodic 
motions. To explore the relationship between co-exist­
ing , fixed points, trajectories forming the invariant 
manifolds were calculated. Fig. 18 shows an example 
for the former, that is, part of the invariant manifolds 
from an unstable fixed point co-existing with a stable 
fixed point. These are trajectories connected with 
eigenvector at the unstable fixed point. Since the trajec-

. i i ■ ' t

Roll Amplitude

Calc. (Nonlinear)

■ Exp. (Umeda ct 
, aL) , ;

Fig. 16 Roll amplitude (surge-sway-roll-yaw-rudder 
model; H/A=l/15, AjL—1.5, *=25 degrees, 
Ap=1.0, To=0)

■— Calc. (Linear)

------Calc.
(Nonlinear)

■ Exp. (Umeda et

Fig. 17 Yaw amplitude (surge-sway-roll-yaw-rudder 
1 " model; H/A=1/15, zl/L=1.5, %=25 degrees,

1 Ap=1.0, Td=0) ' '
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Fn=0.40

-10

U4/(ak)

Fig. 18 Part of invariant manifolds of unstable peri­
odic motions. (surge-sway-roll-yaw-rudder 

| model; 7f/A=l/15, A/L=1.5, %=15 degrees, 
iv=D.40) Here the diamond symbol indicates, , ' - 1 i - ' '« ' . * i
stable periodic motion

i' *! ' ! ............. i 1 > ., i ;

tories can be 10-dimensional, only projection's of them 
on 2-dimensional planes are provided. However, one 
distinct saddle is found on the ut~vt plane because 
instability in roll is dominant and its index is one. Other 
projections of the invariant manifolds on the Ui-Vi, uz~ 

to, ue-Vs and tir-Vr planes are omitted because they 
show little movements. The stable fixed point is plotted 
with a diamond symbol. It is found that the unstable 
fixed point is a saddle and the invariant manifolds from 
it do not reach the stable fixed point. This means that, 
only when the initial roll angle or roll-rate is very large, 
the ship will suffer unstable periodic motions, j

With the above calculation the coupling effect has not 
yet been clarified because instability in the periodic roll 
motion is dominant. Thus,-similar calculations were 
carried out ignoring the roll motion and coupling due to 
roll. The calculated results are shown in Figs. 19-25. In 
contrast with the calculations including roll, a stable 
non-linear periodic motion is found by the calculation 
without roll,even when <yc<0. When <uc>0 the stable 
nori-iineaf motion without roll loses its stability with 
larger Froude number than that when rpll is included. 
Although unstable non-linear motion without roll 
always exists when <vc>0, the extent of its stability is 
not-so strong as that with roll. The tendency of the 
unstable non-linear surge motion shown in Fig. 19 cor­
responds to the unstable non-linear motion obtained 
algebraically with a "single-degree-of-freedom model 
presented by_Umeda'& Renilson2’. As they pointed out, 
periodic solutions with zero encounter frequency are 
very difficult to occur and rather surf-riding emerges. 
Because, stability of periodic ^solutions near the" zero 
encounter frequencyds- drastically reduced or lost, as 
shown in Fig. 25, and surf-riding equilibrium points 
appear.

Figs. 26-28 show an example of the part of invariant 
manifolds from the unstable fixed point, whose index is 
one, co-existing with, the stable fixed point. It is found 
that the unstable fixed point is a saddle and one of the

Surge Amplitude

' 120 I
100 - " 11 > ' ,

80 r ---- Linear
60- o Nonlinear(A)
40- □ Nonlinear(B)
20-

0 0.2 : 0.4 0.6 0.8

Fn

Fig, 19 Surge amplitude (surge - sway - yaw - rudder 
model; 7f/A=l/15, A/L—1.5, %=15 degrees, 

lc Kp—\Si, Td=0.0) n

Sway Amplitude'

■?—-Linear 
o Nonlinear(A) 
□ NonlineaifB)

,200 "

Fig. 20 Sway amplitude, . (surge - sway - yaw - rudder 
model; 77/A=l/15, A/L= 1.5, *=15 degrees, 

' 70=1.0, To=0.0) I

Yaw Amplitude

——Linear 
, o Nonlinear(A) 

□ Nonlinear(B)

Fig. 21 Yaw amplitude^ (surge - sway - yaw - rudder 
model; 7f/A=l)l5rA/L=1.5, %=15 degrees, 
70=1.0, To=?0:0) :

trajectories from it reaches the stable fixed point with 
oscillation. In this process a coupled motion of surge- 
sway-yaw-rudder is essential.

Amplitudes of steady and stable rudder motions, 
which are equal to the steady and stable yaw motions, 
ai;e less than 35 degrees, as shown in Figs. 9 and 21. 
Thus, a steady and stable periodic motion does not
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Phase of Surge

-Linear 
o Nonllnear(A) 

□ Nonlinear(B)

Fig. 22 Phase Of surge (surge - sway - yaw - rudder 
model; Hi/1—1/15, A/L=1.5, %=15 degrees, 
Kp=l.Q, Td=0.0)

Phase of Sway

-Linear 
o NonBnear(A) 
o Nonlinear(B)

Fig. 23 Phase of sway (surge - sway - yaw - rudder 
model; #//1=1/15, A/L=1.5, 2=15 degrees, 
Kp=1.0, Tfl=0.0) '

Maximum of Real Part ofEigenvalues

Fig. 24 Maximum of real part of nondimensional 
eigenvalues multiplied by the absolute value of 

1 encounter frequency (surge-sway-yaw-rudder 
' model; H//1=1/15, A/L= 1.5, 2=15 degrees, 

Kp—1.0, Td=0.0) 1

induce the maximum rudder angle at least under this 
parameter set. It should be remarked that the possibil­
ity of reaching the maximum rudder angle still remains 
in transient states.

To obtain more general features of periodic motions, 
Fig. 29 is provided for the combinations of heading 
angle and ship speed. The above discussion is generally

... Maximum of Real Part ofEigenvalues
{ReCoOJmax

0.5 ■
'X '''

" , . ^ —"Linear

02 Qy 0 8 o NonHnear(B)
-0.5 jr

■ ■ - Fn ------ -

Fig. 25 Maximum of real part of nondimensional 
eigenvalues multiplied by the absolute value of 
encounter frequency (surge-sway-yaw-rudder 
model; Hb1=1/15, A/L=1.5, 2=15 degrees, 
Kp=1.0, Tz>—0.0)

Fn=0.45 (without Roll Coupling)

-------------
15 -
10-

C-
:

o -5‘
--------------16-

Ul/a

Fig. 26 Part of invariant manifolds of unstable peri- 
1 odie motions (surge-sway-yaw-rudder model; 

1 77/4=1/15, A/L=1.5, 2=15 degrees, F„=0.45)

Fn=0.45 (without Roll Coupling)

-10

Fig. 27 Part of invariant manifolds of unstable peri­
odic motions (surge-sway-yaw-rudder model; 
H/A=l/15, A/L=1.5, 2=15 degrees, F„=0.45)

applicable to these combinations. That is, the region 
where no stable periodic motion is found exists only in 
the vicinity of the zero encounter frequency. However, 
because of non-linear nature of this problem, more 
intensive surveys are expected for different combina­
tions of parameter set.
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Fn=0.45 (without Roll Coupling)

' U6/(ak)

Fig. 28. Part of invariants manifolds I of unstable peri- 
■y-,odic motions (surge-swayryawmidder model; 

, H/A=l/15,A/L=l.5, %—15 degre'es, F'n=0.45)

7. Conclusions
The main conclusions from this work are summarised 

as follows:
(1) ATrianoeuvrmgmathemafical model in waves

was transformed with a mean-velocity inertia 
axis system. - " !

(2) A method to assess occurrenceTlocalj stability 
and outstructure of periodiclnotions‘was for­
mulated by. using an averaging method.

(3) While1inear~periodic"solutioris"for "surge and 
sway are unbounded at the zero encounter 
frequency, an analysis including the non-linear-

, , ity of waves due to horizontal displacements
i .1( provides finite amplitudes of periodic motions, 

i (4) If this non-linearity, is considered, unstable and 
stable periodic motions may co-exist. When 
the encounter frequency approaches zero, a 
stable periodic motion may become unstable.

(5) Further numerical surveys by using the present 
method are expected to provide more general 
features of periodic motions.

The work described'in this paper_\vas carried out at 
the University of-Strathclyde duringjthe first author’s 
stay as a visiting research fellow) This was Supported 
by the Engineering and Physical Sciences Research 
Council in United Kingdom, to whom the| authors 
express their gratitude? "
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Appendix

The coefficients shown in Eos) (3-9) are defined as
follows: 1 ’ 1 ' J lj'r..................... 1

T=lX~tp)pimKrU) ' ' " (All)
, R^piFSpCriFn) , , . ...........(A.2)

yy=-^-pL6fY;/o«—(l+ (Z;/)-^-pA«/«£j?(l — top) " ;
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X Jr (A. 3)

Yr —^pt} dYnrll — (1 + a»)ypAp/„Ep(l — Wp)

X yrIr y 1+Kp^^ru (A. 4)

Nv=^£pUdN'mu - (xff—auXu^pAnfaeti

X (1 - «;P) y 1+Kp^^-n (A. 5)

Nr—^pUdN'm u—(xr+anXiD^-pARf„ER

X (1—wp) YrIr^ 1+Kp-^jru (A. 6)

Ad = —^-pLdzit Ylia zz + (1+an)znR-^-pARfi£r

X(l-Wp)r»yi+K^^p-M (A.7)

Kr=—pi? dzu Y'ht z<+(1+a^ZHR^pAufi£r

X (1—wp) r*/* y 1+Kp^pru (A. 8)

y»=—(1+zz/^ypAp/i

x{e%l-wp)'(l+fp-^|zz2+2e*(l—zvp)

X y 1 + /fp ^y2 Z<«iwj

Aj = — (xp+zz,m,)ypAp/«

(A. 9)

x|d(l wp)^l+Kp-^r )zz2+2e*(l—ivp)

X y 1+ATp- _^J2 IIUtroj 

Aj=(l+zz«)a«pypApA

(A. 10)

x |d(l zvp)2(l+ )zz2+2ep(1-zvp)

X y 1 + ATp _^y2 ZZZZlWfJ (A. 11)

where
r (1 Wp)u
J~ nDp (A. 12)

, 6.13A
/a_ 2.25+A (A. 13)

uwR=aw cos % exp (—kzs) cos (2/TgclA+kxR cos %)
(A. 14).
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Study on Damge Stability with Water on Deck of a RO-RO Passenger Ship in Waves

by Shigesuke Ishida, Member Sunao Murashige, Member 
Iwao Watanabe, Member Yoshitaka Ogawa, Member
Toshifumi Fujiwara, Member

Summary

RO-RO passenger vessel has a wide non-separated car deck. Once free flooded water is piled up.on 
it, the large heel moment could be the cause of capsize because of this feature.

The stability standard of RO-RO passenger vessels was deliberated at IMO commission from 1994 to 
1995 in order to prevent capsizing disaster like the one of ESTONIA in 1994. The authors, one of which 
was a member of the IMO expert panel, conducted an experiment on the stability of this type of ship ' 
because few papers have been published on this problem. The experiment was carried out in beam seas 
using a model ship with a side damage hole which is prescribed by the SOLAS regulation.

After the duration time of the experiment (30 minutes in ship scale) in irregular waves the ship 
survived with a constant mean heel angle <f>o and a mean water volume on deck tv in most test 
conditions, but capsized in a few ones. The variation of these constant values with CG height, existence 
of center casing, height of freeboard and initial heel was discussed. It was clarified that 4>o tends to 
decrease and w tends to increase as GMd (GM in damaged condition) have a larger value, and that ship 1 
can survive even with w of 40% of intact ship displacement if she has a large (not extraordinary) GMd 
value.

The effect of resonance of roll motion on this problem was also studied based on the test result in 
regular waves, ^o, tv and some other data often have a peak near the resonant frequency, so the 
stability test of RO-RO passenger vessel should be carried out including resonant conditions.

The height of water on deck above the calm sea surface Hd was proposed as an index which settles 
the balancing condition. It was clarified that Hd keeps a certain value above calm outer surface when 
wave bight is not so low and mean heel angle is not so large to lee side. The equilibrium curve for each 
GMd can be calculated from GZ-curves with a constant volume of water on deck, fully static 
calculation, and figured on Hd-<t>o diagram. It is concluded that the possibility of capsize can be judged 
by this equilibrium curve.
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RO-RO Model and damage opening for experi­
ment (unit: mm, broken lines and circles on 
deck in the lower figure show locations of water 
level meter of capacitance type” | and wave 

"height gauge, respectively.) ,
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Table 1 Principal, particulars

'"■| ■ - -’J " 1,15: - ., .,,. iShip-. i m - , . Model (scale ratio:l/23.5)
Intact Damaged Intact ' 1 Damaged '

Length Lpp 101.0m 4.3m
Breadth 5 16.0m ' 0.681m
Depth D 1 ' -5.7m 0.236m
Draft d - • 4.37m- 5.22m 0.186m 0l222m
Freeboard / 1 1 "■ '- T.17m 1 0.33m ' 0.050m 0.014m
Ro-Ro deck height ; 4.84m 0.206m '
Displacement W~ 3821.15tJ 272.69kg
Height of center of gravity KG o.87m “ 0.25m
Metacentric height GM 1.62m 3.12m 0.069m 0.133m
Natural period of roll motion Tr 9.40sec. 8.43sec. , 1.94sec. 1.74sec.
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Position and Motion Measurement of a Free-Running Model Ship Using Template 
Matching and Error Detection with Encoding Human Judgment

by Shinji Ninomiya, Member

Summary

A new image analysis system for a motion measurement of a free-running model ship is developed.
In the present system, a target is traced through template matching procedure, and error identification 

is distinguished by using some characteristic parameters. The tracking procedure by a human judg­
ment is supported in the system.

The change in the mutual correlation coefficient of the image and the contrast of the image are used 
as characteristic parameters. The characteristic parameters are projected on a characteristic vector 
field and the error identification is judged on the characteristic vector field.

For the verification of the present system, a target on a rotating disk with a constant speed was 
traced. The error of the rotating radius remained less than 2% and the mean tangential velocity 
remained less than 0.5% respectively.

The measurement of a free running model ship succeeded with satisfactory results. Moreover, it was 
confirmed that the judging error identification of the present system was very effective.
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Fig. 1 Free-running HSV model used for experiments
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A Study on Flow Field Around Full Ship Forms in Maneuvering Motion 
(3rd Report: Flow Field around Ship’s Hull in Steady Turning Condition)

by Takuya Ohmori, Member Masataka Fujino, Member
Keiji Tatsumi, Student Member Takafumi Kawamura, Member 
Hideaki Miyata, Member

Summary

A continuous effort has been made to investigate flow field around two full ships in maneuvring 
motion by means of numerical and experimental methods. Following the previous reports a finite- 
volume simulation method based on the Navier-Stokes equation is applied to the ships in steady 
turning motion, and the flow field is thoroughly studied and compared with measured results in the 
present paper. The degree of accuracy in predicting hydrodynamic forces and moments is improved 
by revising the numerical method. Detailed measurement of the flow field on the vertical plane at A. > 
P. is carried out in the steady turning motion and the results agree well with numerical solutions. The 
typical characteristics of the flow field in steady turning condition is revealed by the numerical 
simulation and the relations between hull form, flow field and forces are clarified.
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A Component-type Mathematical Model of Hydrodynamic Forces in 
Steering Motion Derived by Simplified Vortex Model

by Keiichi Karasuno, Member Kazuyoshi Maekawa, Member

Summary

One of the authors presented the component-type mathematical model of hydrodynamic forces in 
steering motion on the basis of kinematic forces acting upon the both ends of the hull. The mathemati­
cal model can describe well the forces X, Y and N with large drift angles and tough turning motion. 
The rotative coefficients in the model are estimated from the static coefficients at oblique motion. The 
rotative coefficients thus derived are, however, somewhat different from the ones delivered from the 
experimental data of turning motion. 1

In order to improve this point, the authors will now break up the hydrodynamic forces into the 
following components, i. e., ideal flow force, viscous force, induced drag, cross flow drag, cross flow lift 
and frictional resistance in the normal sense. Then a simplified vortex theory is called upon to evaluate 
the ideal flow force, viscous lift and induced drag. - -

As the results, the present mathematical model can describe the hydrodynamic forces acting upon a 
hull in tuming/drifting motion with a fair accuracy. The model also provides a sensible insight on the 
mechanism of hydrodynamic forces appearing in steering motion. .
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Fig. 4 Modeling and vortex model of a ship in oblique 
motion (ideal flow)
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Fig. 5 Vortex model of a ship in pure-turning and 
turning motion (ideal flow)
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k#x.3„ :: a-. . ,.r

as#@r©m#m a., sa# a.„ Emm u ©-turn
*-r@< w&^Emm-c

L/.0=p-UrF/.ofd --
.: =1/2• p• Lpp• zi'(z;zp+Cl>’Cos 0)-vU

\. La;o=P‘U-Fa.p-d
=l/2'P‘Lpp:-d'(—m'p+C'La-cos $)-vU

(8)

' k&3o C ^ T?gaS#±#E@< #5tt 
Lo=L/,o + La,o

=l/2-p-Lpp'd'(Cls+Cla)‘Cos y9-y t/ (9)
k»3.

Ct=( C1/+ CL.) • cos yS • (—sin y9) 1
k*9, Witm Kutta <omx±litV>3£k-£';jrf,>
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aoneKutta ©#ta£-r an* (tmmtj tv?#) a, 
%ti?n

Lv/,o=l/2'P'Lpp’d'(.CLrcos yg)-y U 
Lva,oz=l/2'p-Lpp'd-(.Cla-COS &)-v U 

T&3.
3) mm#

^e.®#mmtt*v»o l^l, %#m#ia%a kg*^E

nmm^x&Zo ®my-m.mw-x<Dwm&*%7Lz t 
Kutta <Dmm-gmxffi$iLiii-rzmm&$ix$>z tmux 
v>a**, mmmfcx<Dmmm®<o'$mm'at@a#©m
&&&■5 k#^.50*t$S-C, ####±T#h,-c#&m 

(Fig.6)o
mm#oSi§ n.oa, zmw-w.mvfxte-mg.Awxo 

UViilkmmx, Kutta @#k#K*## rx,0 <o±w*m 
nmwit%-3xmib-tzt%z.zk, mm#aa@ 

r%.o=rx,0 do)
kfra„
4) EStfcb

mm#K#-p x (7 )^©mi?# r*,01 ao)s;omm# 
n.oorx, mmxcommvum, cw
•c,

Dtf.B=p-r/.o-rs/,0-c,DLf
=1/2’ p’ Lpp’ d'(Lpp!2d)w Cdu 

•(m»+Cif cosyg)2-y2
Dia,o~P'Pa,o'Pa,o' CoLa

—\j2'P'ltpp*d'{,Lfppl2d')' Cbla 
• (—m'v+ Cia • cos y9)2 -y2 (11)

kilkihk TWB#±#K# < E^Stt tt 
Dio=Di/.o+Did, o

=ll2’P’Lpp’d'(Lpp/2d)
• { Cdu • (m'y+ Cl/ • cos /?)2

+ Ccio,(—TMy+Clo'COS yg)2}*y2 (12)

k»a. J:^TB@£toMca
CDi=(Lpp/2d)-{C'Du'(m'y+C'u-cos yg)2

+ CoLa'i,—m'v+ CLa'Cos yg)2}-sin2 yg (13)

k%D, $fcSlS}J±DiolLo(=Cd,/Cl =tana; a H§}£lk
^•*kO%1-ft) &*5k

(Lpp/2d) • {Cdu• (m'y+ Cir cos ft)2 
tan J— + Cpia-(-m'v+ CLa'cos yg)2}
tan<? {C’u+CD •tanyS

(14)

k£a„
5) 3 frtSX,Y,N

do -cmmm x, *? ± *; x.
E#A(8) ^Rr/E^Sto (id k,
^mtfctj©3##a

X=l/2-p-Lpp'd'(.Cu+C'La)-cos yS-y2 

—ll2-p'Lpp’d'(Lppl2d)

. ■{C,Du-(m'y+C'u-cos yg)2

+ Cdz.<ii(—tmL+CLi -cos yS)2}-y2-cos yS

(15-1)

Y=—l/2-p-Lpp-d-(.C'u+C'La)‘COS y8’VU 
—1/2’ p-Lpp-d-(Lpp/2d)
■{Cbu-im'y+Cu-cos Pf ,

+ Ccw(—m^+CL-cos /3)2}-y2-(—sin yg)

(15-2)

N——\l2’P’l}ppd-m'v’V-u

—l/2‘p-L2pP'd•x/’(.Cu— Cla)-cos 0-vu 

—l/2‘p‘L2pp'd'(Lpp/2d)'Xf 
• { Cm/-(yzy+Cl/-cos yg)2 

— Cm.•(—»*!>+ CL-cos yg)2}*yz*(—sin yg)

(15-3)

k»3„ 2:ne>©ft6CHC^nX7n-^

4.1.2

3.1-cse^.

A. aA,K%%*%bak, mt©#ek|%#E Kutta #

#cfgS-t5#*?E@dtT.5„-
1) Kutta &#©%##

J:a Kutta^ffCSo'<m%ki5]U<

mmsxcomLft yg.90° -ca^w,a, 
Migia-f a cnfttMt
a a t mmmaoffaa 2/s-x-r
a k-ra. SSSSTOao# (Kutta ©#) ©5$S Trx.r a 

r„/,r =1/2-ipf. -(Cif-cos 0/)-(2/3-x/-r)
n..r=l/2-LpP-(CL-cos yg.)-(2/3-x.-r) (16)

-c*ea—*©mmg#T&a.
a ^ k yg/, yg. ammmcAaammAT

cos yg/=«/-Ju2+(x/-rYFig. 6 Vortex model of a flat plate in oblique motion 
(viscous flow)



*46 mm#

COS /So = m/7«2,+ (xa • r)2

M±© Kutta ©,#EAQt» 5 k, SSSS
53 J: 14,

//, r—jTl/t r^~Pv/,r , r * ’ ‘ -• i
=l/2-Lpp*(wy+Clf-cos &f)-(2/3-xs-r)

I'm/, r —Flmf* r *f" 0 '
=l/2’Lpp*(—W2y)*(2/3*a:/*r)

/»ia, r—//Ha. r H" 0

11 =ll2-Lpp‘{m'y)-{2ji-Xa-r)

Pa. r —Pla. r H~Pva. r
=\l2-Lpp‘{—m'y+C'La’Cos 0a)-(2l3-xa-r)

\ (17)
bis: a „ *53, @EZ@6 (0,0, r) ©##E 14 TV. r=Ka. r=

ok*a„ 1 ' '
2) ' , , " ' '' '

ism mu i

L/,r=l/2'p-L}pp-d-(m'y+CLrcos /?/) '
•(2/3 • Xf r)-J uz+(xf r)2

L»y,r=l/2* p-Lpp-d-(-m'y)

•(2/3-x/-r)*w
Lma.r=l/2-p-Lpp-d'(m'y)

•(2/3-Xa‘r)‘u

La.r=l/2-p-Lpp'd-( — my+Cla-C0S /So)

•(2/3-is-r)'/a!1+fc;)-)J, t|
fc*5° ., . ■ i -
3)

Kutta k V 'C f) k T) k 'kTS/lI V
-c^a*5, a k

3*oT, ms.®-Ct>mLt\elVZvte]E<DEtl%JffiZtk

uakca&e,©m%m^%_65%a.is#ai©m
»mt, 61 ft?
«WSatfx^5ia, U^L,

m#m#-e©is#

14#;Uiv>= %?-C$m@©##, #©mflj 14 Kutta ©# 
L-cismm^ammTa t#x.a (Fig.

7)= r .
i©e, am@©a@ rj.r«Kutta ©%©a@?&a

^sismjioimasists
Pj.r~Paf.T

=1/2 • Lpp • ( C£/ • cos /S/) • (2/3 • xr• r)
, Pa.r^Pva.r

=l/2'Lpp'(Cta'Cos 0a)-(2/3'Xa-r) (18)
k*a.
4) s§i@i/to

6 (i8)^©%%m c#? -cew%mm© a?)
S0m»C^fflLTE9£t*§&5fL»ao IStMT© 
S#@%Ai4, ^etvenogttoc^Pfre

Dif,r = p‘Pf.T’T/.r’ C'dl/
1 — Z/2’p’Lpp'd'(.Lpp/2d')'Cbu

• (m'y+ Cif • cos j9/) • ( Cl/ • cos /Sy) t 
•(2/3*xyr)2

Dia, r=P’Pa,r'Pa.r’ CoLa
= l/2* P * Lpp • </' {Lppj2d) • Cola 

•(—m'y+ Cut • cos /So) • ( CL • cos /So) 
•(2/3-Xo-r)2 \

kSkto C >• 
fe©k-ra0
5) 3 frfiX.Y.N

ismjtss j: xf%ifc*#:im<DsfimmzftmT2>%itit3 z 
VmmVitJ C 4 a X, Y, N 3 ## 14

v+xr

- Fig. 7 Vortex model of a flat plate in pure-turning and 
' turning motion (viscous flow)
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X=l/2-p-Lpp- d-{Cts+ Cla)
•cos A'(2/3 -ay r)-(ay r)
—1/2 • p' Lpp • d • (Lpp/2d)
• { Cdis •(m'y+ Cir • cos f3/)'Ci/
+ Cota • ( — W»+ CL • COS A) • CL}
•cos2 A--(2/3 -ayr)2 (19-1)

Y=-ll2-p-Lpp-d-(Ci,-C'La)
•cos 0/-(2/3-x/-r)-u 
—1/2 • p • Lpp • • (Lppl2d)
•{C'Dif(m'p+ Cpf cos A)* CL 

— Cota •(—?»»+ CL • cos A) • CL},

•cos A‘(2/3-ay r)2-(-sin A) (19-2)
1V= — 1 / 2 • p • L%p • d • m'y• v •«

—1 /2 • p • Lpp • fi? • £/• (CL + CL)
•cos A'(2/3-ay ?-)•%
—1/2 • p • Lpp • d • (Lpp/2d)
-x}-{C'du’(.m'y+ CL/• cos A)* CL 
+ Com • (—wz»+ CL • cos A)' CL}
•cos A'(2/3-ay r)2-(—sin A) (19-3)

fcftSo 
£ > C

sin A= —ay r//tt2+(ay r)2 
cos A=“//w2+(ayr)2 

•C$5,
4.1.3 %#m#r©m@
4.1.1 (m, V, 0) k 4.1.2 Oisez® (0,0, r)

1) Kutta •&#©#
(y+z-r) c ± ^ am

@0 Kutta ©# A* fct, (6), (16) 9
rv/=rVf, o + Fv/,r

=l/2'LPp-(CL,cos A)‘(y+2/3-ay r)
Fva = Fva, o ■{" Fva,r

=l/2-Lpp-(CLrcos0sHv+2/2-Xa-r) (20)
k&ao-e, ^«, (?), d?)
amtK(3), (20)^i D 

F/—Fi/-i- Fv/
=l/2'Lpp'(m'u+ Cl/’cos A)-(y+2/3-ay r)

—T*m/ “i" 0
=1/2-Lpp-(—m$-(2l2-x/-r)

Fma—Fima 4" 0
=1/2 • Z./v> • (w*t) • (2/3 • Xa • r)

Fa=Fla'^‘Fva
=1/2-Lpp‘(—m'y+Cia'cos 0a)-(2/3-xa-r) (21)

k&a„
2) ##

^iRicssr
L/=ll2' p-Lpp-d-im'u+Clrcos A)

•(y+2/3*ay rWw2+(y+ay r)2 
Lmf=\l2‘ p-Lpp’ d-(—m’y)

•(2/3-ay r)-M 

Lma=ll2-p-Lpp-d-(tn'y)
•(2/3 -xa-r)-u

La=ll2-p-LPp-d-(—my+Cia-cos A) 
•(y+2/3-ayr);i/w2+(y+ay r)2

k*a„

3) mm# '
a vi t©k-#-ak,4.1.2

ciaa ©#mm « & <, 4.1.1
•esE^fcsm-e©w#©a.»^ivc#S(£i5r a „
Kutta 0# & k UTlSSMAi 6 g 6#£Mir a
k#^_S (Fig.7).

£ © i a cuts?#© 5 *i, #mr©mm
%#©# km@r© Kutta ©#**g 6#%mmr a©T,
t A-e,mm#©a@ «

r/=1/2-lpp

•{wzi-y+CL'Cos A-(y+2/3*ay r)} 

Fi=H2-Lpp
•{—m'y’ V+Cla’COS 0a‘(v + 2/3•Xa’r)} (22)

k&&.
4)

(2i)^;c^fm##k(22)^;catf&m#ci-3T&#

Dif—p’FfFf• Cozy
=1/2 • p • Lpp • d - (LpP/2d) • Cow 

•((?%(+CL'Cos A)‘(y+2/3-zyr)} 

•{wLy+CL’Cos A’(y+2/3*ayr)}

Dta = P'Fa‘Fa'CbLa
=1/2 • p • Lpp • d • (Lpp/2d) • Cota 

•{(—w^+CL-cos A),(t,+2/3iXair)}
•{ —wLy+CL-COS 0a-(.V+2/3‘Xa'r)}

k»a.
£ v k

cos A=%/•fuz+(v+x/-r)2 
COS @a = ulJu2+(v + Xa- r)2

-C, mfW:*a©#-*KB9%A&±C»Vik^a.

5) 3 ftt!X,Y,N
wM<D 2), 4) ©#A k E3?6lA©TT% £#.6Cia AT, 

r.ATS^tt
X=\l2-p-Upp-d-m'y-r-v 

+1/2-p-Lpp-d
•{CL'Cos 0f(v+2/3-x/-r)-(v+Xf r)
+ CL-cos 0a-(.v+2f3-Xa-r)-(v+Xa-r)}
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—l/2-p-Lpp-d-(Lppl2d)
• [C'du•(m'p+ CL/• cos 0/)‘(v+2l3-X/-r) 1 
•{?«»• y+Cl/1 cos yS/-(y+2/3:Z/-r)}-cos /?/
+ Cota•(—>»»+ Cta• COS /9a)"(v + 2/3"Za’ 7")
•{—wt»-y+Cta’cos ySe,,(y+2/3-Ze-r)}
•cos /9a] i (23-1)

Y=-\l2-p-LPp-d
•{Ct/-cos/8/-(y+2/3-z/-,r) ;
+ Cta'COS /9i'(y + 2/31Za,7')}1tt, . 

—l/2'p'Lpp‘d-{Lppl2d)
•[ Cot/•( Wy + Ct/• cos/8/) •( y+2/3 • z/• r)

. •{TTz^-y+Ct/.-cos /8r(y+2/3iz/-7-)}
■ : : •(—sin/9/) ,

+ Cota • ( — 7?z(,+ Cta1 COS /9a)"( y + 2/3 - Za1 r)
-■( •{ — »?»• y+Cta'COS /8a-(y+2/3'Zair)}, |

•(-sin/9a)] ■; ,,i (23-2)
N=—1/2-p-lJpp-d'm'p'vu ■ ,

—1/2 •p-lfpprd, , | ■
•z>{Ct/-cos jS/-(y+2/3,z/ir) ;
— Cta'COS 0a-(v+2/3’Xa‘r)}-U , 
—l/2-p-L2pp-d-(Lpp/2d) , ;
• z/• [Cot/• (?«»+ Ct/• cos /9/)• (y +,2/3•z/• r) 
/{wi-y+Ctt'COS /9/-(y+2/3-zy r)} j.
•(—sin/9/)
— Cota • ( — 7?Zy+ Cta • COS /8a M V+2/3 • Za • 7")
• { — y + Cta • COS /9a • (y j+2/3 *,Za • r)} ,, ,
•(-sin/9a)] . / (23-3)

4.2 *5tt3S(*;T'(7)6m$(Z);@^7r;iz* , • _

®0¥&©.ffiK 3.2 -cf J: 5 Kffi/hUGKj-am#*
j: V) (Pig. 8). c ^-e, ss

LT#x.5
iCffififrTfxfe Kutta
v>„ 3.2 -exB^fc J: 5 CSS8K

> CUTisvi-r lot 4.1.3 Kx!+< 
Afgm*0#ty/I/0(21), (22)^m^k LX, Ztl

z z t K%a„ sn%, &
LTfct(4)5$©6©*5/iilfc5o*33,

c e.< 1 , 1

rt=nP=r£s=n= o . , (24)
T&&„

i-oX 4.1.3 CSaU*gSft:^ij>®©¥St ^©SS#^ 
B©¥Et K:»>-5S-aio-ti:5 tMi*A#©A 16

9, f©33-#x, y,n(#¥/),

1 /s,0 V

Fig. 8 Vortex model of a ship in turning motion 
(viscous flow)

(##Lv) &z.T}wmmi iw&Di) \zftwxm-t,
X=X,+Xl v+XDi (25-1)

CICT
Xi=ll2-p-L%p-d’tn'v'r’v 
XL<>==\12' P’Lpp’d ,v

•{Cz/'cos /9/-(y+2/3'Z/'r)-(y+Z/-r)
+ Cta-COS/8a1(y + 2/3-Za*7')'(y + Zair)}

, Xdi=—l/2-P‘Lpp-d-(Lpp/2d)
• [C'du'(w'v+Circos fi/)-(v+2/3-x/-r) 
■bn'p'V+CLr cos /9/-(y+2/3 •z/-r)}-cos /8/

- + Cota'( — 77^+Cta-COS /9a) *(y+ 2/3 •Za'T')
• { — m'y-V + Cta• COS /9a‘(y+2/3-Za‘ r)}
•COS /9a]

F=F/+Vta+Fo,- ,, , ,, . (25-2)

Yi=-l/2-p-L%p'd'mx'r‘U :i 
:|, Ylv=—l/2\p'LPp'd

•{Ct/’cos/8/‘(y+2/3-z/’r)
+ Cta'COS /9a'(y + 2/3-Za'7-))'«

Km=—1/2 • p • Lpp • d • (,LPp/2d)
•[Cot/'Wo+Ct/'Cos jS/)'(y+2/3"Z/-r) 
•{wo-y+Ctycos /9/*(y+2/3-Z/-r)}
•(-sin /9/)
+ Cota•(—»?»+ Cta• COS /8a)• (y + 2/3• Za• z)
• { — »Zy" y + Cta• COS /Sa*(y + 2/3*Za* 7*)}
•(-sin &)] , . . . ,

iV=M+M.v+M>,- (25-3)
CCT

, Ni=ll2-p'L2pp'd’(ntx—nip)-vu
NLv=—ll2‘P'L2pp'd
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•x/-{C'l/-cos ftr(v+2/3'Xfr)
— CL"COS f}a‘(v+2/2’Xa'r)}'U 

NDi=—1/2-p‘Vpp'd’(,Lppl2d)
•x'r[ Cbu • (CL" cos /8»

•(y+2/3"zyr)
•{m’y'V+Clrcos P/'(v+2/3'X/-r)}
•(-sin fi/)

C'dlh • ( «i+ CL • cos /So)

•(v+2/3-Xa'r)
"{ — m'y-V+Cia'COS Pa'(v+2l2’Xa'r)}
•(-sin &,)]

k&&.

• 4.2 • msfttitimzm-j < m^wtKom
K, ztizt ± s «&%*:& o,

^nx7n— {ft# (yc), (AM &

X'

o exp.

o tap.
tJ—6

oeap.

Fig. 9 Analysed results of hydrodynamic forces 
(X', Y' and N') in oblique motion

J:i&f n%7n -Sib (Xc) M
KmiSiSS* (XF) Xh 9 '

Xc=l/2’P’Lpp-d
• { Clasp •(v+xrr)z- C'lasa '(v+xa’ r)2] 

Xp——\l2-p-Lpp-d.-Cp‘\u\‘U 
Xsr:
Yc=—l/2'P'JCD’\v+x-r\-(v+x-r)‘d-dx

Nc=—1/2’P' JCD-\v+x-r\’(v+x'r)'X'd-dx

(26)
TlB-r^fc^-r^-So

x, 3 frti x, y, n 
#, (25), (26)5SJ:D*4)#C»&0 

X=Xi +Xlv+Xdi+(Xc+Xf+Xsr)
Y=Y,+ YLv+Ym+(Yc)
N=N1+Nlv+NdMNc) 1 (27)

i -5 PCC9’ SSS k Lfc£4E, itoS@ 
Figs. 9~10 KShho

-0.2-

Fig. 10 Estimated results of hydrodynamic forces 
(X', Y' and AD in pure-turning motion
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m* x\ y', x x, y, n com%Km-c,
mY<rx&\m?o • ; ;

X^XKl/2-p-Lpp-d-U2) . \t >
Y'= Yl(ll2‘p‘LpP-d- IP) , )
N'^NKl/2-p-Llp-d-U2) . \i-

6. £ <hl\M
• ■ \ - '

5 >to&m
zfTK>r$.zt, xgktamamm&fifc&Zi- ztizm

sn%, ffigM<Dffi.thmz£2>mmfctm -. V .

1/2-p-Lpp-d-(Lpp/2d)' Cdis 
■(m'p+C'wcos fl/)-(v+2/3-x/-r)

. • {m'y-v + Cif • cos (if • (y+2/3 • x/ • r)} 
(%&=eTn'<D&%) , ,

—►1/2 • p • Lpp • d • {Lpp/2d) • Coif , ,
■{mp+Cir cos 8fY-(v+2/3-Xf-r)2

GffiftO
—*l/2-p'Lpp'dj(Lppl2d)sC'Dis -----------

• (m'y+ C'l/Y• cos2 /Sy(y+2/3-z/-r)2 .

x, gsm#©mm#K i a#ma & ,
H2-p-Lpp-d-{Lppl2d)-.Cka r'~X''K'

•(—m’y+Cia-COS @a)'(v_+2/3•Xa-r) - - 
•{ —TMp-y+Cia'COS fla‘(v + 2/3'Xa'r)} 

(}]&*T)U<D{Eife) ' I'

—>1/2 • (5 • Lpp ■ 6? • (Lpp/2d) ■ Cbia
—•{,— m'y+ Cia-cos /Sa)2--(y+2/3-Za-r)2

asm, , \ I
-*i/2-p' Lpp-d-(Lpp/2d)’ C'oLa \

L . •(—»C+ CL)2-cos2 /?. • (y +2/3• x. ■ r)2, , 
kUfe6"©C»pTVi50

(r=o) r-tt cos/9
(/S=0) £sgx.

-c»/k#e,

1/2 • p • Lpp • d- (Lpp/2d)-Coi/ • (»C+G/ • cos &•)
; •CV'Cos fir (2/3-z/-r)2 ‘ ' ,

—►1/2 • p-Lpp • o' • {Lppjld) ■ Cdu (m'y+ C'lsY 
'• cos2 j8/ • (2/3 • Z/ • r)2

fiO-6 g/^W+Oz)

kL-,;£-fc -- -j,,— — -
mms-ctommtfitnt

1/2 ’ P'Lpp • d • {Lppf2d) • Cola • ( — »Zy+ Cia * COS y?a)

• Cia • COS/9a • (2/3 • Za • r)

—»l/2-p-Lpp • tif • (Lpp/2d) • C'oLa • ( — »2p+ Cia)2 

•COS2 jffa-(2/3-Xa-rY ’

EPS Cia —» ( — nty+Cia)
k»9, c-s(D-frftfr5„ ;>c(m;

+ Ci/)'Ci/>W+ G/)2 -C$,9, $ fc (-»»i+ Ga)-Ga 
X- «;+ Ga)2 -C$> 5 r;v
@©ESia:A5 k, J^+r+kJt^TfiSlTC^:S 
< ifiST/hS <S$-T5 5kK»5„
Sot, y*©i§®

k©m*l±, i$HI 
*>■??> tymnnm ibjc*5.

S*, #%©A#t^6^0X70

*'**, >:+T+r-ti,

& (25-2) & § tir v ^ 5 o

7. & £ $

#WSfSfAk65 k,_*©fE*5„ _
1) mBrnw-camm («, y, 0)

^gp-css-r 5 s^s©m®-c$Lfc„
2) (%, 0, z-) f 5W&m#

5 -*©#K*m©m&i#-;b-e-c#%

t*o- '
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Response Characteristics of a Long Life Type Floating Offshore Airport in Waves 
(3rd report: Response due to Short Waves and an Attempt of Active Inclination Control).

by Tsugukiyo Hirayama, Member Ning Ma, Member
Flavio Ossamu Nishio, Student member, Naoaki Sato, Student member

Summary

The hydroelastic responses of a semisubmersible type floating airport, which consists of multiple 
removable units supported by column-footings in head sea are discussed. The emphases are placed on 
the response characteristics in short wave length range and the influence of lacking of units in this third 
report. Active inclination control by using air pressure in underwater columns is attempted for the case 
of unit lacking supposing replacement of the corroded or damaged units. Numerical analyses are 
performed based on the mode superposition method which combining the 3-D analyses of 
hydrodynamic forces (source distribution method) and mode analyses (FEM).

In this report, the calculated added mass and wave exciting force of each column are shown for 
understanding the interactions among columns especially in high frequency range. The calculated 
deflections and bending moments including higher elastic deformation modes are compared with the 
experimental results obtained from high frequency excitation tests. Also the responses in regular 
waves are calculated and compared with experiments for different conditions including unit lacking, 
with and without air pressure control. Finally, the influence of unit lacking on response and the effect 
of air pressure control are investigated consequently.
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0:72 —
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-I — — r-i I i I, I. I , , , , , . 0.74---

0.66,—
0.62 -

0.72 —pgvyd A2&B2 units removed (no control)
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0.64 ---

0.6 -
0.56 —

I
Fig. 9 Wave exciting force on column in heave direc- - 

tion at frequency £U=10 rad/s (head sea, no air - 
-column)
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Fig. 11 ^-displacements (left) and -bending moments (right) due to one point sinusoidal vertical 
excitation on L2 unit in high frequency range(Zi,Z6, Z8: fore, midship, aft; Mi,M2, M3: fore, 
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Fig. 12 ^-displacements (left) and bending moments (right) of full model in head sea condition (no air 
' -column; Zi, Z6, Z8: fore, midship, aft; Mi, Mz, M3: fore, midship, aft; (Oh : heave nat. freq.; 

oh: 1st bending nat. freq.; coz: 2nd bending nat. freq.)
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Fig. 13 An example of records from air pressure con­
trol test (Static load 4 kgf on A 3 unit)

Fig. 15 Wave exciting force and added mass of column 
in heave direction at first bending mode fre­
quency with air pressure control in head sea 
(unit A 2, B 2-removed; with air-column)
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A2,B2 removed (no control) A2.B2 removed (air control)
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Fig. 14 ^-displacements with/without air pressure control in head sea (unit A 2, B 2 removed; with air 
-column; Zt, Zc, Z%: fore, midship, aft; oih : heave nat. freq.; tui: 1st bending nat. freq.; (Oz: 
2nd bending nat. freq.)
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Feasibility Design of a Floating Airport and Estimation of Environmental Forces on it.

by Yoshiyuki Inoue, Member Shigeru Tabeta, Member 
Yasumasa Takei, Member

Summary

Kansai international airport was newly constructed and opened in 1994 at the site of offshore in 
Osaka bay. This airport was built on the newly reclaimed land. Although similar airport concepts are 
recently discussed in Japan, yet newly reclaimed land in the deeper sea is very difficult from the points 
of view of necessity of huge volume of sand for land filling, long period for construction and environ­
mental impacts.

On the contrary, concepts of a floating land for the airport are recently discussed again. These 
concepts were discussed more than a decade ago, even though that was not realized because of no 
experience of the construction of such huge floating body for the mankind before. After these concepts 
were proposed, huge floating oil storage bases with million ton capacities were realized in Japan. 
Therefore, a floating airport should be discussed more and deeper to realize it.

The authors wish to show one of the concept designs of floating airport and to discuss the estimates 
of the environmental forces.
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Table 1 Principal particulars of the floating airport

LXBXD (m) 3000X800X4.5

draft (m) 1.6 7

Deck Area (ha) 2 1 9.0

displacement (t f) 3 7 5.OX 1 0 4

Table 2 Weight estimation of the floating airport

Airport buildings
Pavement of runway,taxiway,etc 
Steel for structure
Greenbelts (soil and grass)
Fuel and water

1 0 0 k t f
1, 1 00k t f
1, 1 00 k t f

1 0 0 k t f
1, 3 5 0k t f

Total 3, 7 5 0 k t f

Table 3 Enviromental conditions
Wind Significant wave

Co*
<*>

Openiiml
condition

Accumulative 70% 
probib i 1 11 90%

Miifavn sidewind 
Ooeyearstorm

6 $
9 5

1 1.0
1 6 0 
250

0.5
0.6
1.0
1.3
2 7

3.9
4.2
5 0

condition

lOOyears storm 
Earthquake
Tsunami

1 1 0
1 1 0

5.0
1.0
1.0

9.6
4.2
4.2

fliSSlfco Table 2 
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without Breakwater

with Breakwater

Period (sec)

Fig. 7 The drift force of floating airport in regular 
wave

without Breakwater

with Breakwater

Period (sec)

Fig, 8 mean drift forces of floating airport in irregular 
wave
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mmttoft’&m'c ■ -10%

Table 4 Enviromental forces in the transverse 
direction of the floating airport

—-—— "Operational 
condition (kN)

Survival
corofition(kN)

Wind
force

b u 1 1 d i n 8 *

W1thout
b r ea kwater

3.0X1 03 2.9X1 04

Wl th
breakwater

1.SX103 1.5X104

floating
Pressure
resistance

1.3X1 03 1.2X1 04

Frictional
res 1 stance

1.1 XI o3 1.1 XI o4

Cu r r e n t 
force

Floating
body

0.8X1 0 3 .6.0X1 0 3

Wave
drift

Floating
body

Without
b r ea kwater

4.1 XI 03 7.5X1 04

With
b r e akwa ter

2.0X1 03 6.8X1 04

Toa 1

Wl thout
breakwater

1 0.3X1 O3 1 3.3X1 04

With
breakwater

6.7X1 03 1 1.2X1 04
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(El=0)

(El=0)

(El = 0)

(EI=1.0E11)

Fig. 10 Heaving amplitudes of each body and rigid 
body
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On the Estimation Method of Hydrodynamic Forces Acting on a Huge Floating Structure

by Hiroshi Kagemoto, Member Masataka Fujino, Member 
Tingyao Zhu, Member

Summary

The floating structures that may be used for such purposes as an international airport or an offshore 
city are expected to be as large as several kilometers long and wide. For the estimation of 
hydrodynamic forces due to waves or body motions that will act on such huge; structures, a direct 
application of conventional numerical methods is practically prohibitive, because the required 
computational burden is enormous. In order to get rid of this difficulty, an approximate numerical 
method is proposed in which computational time is drastically reduced without appreciable loss of 
accuracy. Although a direct application of conventional methods is difficult for the reason that the 
corresponding structure is so large, the method proposed in this paper exploits the very fact that a 
structure is huge to simplify the calculation. The effectiveness of the new method is demonstrated in 
comparison with results obtained without any approximations.
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(a)1 The lengthwise distribution of the singularity 
. strength obtained by 500 panels in beam waves
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i (a) Panel subdivision of a very long structure into 
500 panels -

(b) Panel subdivision of a very long structure into 
105 panels ., tJ
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( 105 S56 ) 1

(b) The lengthwise distribution of the singularity 
strength obtained by 105 panels in beam waves

Fig. 1 - • . - . i r, , « , ,; , Fig. 2
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(a) The lengthwise distribution of the singularity 
strength obtained by 500 panels in oblique waves 
(x=80deg.).
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(b) The lengthwise distribution of the singularity 
strength obtained by 105 panels in oblique waves 
(*=80 deg.).

Fig. 3 A very long structure in oblique waves Fig. 4
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(a) 1 The lengthwise distribution of the singularity 
strength (devided by emxj~y)C0S>L) obtained by 500 

- panels in oblique waves (z=80 deg) , , ,

(b)
strength (devided by e ■*<*■>-»><”«)- obtained by 105 
panels in oblique waves (*=80deg.).
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(a) The lengthwise distribution of the singularity 
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(b) The lengthwise" distribution of the singularity 
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•Af=100i
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Table 1 Comparisons of the heave force and the pitch 
moment obtained by 500, 105, 55 and. 30 
panels.

Fig. 8 Panel subdivision of a very long structure in 
head waves. (105 panels)

real '(,105

■ i .
1 10 20 30 40 50 60 70 80 90 100

(a) Comparisons of the lengthwise singularity 
, strength distribution in head waves obtained by 

500 panels and those obtained by 105 panels.

real £ 55

-1,0 »ti I i I l tli I i I
* 1 10 20 30 40 50 60 70 80 90 100

(b) Comparisons of the lengthwise singularity 
strength distribution in head waves obtained by 
500 panels and those obtained by 55 panels.

30 (0

(c) Compariosons of the lengthwise singularity 
strength distribution in head waves obtained by 
500 panels and those obtained by 30 panels.

Fig. 9

**# Heave F.fpgCaBL Pitch M.f^pgCiBL2 kc.d/a kc.d/a
500 a 1.13E-02 1.18E-02
105 b 1.12E-02 I.22E-02 a 988 ' 1.036
55 c 1.15E-02 1.19E-02 1.018 1.007
30 d 1.24E-02 1.06E-02 1.097 a 898
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Fig.-lO- Panel subdivision of a very long and-viery wide 
! "structure! (1800 panels) __ ■__ _____ I

105 120v 135 150

(a) The lengthwise distribution of the singularity 
strength obtained by 1800 panels in head waves. 
(1st column of panels)
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(b) The lengthwise distribution of the singularity 
1 1 strength obtained by 1800 panels in head waves! 

(6th column of panels) :
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Fig. 13 Panel subdivision of a very long and very wide 
structure. (372 panels)
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(a) Comparisons of the lengthwise singularity 
strength distribution in head waves obtained by 
1800 panels and those obtained by 372 panels. (1st 
column of panels)
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(b) Comparisons of the lengthwise singularity 
. strength, distribution in head waves, obtained by 

1800 panels and those obtained by 372 panels. 
(6th column of panels)
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Fig. 15 Panel subdivision of a very long and very wide 
structure in head waves. (155 panels)
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(b) Comparisons of the lengthwise singularity 
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Fig. 17 Panel subdivision of a 5000 mX 1000 m struc­
ture in head waves. (341 panels)
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Fig. 18 Singularity- strength distribution, 
i' U(real part)2+(imaginary part)2 of ;a 5000

m X1000 m structure in head waves (3=40 m).
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Fig. 19 Panel subdivision of a 1500 m X 300 m structure 
i in oblique-waves. (612 panels) i
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(b) Comparisons of the lengthwise singularity 
strength distribution in 'oblique waves (%=80°) 
obtained by 1800 panels and those obtained by 
612 panels. (6th column of panels)
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Fig. 21 The beamwise distribution of the singularity 
strength in oblique waves (%=80°).
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Fig. 22 Panel subdivision of a 5000 mX 1000 m struc­
ture in oblique waves. (1681 panels)
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Fig.23 Singularity strength distribution 
U(real part)2-(-(imaginary part)2) of a 5000 
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motions obtained by 1800 panels and those 
obtained by 369 panels.
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Table 3 -Comparisons of added_mass (added mass 
moment of inertia) and wave making damp­
ing coefficient due to forced' heave* motions 

"obtained-by 1800; 369 panels. ’
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Prediction of Wave Drift Damping by 
a Higher Order BEM

by B. Teng*, Member S. Kato*, Member 
K. Hoshino*, Member

Summary
The paper develops a numerical method for predicting wave drift damping of three dimensional 

bodies. The first order potentials are calculated by a new integral equation method, which removes the 
second derivatives of the steady potential from the integration on the free surface. The second order 
mean potential is calculated by an integral equation method which is first developed. Comparison is 
made with analytic solution for a uniform cylinder. Numerical examinations are made oh the 
convergence with radius of the mesh on the free surface, and magnitude of each component of wave 
drift damping. Timman-Newman relation is also used to check the correction of the first order 
potentials. Comparison with experimental results are made on an array of four cylinders which are 
restrained and freely moving respectively. It was found that good agreements exist between the 
present calculation and experimental results and negative wave damping may occur at some wave 
frequency.

1. Introduction

Tension leg platforms (TLPs) are semi-submersible 
structures moored to seabed with a number of preten­
sioned vertical cables (tethers). The response motion 
of upper structure with wave exciting induces tethers 
vibrating continuously, which will break when their 
fatigue life has been reached. Damping can decrease 
amplitudes of response of structures. Thus, accurately 
predicting damping is important for the prediction of 
fatigue life of tethers. Usually damping of a compli­
ment structure can be divided into the viscous damping, 
the radiation damping and the wave drift damping. The 
wave drift damping, defined by Wichers and Sluijs", is 
due to the increase of drift force with forward moving 
speed of a floating body. Its calculation needs the 
nonlinear knowledge on wave diffraction and radiation 
in a steady flow.

In this respect, significant progress has been made 
recently. Matsui, Lee and Sano9 and Emmerhoff and 
Sclavounos9 have derived analytic solutions for uni­
form cylinders in finite and infinite water depth. Bao 
and Kinoshita9 expended to truncated cylinders. For 
3D arbitrary bodies, integral equation method had been 
developed by Nossen, Grue and Palm9, Grue and Palm9, 
Zhao et al7), Huijsmans and Hermans9 and Eatock 
Taylor and Teng9, Newman*9, among others.

* Ship Research Institute 

Received 9th Jan. 1996
Read at the Spring meeting 15, 16th May 1996

The present research examines the wave damping of 
floating bodies by a higher order boundary element 
method based on perturbation with respect, to wave 
slope and current velocity. The oscillating wave poten­
tials are resolved by a new developed integral equation 
(Teng and Kato"'). Comparing with some widely used 
ones, the present one removes second derivatives of 
steady potential from the integral on the free surface. 
Thus, the present integral equation can be dealt with 
more accurately. Cauchy principal value (CPV) inte­
grals on the body surface and the free surface are dealt 
with by direct and indirect methods respectively. The 
present work also derived an integral equation for the 
calculation of second order steady potential, which will 
give rise to some contribution to wave drift damping 
(Grue and Palm9). The second order drift forces on 
forward moving bodies are calculated both by a near 
field and a far field method. The wave damping is 
obtained by numerical differentiation of second order 
mean drift forces in current.

Numerical test is made on the convergence of drift 
force with radius of the mesh on the free surface, and 
the examination of the contribution of the second order 
steady potential on drift force. The comparison 
between the far field and near field method is made upon 
horizontal, modes at restrained case. The Timman- 
Newman relationship is also used to certify the correc­
tion of the present method. Comparison is made with 
Kinoshita, Sunahara and Bao’s19 experimental results 
on an array of four cylinders which are restrained and 
freely moving respectively. - It was found that good 
agreements exist between the present calculation and
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experimental results and negative wave drift damping 
may occur at some wave frequency.

2. Perturbation expansion j °

2.1 Velocity potential and wave surface 
The fluid is assumed to be homogenous and incom­

pressible, and the motion irrotational. Waves are 
assumed to be periodic. There exists a velocity poten­
tial 0 that satisfies the Laplace equation, the nonlinear 
free surface condition ■

0«+2V 0 • V 0t+g 0z
+yV0-V(V0-V0)=O 

on the free surface z=£(x, y, t), defined by
--+4-V-0-V0
•dt T 2 

and the body condition 
30
3n •= 1rs-n

(1)

j(2)

(3)

?(x, f) = £?a)(x, f) + £2?(2,(z, <) + •
and I J

(7)'

(8)

(9)

and
p(x, t)=pm(x)+£flw(x, t)+^pv)(x, t)+— (10)

plm(x, t)=p{00\x)+OCr2) • '
P<lKx, t)=pm(x; t)+Tpm\x, f)+0(r2) 
p(2\x, t)—pi2°Kx, t)+Tpal)(x, t)+0{z2)

• ! i. - , - j ' ‘ - 1 < (11)

pm is the hydrostatic pressure and piw) the linear 
oscillating pressure. The remaining components are 
defined by the relations

1 ^)=-/3[^-i|P-+-lv(Z)<io).V0ao,j

pm)=- p[ 3Qg™ +V 0<OI> • V 0<2O)+V 0(n> • V 0<lw]

, v - , . vrt; I
The mean values of the second order pressure in terms 
of e are1 ’11

^(20)o. _ —|-V0(1O)-V0(1O)

/,<2Un
(13)

V0(2O)n^-i V0<11,.V0<101
i 2 , ,f;-| ,, J

on the instantaneous body surface So. Vs is the velocity 
of body motion and n.is the unit normal,vector of,the 
body surface pointing out of the fluid. , , ,ii

Under the assumption of small wave slope £=64., the 
velocity potential can be expended into a perturbation 
series

0(x, t) = 0(o,(x)+£0(1)(x, t)
■ +e20<2)(x, f)4—• ' '-‘Ml (4)

The potentials at each order of £ can further bh expand­
ed with respect to the’ current parameter v—aUlg ’’

1 0m(,x) = UXs 1 1 111,1 - ’i'-1' -
1 ' 0H)(x, f)=0<lo)(x,'f)+r0<ll)(x, f)+— (5)

i @(2>(x, t)=0a°\xi f)+r0(21,(x, f)+— ! -r : '
where a is the wave encounter frequency which has a 
relation with wave frequency m of ' ! ; ' - '
• ,J o=6)—kUcosj8, . 1 >: 1 ■ "(6)
yS is the incident angle of the waves, and k is the wave 
number which is the real solution of tfie < dispersion 
relation. The first index in the superscript corresponds 
to wave steepness, and the second to current parameter; 

As the same the wave profile can be expanded into 1

ll,0,™l”iis the second order steady velocity potential in 
terms'of wave steepness. > >

3. Integral equations
1 3.1 Zero order steady potential

The steady velocity potential pan be expressed as 
the sum of a steady incident potential and the distur­
bance from a body 

Zs(x)=x~x.
Under the assumption of small forward speed, x 
satisfies the ‘rigid wall’ condition

f=0 '

on the, free surface,.

(14)

(15)

(16)

on the mean body surface Sb, and
Vz=0 |x|-»oo ' ^ 1 (17)

in the field far away from tlie body. The calculation of 
the zero'order steady potential is straightforward by 
using the Green’s function

i Go(x, xo)=_4_ri+i
4x1 r n

1 l"Ar)]
(18)

?H,(x, f)=?(10-)(xi,f)+r?(1I)(x, £)+•:• .
?(2,(x, f)=?<20’(x, f)+r?(21,(x; #)'+•••'■•' 

where 1 r- 111 1 '1 « ■1 1
£«<»=-W/g -r ,

■ £<m=-UvXs.v0?°)/g, , M , r

; 2.2 Hydrodynamic forces '' " * 11 •
After getting the1 diffraction1 potential, the 

hydrodynamic pressure in the fluid domain1 can be 
obtained from Bernoulli’s equation. By perturbation 
expansion, the pressure may be written' in the' form

(19)

, Tin ■ Un ' rzn
where1
- ' r= [(i?2+(z—zo)2]m, n=[R2+{z+zo)2]U2,
‘ ’ rin=[R2+{z—Zo—2nh)2Y'2,' :

r3n=[R2+(z+zo+2ntif\112, ' :
rin=[R2+{z—zo+2nh)2]m, '

' rsn=[R2+(z+Za—2nh)2]m, 1 :

«> 7?2=(x-xo)2+(y^yd)2, '
and h is the water depth:' The above Green’s' function 
satisfies the rigid free surface condition on the mean 
water surface and the impermeable condition at sea 
bed]1

3.2 The first order oscillating potential 
The first order oscillating potential in wave slope £ 

can be expressed as
0“’(x, t)=A Re[ 0<1,(x)e'ff‘]=A 7?£^!,"(x)'

+ mx)+iohtmx))eia‘\.
(20)
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where A is the amplitude of the incident waves, <t>o the 
incident potential, fa diffraction potential and (4,0=1, 
", 6) the radiation potentials corresponding to six 

generalized body motions. (£i, &, &) are the amplitudes 
of translational motion, and (£«, &, &)=(®, <&, ®) the 
amplitudes of rotation.

Approximating to the leading order in current factor 
r, |be free surface condition for the first order potentials 
in wave slope e can be written as 

— M>$,,+2z'rV2$1’- V2Xs+ z>(4j’Viz
H-^=° /=1, ", 6 and 0+7 (21)

on the still water surface, where m> =o2/?,' and V2 is a 
two dimensional gradient operator on a horizontal 
plane. In the far field away from the body, the above 
equation can be simplified as

—vofap—2h~ -=0.dx dz 
The body condition can be written as

d<tW 
dn =0, <t>%)=fa>)+fa')

(22)

(23)
•,6

(24)

on the mean body surface Sb, where 
(.mi, m2, m3)=-(n-V)Vzs,
(mt, ms, ms)=-(n-V)(xY.VZs).

From the free surface boundary condition (Eq. 22) 
and the out going condition of oscillating waves at 
infinity, we can derive a Green’s function as

inG(x,x*)=~--p--
(Af( r)+zAcosh A(/z+z)cosh A(/z+2b)

k(AF(A, t)-i, cosh Ah)dAdB
(25)

where
W=—h+}\.(x—xo)cos 0+(y—yo)sin 6)],
/(r)=l—2rcos 6, (26)
F(r, A)=sinh A/z+2r cos 0 cosh Ah.

Applying Green's second identity to the unsteady 
potentials and an oscillating source with a reverse 
speed, as shown by Nossen et al5) for infinite water 
depth, we can obtain the integral equation

afa''(xo)-ffs/j'Xx)-^-ds

+2izffsfalXx)(v2G-'72X+YG^z)ds

fa'Kxo) for (4"’=(4il’
US G+-^j-VG-Vzs) njds for/=l,—, 6

(27) ,
after using the Tuck’s theorem13’ to remove the second 
order derivative of the steady potential for smooth 
body. Here Sf is the outer free surface. Examination 
on floating cylinders by Eatock Taylor and Teng9’ has 
suggested that the local geometry of ‘comers’ could 
have an important effect on the flow when the body has 
forward speed. Wave drift damping, however, is very

little influenced by this effect. The second order deriva­
tive of the steady potential on the free surface can be 
removed by applying the transform (Teng and Kato11’)

ffsG(x, x0)Vfal,-Vzds

— ~jc G(x, Xo) fa?nidi (28)

-ffsfa'KV2G-V2Z+ GVlz)ds

where Cb is the water line, the intersecting line of the 
body and the still water surface, and this yields a new 
integral equation of

afajXxo)-Jjsfa'Xx)^ds

=i*iBGmx)rndl

- itJJs[fal)(x)V2G • Vzz(x)

-GfalXx)-V2z(x)]ds 
fa'Kxo) for

+ G +~VG-Vzsjnjds for/=l, ,6

(29)
For benefiting the discretization by higher order ele­

ments, we combine the above equation with a corre­
sponding integral equation obtained inside the body, 
as Eatock Taylor and Chau"’ did' for the wave 
diffraction in still water, and obtain a new integral 
equation

[l—ffs(v«G—2izGx)dx dy]fa'Kxo) ,

+jjs[mxo)-mx)\^ds

= irf Gfapnidl 
Jcb

— irJJs [ (4"’V2 G • V2x — GV2(4“’ •’V2z)ds

fa'Kxo) for $>’
jfjT^G+-^VG-Vxsj«ids for/=l, —; 6.

(30)
Since the derivative of the steady disturbance z on the 
free surface decays rapidly with increasing distance 
from the body, the integration on the free surface is 
needed only in a small area around the body.

Because the calculation of the Green’s function is 
very expensive and the unknowns are both on the body 
surface and the free surface, it is not economic to use 
Eq. (30) directly for practical application. Here the 
perturbation method is introduced to expand the 
Green’s function into Taylor series in terms of the 
current parameter r

G(-r)=G(o’+rG(,’+0(r2), (31)
where Gm is the same as the Green function for the 
wave problem without current, and ,

G(1’=-2zd2G(0,/di/o9x. (32)
Substituting equations (5) and (31) into equation (30) 
and collecting the same order terms in r, we can derive 
two sets of integral equations as follows
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4" for#' ''

jjs Gmnjds for/=l, 6 ; 1

for the zero order terms in r; and -
[l-ffSivGmdxdi/]ftlV{xo) | 

+ffjt<n)(xo)-r'\x)]^ds .

+ffs(vGm-2iGl?Wmds ,i . ,

+ifc G<j>{mnidl .) * .< i | \ \ 

-ijjsWm^2Gm-V2X+Gi0)V^m-V2x]ds

+
0 for#1

Gm+"~~VGm-Vxs)rijds for J—1, • 6

- , i - .> • (34)
for the first order terms in r. The calculation of the 
remaining Cauchy principal value (CPy), integrations is 
conducted directly by , a numerical method (Teng and 
Eatock Taylor15’), in,which a technique is applied to 
separate out a singularity whose CPV integration van­
ishes, while assuring that the integration of the remain­
ing term is straightforward. I.i ' ,

3.3 Second order steady potential 
The second order steady potential satisfies the bound­

ary conditions ' ■ > -

..os)

on the still water surface, and
^p-=\Re[~ n • [(f"5'+a™ xx)-V]V^<'°>*

+(c110' x n) ■ [w(| <10>+am x x)-V^10']*]

, v ,,
on the body surface, where * denotes the complex
conjugate. The second order steady potential comes 
from the evanescent modes of first order potentials. It 
always exists' in current, even in the case where it 
vanishes in still water, for example, a fixed uniform 
cylinder.

Applying Go as Green’s function, the integral equation 
for the second order steady potential can be written as
4r:j 0(2O,m(xo)+ffSB%-[^0™m(x)]ds /„ ,' v

, i=-^[j2^-^[(f.(10’+«<10,Xx)-VW,<i'* '

- i- +(#'xn)• M£<10>+ff<10'xz)-V#>]*}Go*] '

. ' 11 ■ - Vi, ) ■ ■ (37).
The integral equation, also includes second deriva­

tives in both the integral on ,the free surface and the 
body surface. To get rid of second derivatives, follow­

ing transforms are used .
' // ............

JJSf ni - i - - :
=ffs/m(.x)^Go-V2^im(x)ds (38)

for the integral on the free surface, where Cj is a 
contour at outer boundary of the mesh on the free 
surface, and _ ‘ r

(,/f G[(5(10)-V)V#'*]• nds
J JSb ^ "h~ V i 11

=ffj(K■ <5"°')(vGo-V^""*)-(VGo-S'f0') (39) 

l- j „ W0’*• n)-Go(aw>Xn)• V#'*]rfc 
' G,(V#'*x5,,0'W/

•'Cb , , - , i
for the integral on the body surface, where 8=$+aXx. 
Furthermore, to remove CPV integrals, which appear in 
the discretization by high order elements, the following 
relation ,

, ffsKn-d»°')(VG>-V#'*(:ro))

—(VGo- <5<10’)(V 0<lo'*(xo) • n)
-G(e'""x%).V#'*W]f&
-£Go(W^(xa)x8n-dl=0 [ (40)

is added to, ,the, integral, on the body surface, and it 
fields „

ffs[(8m)-V)V<t>uV*]-nds ' '

=ffj(n-8i'0>)(VG^-(V<f>iim(x)-V4>(im(xo))

—(VGo • 5(I0')(V ftlm*(x)—V <j>m*(xo))'n)
., -Go(ar(I0'x My-(V#'*W-V#'*W)]ds

-£DG*[(Vt(m*(x)-V<f>m>*(xo)) X d,10>] • dl (41);

Then, integration can be done in a straightforward 
manner. 1'

4., Hydrodynamic force

The hydrodynamic forces and moments tin bodies can 
be obtained' by the direct integration of the 
hydrodynamic pressure on btidy surface. This method 
is called as the near field method. When approximating 
to the first order in terms of current parameter r, the 
leading order exciting force in terms of wave slope e 
can be written as

Fm=—p jjsRe[{ic<t>il) ',
+ C/V Xs • V3<01>) e ia‘ ] nds ' (42)

The first order force in wave slope is, usually divided 
into exciting force and hydrodynamic coefficients, 
which correspond to1 diffraction and radiation poten­
tials, respectively. ' The' hydrodynamic coefficients sat­
isfy the Timman-Newman relation5’16?

' %(T)=ai2aij+icobij
—jj^mjds—fjii-T) 0", z"=l, •••, 6) K

which can be used to check the correction and the 
accuracy of obtained potentials at first order of wave
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slope.
The equation of near field method for the second 

order mean drift force is
FL2>=Fi2)+FI?+FtS+FW+FlP (44)

where F}2>, Ftf\ Fm, Fffl and FW are defined by
F,(2> = - pjjsRe[^jV • (V +2 rV <f")] nds

F!?)=-pfJsWxs-W*,)mnds

FS/=—^JJs Re[iaV</>m-($m+ail)x(x—xc))n 

+ iaaw*Xn$m]ds
F®=-JfAwMxj -

Hvf-Vc)®'*®' '

F'tZ)=-fJfcRe[-jZmZm*+r?mPn)*

+^>*(&>+(y-ycWl>-(x-xc)^))]ndl
(45)

(xc, He, zc) and (x/, y/, z/) are the coordinates of centres 
of gravity and floatation, Ayvp is the area of waterplane.

For fixed bodies, the application of the above equa­
tion is not a, difficult job. However, when bodies are 
free to move, the multiply of the first derivatives of first 
order potentials will introduce some difficulty. The 
multiply in F{2) can be represented as

' d4>m!L
(46)

dti dti
d<t>W)* d<t>W)* d<t>un

dti dh dn dn 
by two independent unit vectors h and h in the plane 
tangent to the body. The normal derivative of velocity 
potential 0(I1) is a combination of ntj terms, which 
includes second derivatives of steady potential on the 
body surface. Thus, to apply the near field method to 
compute the second order mean drift forces, a direct 
evaluating method for the second derivatives of poten­
tials on body surface has to be developed.

As in still water, a far field method can be also 
developed for the horizontal modes of mean drift force 
upon using the principle of conservation of momentum. 
This method can avoid using the second order deriva­
tives of the steady potential on body surface and is 
believed to give more accurate results. Nossen et al5) 
have obtained the far field equations for the case of 
infinity water depth, and Grue and Biberg17) got the 
following equations

Mif (C,(%A)cos *

+2rsin2 0)\H(d)\2d6 
+2Cg(kh)cos y9 7?e[S]j

(C.W)sin6
—2rsin 6 cos 8)\H(8)\2dd 
+2Cg(kti)sm yS MS]}

Mz
99A2 (Ce(i,iA)

—2r cos 8)Im^H{8) 3H^*]d8

”2[(1^^L)rS1'n/SMS]
+{Cg{kh)—2r cos yS)/m[S']} ■ i

’ ’ ' (47)
for finite water depth. The parameters in the above 
equation are defined by--------  ----------- ,

S=J^eM*H*U3+2Th sin yS),

rh=r/Cs(kk), Cg{kh)=tsa\i kh+

gv tanh(iy/z)=i/o, w=i/(l+2r* cos 8), — 
where H is the distribution of scattering wave ampli­
tude at infinity.

5. NUMERICAL RESULTS

The theory described in the foregoing is applied to 
develop a general numerical procedure for computing 
the wave run-up and forces on a three dimensional body 
in a weak current.

Figure 1 shows the convergence with radius of the 
mesh on the free surface for each component of second 
order mean drift force on a restrained truncated cylin­
der. Index t denotes the total force. The cylinder has 
a radius a and draft T/a=l, and is in a water depth of 
h/a=2. The calculation is made at ka=1.5 and Froude 
number (Fr=Ul<fga) 0.10. A positive current velocity 
is defined such that the waves propagate against the 
current. It can be seen that truncating errors are not 
very big when radius R/a of the mesh on the free surface 
is larger than 2, and very small when R/a is larger than
4. !

Figure 2 shows the comparison of each" component of 
the wave damping of the same truncated cylinder, 
obtained by numerical differentiation of each term of

Fig. 1 Examination on the convergence with radius of 
. the mesh on the free surface for second order 

• drift force on a truncated cylinder at Fr—— 0.10 
and ka=1.5.
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second mean drift force. It can be seen that the domi­
nant contribution comes from the water-line integral 
and the body integral of the first order potential. At low 
frequency, the term from the second order mean poten­
tial is very small; but it Increases with the increase of 
wave frequency and is not negligible at high frequency.

Figures 3 and 4 are the cross coupling surge and heave 
added mass and damping coefficients of an hemisphere

o . " 1 ' c<

t

,1.4 ! , ,1.6 , [

Fig. 2 Examination on the contribution of each term 
of the wave damping of the truncated cylinder.

. i 1 _i i _ i . ■ 1 i . i - • . 111 1 ■ •

r
‘ M , I

li '

.0.04

' 0.02

- 0.2 0.4 0.6' 0.8 1.2" 1.4 1.6 -i.8

Fig. 3 Cross coupling surge-heave added mass of an'
hemisphere of radius a in a water depth of 
h/a—2

0.35 -

0.2 0.4 0.6 0.6 1.2 1.4 1.<

, Fig. 4 . Cross coupling. surge-heave damping
i =■ X coefficients of an hemisphere of radius 

a in a water depth of h/a=2 . I -

at Froude numbers of ±0.1. The reason we chosen 
; these. values is that, they are zero, in the still water 
problem and only come from the, disturbance of the 
steady flow, so the calculation of those values are very 
sensible to the methods used, and can show their availa­
bility more clearly. From Figs. 3 and, 4 it can be seen 
that the added mass and damping coefficients an(U) 
and bn(U) in the following current is close to the added 
mass and damping coefficients «3i(— U) and bn{— U) in 
a corresponding reverse current. Timman and Newman 
relationship is satisfied very well.

Figure 5 shows the comparison of the second order 
drift forces on the fixed hemisphere by the near field and 
the far field method at Fr=— 0.1. It can be seen from 
the comparison that the good agreement exists between 
the two methods.

Figure 6 shows the comparison of "the first order 
exciting force on a uniform circular cylinder of radius a 
in a Xvater depth of h/a—1 with Matsui et al’s2,18) ana­
lytic solution. In the calculation, a mesh of 16 (4 
(circumferentially) x 41 (depthwise)) elements on a 
quaclrant of body surface, and 32 (4 (circumferentially) 
x8 (radially)) elements'on a quadrant of free surface 
are applied. The comparison shows that the agreement 
with’ Matsui’s analytic solution is very good. Fig. 7

• F?

0.4

0.35 -
• • 11 i i i >" i i

«pK0-3 -
0.25 1 ...» mM .

. J
0.2

1 - 1 . 1 1

1' 1 'll 1 1

‘•t 1 if 0.15 : , far field...... ,
/ near field o

' ' ‘ 0.1 i ' -i

'a >
0.05

o-----1-----1---- 1——I— _1___ I___ 1___ I___
0.2 0.4 0.6 - 0.8 1 1.2 1.4 1.6 1.8 2

Fig* 5 Comparison of second order! drift iorce on the 
ffi . hemisphere by the near and far field methods

' i gpAa:

Fr=4>.05 — 
Fr= 0.00 — 
Fi=0.05 — 
Matsui o

1 1.2

Fig. 6 Surge exciting forces on a uniform cylinder of 
radius s in a water depth of hja=1.
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shows the comparison of the second order mean drift 
force at different Fronde number. The comparison with 
Matsui’s analytic solution shows that at low frequency 
the two results agree very well, but at high frequency a 
little difference exists. It seems that the difference 
comes from the methods used in the calculation of wave 
forces. Matsui’s method is to get them by the Taylor’s 
expansion with the forces and its derivatives at zero 
current speed, but ours is to compute them directly at a 
given speed. Due to the nonlinearity of the dispersion 
equation with.current speed and relatively stronger 
effect of current at high frequency, especially in an 
opposing current, our results diverge from Matsui et al’s 
at high wave frequency and are not symmetric about 
the one in still water. From Figs. 6 and 7, it can also be 
seen that the current effect on the second order drift 
force is significant, but the effect on the first order 
exciting forces is relatively weak. _ - -

Figure 8 is the wave damping of the cylinder, which is 
obtained by the numerical differentiation of the mean 
drift forces at Fr=± 0.05 with respect to body moving 
speed. It can be seen that the wave damping reaches its 
maximum at about ka=0.7, and then oscillates with the 
increase of wave frequency.

0.6 -

Ff=4).05 —
Fn* 0.00----- .
Fr= 0.05-----
Matsui o

0.4 -

Fig. 7 Second order mean drift forces on a uniform 
cylinder of radius a in a water depth of h/a=1.

Fig. 8 Wave damping of a uniform cylinder of radius a 
in a water depth of h/a=l, obtained by numeri­
cal differentiation of the mean drift forces at Fr 
=+/—0.05.

Figures 9-lTshow the comparison of the mean drift 
forces of-present calculation by the far field method 
with Kinoshita et al’s® experimental results of an array 
of four restrained cylinders. The cylinders are with 
radii "of a and draft T\a=2, and are located at comers 
of a square with side length of 5a. Figs. 12-14 show the 
comparison with Kinoshita et al’s8) freely moving exper­
iments. The geometric factors of the cylinders are the 
same as the restrained case, and the inertia factors used 
in the present calculation are the same as Kinoshita et

Calculated —. 
H=4cm o 
H=7cm + 
H=10cm o

Fig. 9 Comparison of wave drift force on four 
restrained cylinders at F>=0.05.

Calculated------
H=4cm » 
H=7cm + . 

- H=10cm □

10 Comparison of wave drift force on four 
----- restrained cylinders at FV=0.00.

Calculated------
H=4cm » 
H=7cm + . 
H=10cm □

•, 1,5

Fig. 11 Comparison of wave drift force on four 
restrained cylinders at Fr=—0.05. '
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Calculated —- 
H= 4 cm o - 
H-7cm + 1 
H=10cm o, 
H=15cm x > 15 -

Calculated — 
H= 4 cm * 
H- 7 cm + 
H=10cm o

-20

Fig. 12 Comparison of wave drift force on four freely 
moving cylinders at Fr=0.05. | _

Fig. 15 Comparison of wave drift damping of four 
■ ( restrained cylinders.

Calculated------
H=4cm * 
H=7cm + . 
HrIOcm o 

s H=15cm x

Fig. 13 Comparison of wave drift force* on four freely
:—moving cylinders at Fr=0.00.

3.5

0.5 - ■ I

Fig. 14 Comparison of-wave drift force-on [four freely 
_ moving cylinders at Fr=— 0.05. |

!
I ■ ; J.

al’s experiment. It can be seen that the present calcula­
tion has a good agreement with the experiments no 
matterjn the restrained or freely moving cases.

Figures T5 and 16 show the wave drift; damping, 
obtained by numerical differentiation of the mean drift 
force} at Fr= ±0.05. It again shows that gbod agree­
ment! exists between the present calculation and the 
experimental results,'and negative waveUrift; damping
appears at about ka=0.8 both in experimental and 
calculated results. ,The negative damping may induce a 
big response of the system. ■ • 11 ,1

. _ 30
" "b, 25

fgA2aJga 20

. 15
r', 19

. *

- - - - - - - - - - - - 1- - - - - - - - - - - - 1- - - - - - - - - - - 1—i- - - - - - - - 1- - - - - - - - - - - - - - 1- - - - - - - - - - - -
;'■ ;

- i J 6 + - - - - - - - - - - - - - - < . *

> '

' ii. °
-5 0 □ Calculated -rrr

H=4cm ❖
-10 H= 7 cm +

H=10cm 0
- - - - - - - - 15 r - H=15cm x -

i -20 _ _ _ _ _ _ _ _ 1_ _ _ _ _ _ _ _ 1_ _ _ _ _ _ _ _ 1_ _ _ _ _ _ _ _ 1_ _ _ _ _ _ _ _ 1_ _ _ _ _ _ _ _
0.2 0.4 - 0.6 0.8 1 1.2 1.4

Fig. 16 Comparison of wave drift damping of four 
h— - freely moving cylinder^. j - -

S Conclusions
1.; All components of second order drift forces con­

verge quickly with the increase of the radius of the 
mesh on the free surface. Truncating errors can be 
neglected When R/a>is larger than 4.
12.' When wave frequency is not very high, the contri­

bution from the second order mean velocity potential is 
very-small for the hear field method^ However, at high 
frequency, it is not negligible. ,

3.} Timman-Newman relationship is satisfied very 
well and good agreement is found from thecomparison 
of the first order exciting force with Matsui’s analytic 
solution. It states that the method for the first order 
potential is correct and accurate. 1

4: Good agreements are found between* the present 
calculation and the experimental results on} an array of 
four" restrained and freely moving cylinders. It vali- 
dates-the application -of-the -present -theory. Negative 
wave damping is again found at some wave frequency. 
It may induce big response of the system. Special 
concern is suggested to be paid for complex structures.
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Development of an Observation Robot ("Flying FishJ 
for Comprehensive Measurements of Ocean Environment

by Wataru Koterayama, Member Satoru Yamaguchi, Member 
Masahiko Nakamura, Member, Taketo Akamatu, Member

Summary

A pitch, roll and depth controllable towed vehicle has been developed and named as “FLYING 
FISH”. The towed vehicle equips with an acoustic Doppler current profiler (ADCP), COz analyzer and 
sensors for measuring temperature, salinity, dissolved oxygen, PH, turbidity, chlorophyll.

Flying Fish enables us to obtain the space continuous data of physical and chemical properties in the 
ocean upper mixed layer efficiently. Its maximum submerged depth is 200 m. The length is 3.84 m, 
breadth 2.26 m, height 1.4 m, weight in air 1400 kg and weight in water is about 0 kg.

Numerical simulations were carried out in order to design mechanical parts of the control system and 
estimate the accuracy of motion control of Flying Fish. The simulations are based on the six degree 
freedom motion equations for underwater vehicle and lumped mass method for the towing cable. Field 
experiments were conducted to confirm the performance of Flying Fish and accuracy of numerical 
simulations. Results of field experiments and numerical simulations are compared.
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Fig. 4 Mechanics of wing actuators
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Fig. 5 Flow line of sampling water and carrier gas
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Table 1 Characteristics of sensors
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Acoustic frequency 1S0XHZ Type Electrostatic capacity
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Velocity range
Rater of depth cell

(MOm/sec
128

Time response

Dissolved oxygen smsor
Direction accuracy Type Polargraphic
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CO- analyzer 
Measuring object Dissolved

Accuracy
Time response

O.Jpf*

Type San-Dispersive EH
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AnalyzerIKDIR) 4-14EH

Range 4ppb-5000n* 0.D5PH
1% of range Time response lOsec

Time response

Temperature sensor Type Infrared bedtscattering
Type Pt resitance Range (MOOppe
Range -5 - 45*C 2%

Time response
o.ofc
0.25sec

Time response O.ZSsec

Conductivity sensor Chlorophyll sensor
Type Induction cell Fluorescence analysis
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Time response Time response
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Fig. 8 Numerical simulation on depth changing ability 
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Water Entry Simulation of Free-fall Lifeboat
—Second Report: 'Effects of Acceleration on the Occupants—

by Makoto Aral*, M. Reaz H. Khondoker** Yoshiyuki Inoue*

Summary
Free-fall lifeboats provide significant advances in the maritime lifesaving systems. Much of the 

danger associated with conventional lifeboat systems can be eliminated by this, new evacuation method 
if the boat is launched selecting suitable launching parameters. A primary consideration in the free- 
fall lifeboat system is the acceleration field to which the occupants are subjected during water entry. 
The international regulation, therefore, requires that a lifeboat for free-fall launching shall be capable 
of ensuring protection against harmful accelerations when it is launched with its full complement of 
persons and equipment from at least the maximum designed height.

When the lifeboat enters the water, the acceleration forces exerted upon the boat due to impact are - 
very high. According to the basic study upon the human body response, tolerance level for acceleration 
is different for each axis of the human body. Therefore, the safe seats in a free-fall lifeboat are usually 
reclined relative to the axes of the lifeboat to reduce the effect of high accelerations. In this paper, the 
authors introduce a new and probably the simplest concept to evaluate the acceleration field of the free 

1 -fall lifeboat and apply it to the analysis of the safe seat orientation for the occupants. The results 
have been compared with those of the SRSS acceleration criteria and the dynamic response criteria, 
both of which are recommended by the IMO, and good agreement has been found.

1. Introduction
Free fall lifeboats are becoming common lifesaving 

appliances in the ocean environment. These are now 
widely used for tankers, cargo ships, mobile offshore 
drilling units and fixed oil production platforms. For 
these lifeboats to be certified by maritime authorities, 
the occupants must be protected from harmful accelera­
tions during the launching procedure especially when 
the boats impact the water. The accelerations may 
become extreme, if the fall height is high or the boats 
are used in high wind and rough seas.

To evaluate the response of human body to the high 
accelerations, some methods are proposed; the square- 
root-sum-of-the-squares (SRSS) acceleration criteria, 
the dynamic response criteria, application of the Hybrid 
III human surrogate, etc. The first two methods have 
been accepted by the International Maritime Organiza­
tion (IMO)”.

The SRSS criteria is based on the assumption that the
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domain of safe acceleration forces can be defined by an 
ellipsoidal envelope bounded in the direction of each 
axis of the human body by some value. Injury should 
not occur as long as the acceleration forces are within 
the envelope. Although the SRSS criteria is very 
straightforward, this method for evaluating accelera­
tion forces has a weakness. It considers only the 
magnitude of the acceleration force and the duration of 
the force is not taken into account. The dynamic 
response criteria that evaluates the injury potential of 
an acceleration field by introducing a displacement 
approach overcomes this shortcoming. It assumes that 
the human body response in each coordinate direction 
can be characterized as an independent, single degree of 
freedom mass-spring system subjected to the accelera­
tion field.

In this paper, the authors introduce an alternative 
concept of “polar diagram of acceleration” and show 
the effectiveness of it to the study of the acceleration 
field in free-fall lifeboat. We also show the application 
of the method to the determination of the safe seat 
orientation for the occupants. The results obtained 
from this method are compared with the results by the 
SRSS acceleration criteria and the dynamic response 
criteria. The comparison shows good agreement on the 
seat angles that minimize the risk of injury of the 
occupants.
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2. Numerical Computation of Lifeboat Motion 
and the Introduction of ’’Polar Diagram of 
Acceleration”

During the water entry of the lifeboat, the/accelera­
tion of the centre of gravity of the boat can be comput-, 
ed from the following equations21:

Mx=Fmn sin 6—Fma cos d+Fdn sin Q—Fda cos 8
(1 a)

Mz=Fmn COS tf + FmtSin d+Fdn cos 8 ,
+FdaSm'B-Mg+F„' ‘ (lb)

10= Mmn Mdn Mb (1 c)
In Equation (1), x and z represent the position of the 

centre of gravity of the boat in the global coordinate 
system, and 8 is the instantaneous angle of the axis of' 
the boat with horizontal (see Fig.' 1). M is the mass ofI'M'1' 1 . ‘ , i , ' , ‘ ; i
the lifeboat and I is the rotational moment of inertia , 
for pitching. Furthermore, F„„ is the force due to : 
momentum transfer in the normal direction to the boat 
axis, Fma, the force due to momentum transfer in the 
axial direction, Fan, normal drag force, Fda, axial drag ' 
force, Ft, buoyancy force, Mg, gravity force, 
moment due to momentum transfer in the. normal direc­
tion, Mdn, drag,moment and Mb, buoyancy moment. 
The derivation of these-fluid forces has been discussed 
extensively in our first report21. <• 1 

These accelerations of the centre of gravity of the 
lifeboat in global coordinate system can be used to 
derive the accelerations at the seat foundations in 
different locations. If it is assumed that the boat 
behaves as a rigid body, the accelerations at a position 
{£, ?) in local coordinate system are: ( 1'' 0 '

ae{£, £)=x cos 8—{z +g) sin 8—£62+ £6 (2 a)
' 1 _a{(£, ?)=x sin 6+{z+g) cos 0+£8 + Z82' (2 b) ' 

Now, if a curve is drawn on a plane using the data of 
axial accelerations in horizontal axis and the data of 
normal accelerations in vertical axis, then a polar 
diagram is obtained (e. g., Fig. 4,5 and 8). The diagram 
shows the direction and magnitude of accelerations at 
the same time in one figure. From this polar diagram’ 
we can evaluate the safe seat angle for the occupants 
for a particular location in the lifeboat.

t

Occupant—j,

'■ S.W.L

Fig. 1 Coordinate systems and seat angle

3. Analysis of the Computed Data by Other 
Methods

. 3.1 ■, Application of SRSS Acceleration Criteria 
' The square-root-sum-of-the-squares (SRSS) accel­
eration, criteria11 is based upon the assumption that the 
domain of safe acceleration forces for human body can 
be defined by an ellipsoidal envelope bounded in each 
coordinate direction by some value. Such an envelope 
for acceleration forces in the £ — f plane (see Fig. 1) is 
shown in Fig. 2. Injury should not occur as long as the 
acceleration forces are within the shaded region of the 
envelope. The combined acceleration response (CAR) 
is computed as an interaction equation of the form:

(3)at ___
(A>y 1 va?/ 1 VAf> 

where, At, At, At are the limiting values of accelera­
tions in the £, rj and f directions and the recommend­
ed, values by the.IMO have been shown in Table 1.

The CAR index is the peak of the CAR time, histories 
measured or computed in the axes of the seat. Injury 
should not occur if the CAR index is less than unity. 
'The advantage of the SRSS criteria is that it is very 
simple to,use but it considers only the magnitude of the 
acceleration force. The duration of the force is not
taken into account. ;. -.......................

In Equation (3), at, at and at are the acceleration 
time histories for a particular seat angle <p (see Fig. 1). 
At a particular position (.£, £) they can be obtained 
from the following relations:

fif=fie cos p—fit sin p (4 a)
at—ae sin p+at cos p , (4 b)

Here, ae and fit are the axial and normal accelerations

Fig. 2 Ellipsoidal safety envelope for SRSS criteria

Table 1 Allowable accelerations for the SRSS 
acceleration criteria

, t 1 l Coordinate axis . > Allowable accelerations (A)

f (eyeballs in/out) 15g
77 (eyeballs left/right) ?g -

f;. £" (eyeballs up/down) . r , ■ ,?e
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at a particular seat foundation in the lifeboat and can 
be obtained from our numerical simulation using Equa­
tion (2). Effect in rj direction (i. e., lateral direction) 
has been neglected in this paper due to the two dimen­
sional analysis. Now, substituting these values of 
accelerations in Equation (3), time history of the CAR 
for a particular position can be obtained, which can 
further be used to evaluate the safe seat orientations for 
the occupants.

3.2 Application of Dynamic Response Criteria
Brinkley31 have introduced the concept of dynamic 

response to evaluate the potential of injury to human 
bodies. According to this concept each body axis can be 
idealized as an independent single degree of freedom 
mass-spring system that is subjected to known seat 
acceleration. The model was originally developed for 
evaluating the effects of acceleration along the spine, 
but it has been expanded to evaluate the effects of 
acceleration perpendicular to the chest and parallel to 
the shoulders as well. Through research carried out at 
the United States Air Force Aerospace Medical 
Research Laboratory (AFAMRL)3’, values for the natu­
ral frequencies and damping ratios in each coordinate 
axis have been investigated.

In order to analyse the risk of injury of occupants by 
our numerical simulation method together with the 
dynamic response model, the following four steps are 
required:

(1) calculation of the acceleration of the centre of 
gravity of the lifeboat at water impact,

(2) calculation of accelerations at the seat founda­
tion for a number of seat positions,

(3) calculation of relative displacements between 
occupant body and seat, and

(4) combining these displacements with allowable 
displacements to find combined dynamic 
response (CDR) ratio.

The accelerations of the centre of gravity of the boat 
can be obtained from Equation (1) and the calculation 
of acceleration field at the seat foundation in local 
coordinate system can be carried out through Equation 
(2). Using Equation (4), the accelerations in seat 
coordinate system (i. e., the coordinate system for an 
inclined seat) can be obtained, which will be used to 
evaluate the relative displacement between body and 
seat. The system of equations for the body-seat spring 
mass system are as follows:

m b't+ ce'S i+kiSe—ma t (5 a)

Table 2 Coefficients of the dynamic response model

Coordinate Axis Stiffness (N/m) Damping (kg/sec.)

£ (eyeballs in/out) 30xl04 942

Jj (eyeballs lefl/right) 25xl04 783

£ (eyeballs up/down) 21xl04 1,777

' mb t + CtSt+kiSf^—mai (5 b)
Here cf, kf, cf and kt are the damping and stiffness 
coefficients in $ and f directions as defined in Table 2°. 
The relative velocity (5) can be obtained by integrating 
Equation (5) and further integration will provide rela­
tive displacement (8). Newmark-# method has been 
used for the numerical integration of Equation (5).

To evaluate the acceptability of the acceleration field 
with this displacement approach, the effect of multi­
axis accelerations can now be combined to give the 
combined dynamic response (CDR) ratio for every seat 
position and orientation as:

■ «»
where, St, St, Sf are the allowable displacements in 
the f, 9 and K directions for a particular risk level and 
are shown in Table 3 as proposed by the IMO”. These 
allowable displacements are for a 50 th percentile of 28 
year old male in a fully restrained seat and harness, and 
they were obtained from the research conducted at 
AFAMRL3’. “Training condition” is said to be corre­
sponding to 0.5% possibility of injury and “Emergency 
condition” to 5% possibility5’.

The peak value of the CDR time history is called the 
CDR index. If the CDR index of a certain seat position 
and orientation is smaller than 1.0 during the launch 
and impact time span, then the level of risk of injury 
associated with the allowable displacements, is not 
exceeded. The combined dynamic response as calcu­
lated from Equation (6) can also be used for the 
evaluation of the safe seat orientation for a particular 
position in the lifeboat.

4. Results and Discussions
In order to study the effects of acceleration on the 

occupants of a lifeboat, numerical simulations have 
been conducted to obtain the accelerations at positions 
5Z./6 from the aft end of the boat (we call the position 
as “Bow” in this paper), L/2 from the aft end (“Mid­
ship") and L/6 from the aft end (“Stem”). (Here, L 
means the length of the lifeboat.) Accelerations at these 
positions are measured during model experiments3’. 
Polar diagrams of acceleration using measured and 
computed data have been drawn for all these positions 
to see how the safe seat angle changes along the longitu-

Table 3 Allowable displacements for the dynamic 
response model

Coordinate axis
Allowable displacement (S)

Training cond. Emergency cond.

£ (eyeballs in/out) 0.070 (m) 0.087 (m)

- 7? (eyeballs lefl/right) 0.041 (m) 0.050 (m)

£ (eyeballs up) 0.032 (m) 0.042 (m)

£ (eyeballs down) 0.053 (m) 0.063 (m)
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dinalaxis of the lifeboat. The combined acceleration 
response (CAR) index and combined dynamic response 
(CDR) index have also been, calculated, at the same 
positions from the acceleration time histories, during 
water entry. The results of the numerical simulations 
and model experiments have been shown in,Jug. 3 to

.,,, . i , u I .■ _,n un - - 1 i I'
Fig. 3 shows the calculated trajectory of the axis of 

the Tree-fall lifeboat model, (longitudinal line through 
the center of gravity of the boat) falling at an initial 
angle 0=30° and from, a height H=1.$L. As we can see 
from this figure, at the beginning of the launching 
process, the boat slides along the skid with a sliding 
length Leo-=0.8L.1 (Here, Lgi'i means the distance 
between the centre of gravity of the boat and lower end 
of the skid.) Then the boat rotates in, clockwise direc­
tion and falls freely until if touches the water surface. 
As the boat enters the water, high impact force is 
exerted on the bow of the boat. The impact force, the 
buoyancy force and the weight of the lifeboat form a

couple which causes the angular, motion of the boat in 
anti-clockwise direction. This rotating motion then 
leads to the. second impact (i. e., stem impact). After 
these; two impacts, buoyancy force .increases and the 
impact force, or the force due to the momentum trans­
fer,reduces as long as the boat goes into water until it 
reaches to its maximum immersion. At that time, the 
axis of the lifeboat disappears fully inside the water and 
a large buoyancy force pushes it up. The boat then 
comes out of the water and falls down again into water 
with, already forwarding some distance.- This process 
continues till the boat stops. , ,
.Fig.4 and,pig.5 show the computed and measured 

polar diagrams of accelerations at three positions 
(Bow, Midship and Stem) for the same falling case. 
The agreement between the computed and measured 
accelerations is good., The vertical axes in the polar 
diagrams show the accelerations, in normal (or vertical) 
direction, of the boat and the horizontal axes present the 
accelerations in the axial (or: longitudinal) direction.
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Fig. 3 Simulated trajectory of free-fall lifeboat
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Fig. 5 Polar diagram of measured accelerations 
(0=30°, ti/L=1.40, WL=0.80)

1 -5 -4 -3-2-1 0 1
[ Unit in g]

The time increment used to plot the data is kept con­
stant in these diagrams. Therefore the distance 
between the adjacent two points in the diagrams shows 
the rate of change of the phenomenon. For example, 
the part corresponds to the bow impact seems lighter in 
these diagrams due to the rapid change of the accelera­
tion magnitude. It is found from the diagram at the 
bow, that both bow and stem impact generate the 
acceleration almost in the same angular direction, As 
shown in Table 1, the acceptable acceleration for 
human body is different in each axis of the body and the 
tolerance level along the axis of the spine is the lowest. 
Therefore, it is rather easy to decide the optimum 
reclining angle of the seat for the bow position, and it is 
the angle that the back of the seat (or the axis along the 
spine of the occupant) to be in perpendicular to, this 
maximum acceleration direction. According to Fig. 4 
and Fig. 5, optimum seat angle (p) is about 55-65 
degrees, From the polar diagram of acceleration at 
midship, it is seen that there exists some angular 
difference between the directions pf the accelerations 
due to the bow impact and that of the stem impact. Yet 
it is not very difficult to decide the optimum orientation 
of the seat there, i, e., the reclining angle of 40-50 
degrees. However, from the diagram at the stem, it is 
seen that there exists a remarkable angular difference 
between the directions of the accelerations due to bow 
and stem impact (i. e., almost 90 degrees), and it is very 
difficult to determine the best seat orientation. There­
fore, it can be said that the designer of the lifeboat 
should be careful about the acceleration field for the ' 
occupants in the stem seats.

Fig. 6 shows the distributions of combined accelera­
tion response (CAR) and combined dynamic response 
(CDR) indexes with respect to seat angles. It is seen 
that there are two clear crests and troughs of the CAR 
index for the bow position with" a phase difference of 
180 degrees. The maximum values are at about 30 i 
degrees and at +150 degrees and the minimum values 
are at about —120 degrees and +60 degrees. It means 
that if the seat axis for the bow seats are reclined to 60

(a) SRSS acceleration criteria

(b) Dynamic response criteria (training condition)

Fig. 6 CAR and CDR indexes vs. seat angle 
(0=30°, H/L=1.40 and Leo-lL=0.80)

degrees (or to —120 degrees), the harmful effects of 
accelerations are minimized according to the SRSS 
acceleration criteria. Similarly, by reclining the seat 
angles to 45 degrees (or to —135 degrees) at midship 
positions, the harmful effects of acceleration can be 
minimized. These are also seen in the polar diagrams of
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acceleration, (Fig. 4). However, the difference between 
the maximum and minimum CAR- indexes of the stem 
seats are very less. Therefore, for the stem seats, the 
risk of injury can not be reduced so much by changing 
the seat angle. This figure also shows the combined 
dynamic response (CDR) index in different positions 
with various seat angles. The computation was done 
with the allowable values for training condition shown 
in Table 3. Unlike the CAR index curve, there is only 
one crest for the 360 degree~range of seat angles for a 
particular (longitudinal position... This is because the- 
dynamic response criteria has different values;of toler­
ances for two directions along spine (i. e., eyeballs up 
and eyeballs down directions). However! the reclining 
angles which minimize the effect of accelerations are 
almost the same to those obtained by the SRSS criteria 
in all three longitudinal positions. It is also seen that 
the safe seat anglesevaluated from tfiepolar diagrams 
of acceleration for different positions provide good fits 
to the ones from the SRSS acceleration criteria and the 
dynamic response criteria. ,

The boat motion shown in Fig: 3 is one of the smooth

2-0 ..

,1.5 .

S.W.L

-0-5 .

-1.0

' Fig. 7 Simulated trajectory of free-fall lifeboat - 
(0=30°, fl/L=l,40, L„o-/Z.=0.15)

evacuation cases. _ However, if we change the water 
lentry parameters such as initial skid angle, falling 
height, sliding length, etc., we will obtain different boat 
motions. Fig. 7 shows one of such different motions. 
The conditions for this second simulation" are initial 
angle 0=30°, falling height H=IAL and sliding length 
£(m>~0.15L. The falling process of this pas’e is similar 
to the previous one up to water touching, however, the 
boat travels in different path after the water entry. 
This is one of the unfavourable motions for a lifeboat 
because the boat may collide with the parent vessel if it 

) .moves backward after water entry. We are going to 
discuss the boat motions in detail in our third report.

Fig. 8 presents the polar diagrams of acceleration at 
1 three positions (i. e., Bow, Midship and Stem) comput­
ed for the case shown in Fig. 7. For the bow position, it 
is seen that there is a small angular difference between 
the acceleration curves of the bow impact and the stern 
impact. However, it is not difficult to decide the opti­
mum reclining angle of the seat for the bow position 
arid the optimum reclinirig of the back of the seat (p), 
which assurried to be parallel to the spine, is about 55- 
65 degrees. From the polar diagram of acceleration at 
midship, it is seen that maximum accelerations due to 
the bow impact and the' stem irnpact are almost in the 
same directions. This makes it easier to decide the 
reclinirig angle of the seat there and the optimum angle 
is 40-50 degrees. Again, it is also difficult to determine 
the optimum seat angle at the stem position, since there 
is a clear difference in the angular direction between the 
bow and the stem impacts for this position. It is also 
seen from the comparison of Fig. 4 and Fig. 8 that the 
magriifude of accelerations iri normal directions are 
very less in the second case than the first one especially 
for the stem seats. ' ” '

Fig. 9 shows the CAR and the CDR indexes with 
different seat angles for this second case. It is seen that 
for three positions of the seat (i. e., Bow, Midship, and 
Stem), the safe seat angle evaluated from the polar 
diagrams of acceleration agrees reasonably well with 
those obtained from1 the SRSS and the dynamic

-Midship: Stem

£—Stem
Impact

Impact *

,01.-5 -4 , t3 -2,-1 0,1

' Axial Acceleration (a^) -
-3

Fig. 8 - Polar diagram of computed accelerations
(6)=30°, HjL=1.40; and L8o-/L=0.15)
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Midship-

Seat angle (<p)
(a) SRSS acceleration criteria

■Midship

Seat angle (tp)

(b) Dynamic response criteria (training condition)

Fig. 9 CAR and CDR indexes vs. seat angle 
(0=30°, H/L=1A0 and L«o-/L=0.15)

response criteria.

6. Conclusions

This paper presented a short description of three 
different methods to evaluate the effects of acceleration 
on the occupants in free-fall lifeboat during water 
entry. The paper also showed the procedure to analyse 
the data obtained from the motion simulation of the 
free-fall lifeboat by using the acceleration criteria 
proposed by the IMO. By applying the three methods, 
safe seat angles for some positions in a lifeboat were

evaluated. From the results shown in the paper, the 
following remarks have been obtained:

1. The proposed polar diagram of acceleration is a 
simple and effective method for evaluating the safe seat 
orientations for the occupants at different longitudinal 
positions of free-fall lifeboat. It gives useful informa­
tion to understand the impact phenomena as well.

2. The stem of the free-fall lifeboat experiences 
two distinct impacts (i. e., bow and stem impact) in two 
different directions during its water entry. On the other 
hand, at the bow position, the acceleration caused by 
the two impacts has almost the same angular direction. 
These phenomena are shown very clearly by the polar 
diagrams of acceleration.

3. The effective selection of the seat orientation 
reduces the risk of injury of the occupant very much. 
However, this possibility reduces as the position moves 
towards the aft end of the lifeboat, since the angular 
difference between bow and stem impact increases.

4. The CAR index curve has two similar peaks with 
180 degree phase difference. On the other hand, the CDR 
index curve has only one such peak which is due to the 
different tolerance limits for eyeballs up and eyeballs 
down of the dynamic response model.

5. The safest seat angles evaluated from the polar 
diagrams of acceleration for three longitudinal posi­
tions show good agreement with those by the SRSS 
criteria and by the dynamic response criteria.
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