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o Numerical Simulation for Submerged Bady Fitted with Hydrofoil
f by Boundary Element Method

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

Summary

Recently many kinds of high speed boats have heen 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- Umver-
sity by Mori and Qx We have modified the original methad and have applied it to this case.

We measured the hftmg 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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Simulation of Tandem Hydrofoils
by Finite Volume Method with Moving Grid System

by Hideki Kawashima, Member,  Hideaki Miyata, Member

Summai’y

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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Table2 Parameters for flap deflaction tests

distance between wings | nondimensionalized
(based on chord length ) frequency
CASE1 3 1.0
CASE2 10 0.5
CASE3 10 1.0
CASE4 10 1.5
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Fig.5 Comparison of time histories of CL in different
test conditions (see Table 2).
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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 so]v¢ 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 dov'grnwash 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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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 around a
rectangu]ar 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 hexghts Results were compared with
experimental data and the aerodynamic characteristics were discussed.— - T

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
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'

studles2 34 and theoretlcal analysxs taken forwatd speed
into consideration®, have been condicted. _Al_\T,everthe-
less, no flow computation has been performed except
CFD simulation for two-dimensional PAR-WIGs by
Hirata®?.

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 used®
is based on the MUSCL-type third-order accurate
upwind differencing, finite-volume, pseudo-compres-
sibility method with an algebraic‘turbulehce 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 Ordway®. Results with different trailing

edge heights are compared with experimental data and
the aerodynamic characteristics are discussed.

2. Model Shape and Experimenfé

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

s
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Table 1 Principal particulars

- -~ Model. . -~
chord length 0.5m = " -
spanlength ; - |, 03m=- |, -
wing area - 0.15m% | .. .

< "[wing setting angle |~ 6% .| '
aspect ratio 0.6
wing section NACA6409
planform rectangular
Propeller.
propeller radius 90mm
hub radius | 8.5mm | ‘
.+ | number ofbla.des 20
» . | rotation. inward |
", """ 'Ground plate. "'’ " 7"
forwa.rd plate length - c123m o |
slot width - " “40mm |
slot angle " 45° -
rear plate length 2.0m
plate thickness .. . (36mm
.position of L.E. of rear plate z = —0.865m,

. + Fig.1  Wing model and coordinate system .1, .
S [ B! R BT G o
PAR performance is, not fully effectlve w1th a wmglof
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. ., .. ., PO o
Expenments were conducted in a wind tunnel at the
Ship Researcéh Instltute, as shown in Plate 14 In order
to simulate. the ground, effect, two methods can be
considered®: an image-wing .method and 7a . ground
.plate, (board) method. However, the, former method is
very, dlfﬁcult for use with ,PAR and in the present
_measurements only-a ground plate method was adopt-
ed. The coordmate system, nomenclature and appara-

NN

'
R

~ Plate 1 View of experimental arrangements in wind

i tunnel
| T t !
5} ¢ yor ok
1 | i ]
| ' i oz . Traverso
Two-component - ¢
¥ b tmw " N o + [
! ' T T g
* Sh-component
) 7 Thret . | foros gaugo
q ; Lin st
ol [ 1 . b

.Fig.2 Apparatus of experiments with a ground plate
N T K] : i ' g
. tus of the experlments are shown in Fig. 2
~...A ground plate was installed in the centre of the wind
tunnel. In order to remove the boundary layer devel-
oped over the plate, a slot was set in the plate upstream
of the model'®, 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
,not,use a moving belt, a boundary layer whose thickness
1 was about 25mm at’the wing, still remained on the
, plate®. A
The power- augmentatlon was smulated ‘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. - « |
_, Lift, drag and pitching moment about the 1/4 chord
| were measured by a six-component force gauge. Forces
on both propellers were measured together by a two-
-component force gauge and thrust is defined as a resul-
tant force in the 2+~ and z-directions. Surface-pressure
1,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 veloclty Us 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 Us,
was 2.4%10°. Aerodynamic forces, thrust and-moment

are non-dimensionalized by —;—pUESw,-%—pUES‘w,a(nd

%on’cS,a, where p, Sw and ¢ 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 Kodama®. .-

3.1 Navier-Stokes Solver- - -

The governing equations are the three- dlmensmnal
incompressible Navier-Stokes equations with a pseudo-
compressibility method in conservation form. They can
be given as:

ge+(E+Eo)eH(F+ F)H(G+ G,)Z+H-o (1)
where (z,, 2) ‘are the Cartesian coordinates. The
dependent variables g, the inviscid flux vectors E, F, G,
the viscous flux vectors E», Fu, Gv and the body force
vector H are written as:

u Wy wvu wu
o w  V+p
=yl [E F 6= uw vw z+1)’ 1
ﬁ L Bu | By w |’

2u: wytvr wetwx]
— uy+v.r 21},, Uz+Wy
[Ep Fy Gv] v Uzt wr v+ wy 2wz

'

0 0 -
fox ) . '
_ | S ‘ ‘ '
H=—|2"| Re+u. (2)
SR ‘ ;

where (u, v, w) are the velocity components, p is the
pressure, B is a positive const'ant‘ of pseudo-compres-
sibility, Re is the Reynolds number, (fez, foy, foz) are the
body force components and v. 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 ¢ and the kinematic eddy viscosity v. 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 dlfferencmg scheme based on the Gauss integral
theorem ]

The Padé time differencing form is used for time
integration with §=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 2

The closure of the system of equations is achieved by
introducing an algebraic two-layer turbulence model
proposed by Baldwin-Lomax with a mihor
modification¥. 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. L

5§y & 1 . : |
uz=mi=!l ‘y‘t_:' El Z ( 3 )
where ¥» is the normal distance from the solid wall/
ground and v is'the corresponding kinematic eddy
viscosity calculated by a conventional procedui'e 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, 9= and ves is
treated as infinity and zero respectively. -

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

l) _The computation of more complex length scales
. is avoided.

2) As either surface is- approached (y=—0), the

T model degenerates to the correct Ilmxtmgiorm of

" the Baldwin-Lomax model. Co—-

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
Ordway®. In or'd‘er/to estiirjate'the flow around the
propeller accurately, imposing botfrt‘hrust and torque
component§ is necessary. ‘_Hoiveve::,;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 dxrected under the wing
and partially stagnated—,lthe natureof the effect can
be explained by taking only the thrust ‘component into
consideration. Hence, the present computation neglects
the body force distributions irr tangential component as
follows:

Yao MR,
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34 . v
0 far= A 1= cos o) o e o .
fby—O (4)
-Axr*Jl— sm 0p BV
where e R """r' o '»».
48, . -105 ¢ ¢ 028,
4= C"'“"’AV 16(4+3Yh)f Ty Grom=Crise
! Y—Yh R - "Ry sl
1=Ys " Y Rpt »yﬂ.Rpu " ot . V
b ; S (5)

where 0, Cr, Sp, V, R Ry, 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, adhub radius and. a propeller
radius respectively.., A e ok
. 3.4, Computational Domain-and Gl‘ld . ‘

- Figure 3. illustrafes the computationallgrid 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

A T
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Fig.4 Schematic view of block topology for a WIG'

« | case-l

‘| boundary (i,v,w) -p v
inflow " '(1,0,0) ' | zero gradient 0
outflow” | zero gradient| *© 0 | zero gradient

4 | outer . zero gradient | zero gradient | zero gradient
symmetry pl. | symmetry | symmetry symmetry
body (0,0,0) zero gradient 0

RNCTENA

L., -+ ‘Table 2 Boundary conditions .

' .-
P P W

" On ground.
numerical simulation
[l u’v,w)= 110’0) ‘l
u;v,w) = (0,0,0)
-1 73<:/c<227
z—symmetry Jotherwise
zero pressure gradient is implemented.

Y1

experiment

case-2 ‘Grcund plate method |

i

Other boundaries.

IR T T oo .
Propeller condition.
(xp/ c:yp/ L zp/ c) = :
(=1.0,20.188, 275, /c+0 31)
8, = 33°
Cr =29

.position of centre ,

downward angle
coeﬂicient of thrust

- -

"grld pomts are clustered near the wmg, 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 boundanes in both lateral z(md vertical
directions are 4 chord lengths from the end-plate and
the suctlon side of the wmg respectlvely

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

3.5 Computational Conditions |

The computations were carried out with 3 trailing
edge helghts, h/c of 0. 02 0. 05 and 0.10. As a boundary
condmon on the ground two methods are considered as
shown in Table 2. Case-l is a very, common type and
srmllar to an actual operatmg condltlon Case-2 corre-
sponds to a wind turmel test WJth a ﬁxed grounld plate
Solid wall condition on the rear plate (behmd the. slot)
and z—symmetry condltlon otherw‘xse are 1mplemented
Thrust was given usmg prescrlbed body force dlstrlbu
tlons from egs. 4 & 5 and the magmtude, locatlon and
downward angle of the propellers are listed in Table 2
The Reynolds number was set at 2. 4><105

4. Results and DJscussmns

‘ 4 1 Companson of Computed ‘and Measured

Resu]ts

P

R Prlor to the actual test program a cahbratlon of the

propellers ina umform ﬁow was conducted ‘without the
wing. ‘The propellers were placed at (z»/c, vp/c, Zp/C)-

(=10, £0.188,0.4) and the downward angle 0» was 0°,

namely )paralleled to the ground. The thrust coeﬂiclent
‘was set at 2.9. Fxgure 5 depicts the computed veloc1ty
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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 (xz/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
hfc 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.

T i 1 1 I -
05 04 03 0201 00 01 02 03 04 0S5
ylc

Fig.5 Velocity vectors and pressure contour maps at
zfe=~0.8 (Contour interval is 0.1C;)

4.0 : . —
computed —
A measured ©
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0.0

0.0 0.2 0.4 0.6 0.8
y/c
Flg 6 Cbmparisoh ’of measured and computed u;
velocity profile along the horizontal line of (z/c,
z/e)=(—0.8,0.4)

. _29m=0000
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; 0.0 ‘, T E
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80F : computed —— -
120 ] 1 Imeasqu o
) 2y/b=0.250
) -400 ) 1) T T

F1g 7" Comparlson of measured and ‘computed
surface - pressure distributions on the
wing at h/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-
ta] 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. N

The drag coefficient without augmentation is almost
constant with the ground height but that with power-
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Fig.8 Coxrxparison of measured and computed
aerodynamic characterlstlcs
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aug'mentatlon increases’ as the' wmg’ approaches the
ground, similarly to“the lift coeﬁicxent meg to the
increased lift, the pitching'moment coefficient about the
1/4-chotd tends towatds the nose down direction’ as the
wing ‘moves close to the ground, The Iift fo drag ratio
inicreases asthe ground height becomes small, however,
the’ ratlo is inférior to that without augmentation’ The
position 6f the centre of pressure shlfts forwatd as the
ground helghtvdecreases RAUEE W e
'4.2 "' Effects-on 'Ground Boundary’ Condition" and

" “"Ground Height © =~ " N N
Figures 9, 10 & 11 depict the computed véIocit‘y
vectors and pressure drstnbutlons ‘at ylc"of 0.188,
containing thé centre of the propeller. "t First we -com:

/.- el
) AT Lo I

———.e - .

I - .
L~ . e 1To-

h T
1 e R
b -~ o~ ‘__/. | - L

— T, 1 -~
[ ~ o~ - =
|~ - — — ==
= = = =
I ™ W :
—_— o = = X :
[ 75 mgzzzz--.

]
Fig.10 _Enlarged view of computed velocity vectors at
yfc=0.188 U -

[

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

¥l

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-
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Fig. 12 Computed surface-pressure distributions on
the ground at y/c=0.188
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Fig.13 Computed surface-pressure distributions -on
the wing at y/c=0.188

Pt

butions 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 %/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 z/c of 0.188. . As the wing
becomes close to the ground, the pressure on the pres:
sure side becomes high. The results correspond to the
pressure distribution on the ground (Fig.12). The
results of case-1 at %/c of 0.02 indicate that the pressure
coeflicient on the pressure side of the wing is an almost
constant high value. This is very . close to the ideal
power-augmentation performance. C

Figure 14 shows the velocity vectors on the horizontal
plane at z/fc=zr.s./c—0.01. For all cases, the tip separa-
tion can be easily obseryed at the leading edge owing to
the high pressure under the wing. As the ground height

o e
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becomes larger, the air under the Wing flows smoothly.
In case-1, at #fc of 0.02, the air flows backward near the
symmetry plane.on account of the high pressure under’
the wing. ERC TRV

Figure 15 depicts the comput:ed 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. ..+ EEREETNEAT
““Figure 16 shows' the components of the computed
drag coefficients. Thé frictional component is nearly
constdnt with the ground height; as a result, theincrease
of the drag is derived only from the pressure drag.

T g . o TR TR [

Conclusmns .

Flows around a three-dimensional powér-dugmented
ram wing in ground effect with end-plates were comput-
ed by a Navier-Stokes solver so as ito clarify the aer-
odynamic interference between the wing, the ground
and the propulsors. Because of the geometric complex-
ity of the’configuration, a' multi-block grid approach
was introduced. As a ground boundary condition, two
methods were examined : 'case*1) the velocity is equal
to the uniform flow ; and case=2) theno slip condition.
They corresponded'to an actual operating!condition
and wind-tunnel tests with a fixed ground plate respec:
tively.- ‘Propulsors were represented using prescribed
body-force distributions. The results obtained'were ds

A [ R B . ¢ . |

R TR AT )

fo]]ows
1. Results simulated with dlfferent ground heights
showed good agreement with experimental data
"7 in terms of the aerodynamic characteristics for
« + i the ground heights of 0.02~0.10c. .
2. A further decrease in the ground height raised the
' - 1ift 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 of the drag coefficient. ' -
+113.. In the present case, distributions of surface-pres-
'sure on' the pressure side of a wing and two-
- ' dimensional 'lift. coefficient were a nearly con-
' . stant high'value in the spanwise direction. Thus,
- the'end-plates were found to be effectlve, as'in
¢ the un-augmented condition. '
- 4. The lift coefficient of case-2 was less than that of
“r.  case-1, because in very close-proximity to the
-7 1 u grournd, the flow for case-2 has a large separation
it . over the ground 'under the wing. This velocity
“t ' under the wing was accelerated and as a result,
» +Li-no'high préssure region was found. o
< In-future’ work, flow computation for a PAR-WIG
-véhicle with a.fuselage and control surfaces will be
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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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" Table 1 Conditions of Computations

casel case2 Jcase3 |
di {m) 0.00306 0.00306 - 0.006!
set rising velocity 0.1817 0.1817 0.2425

- [(m/sec) . {exp.) (exp.) !

R 111.2 111.2 1439
We 4.692 4.692 4.8
Fn 1.049 1.049 1.0]
nixnjxnk 31x31x70| 51x51x100] 51x51x100]
Imlnimum grid interval. 0.1667 0.08335| ' 0.08335
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A Numerical Prediction with “DMDF” Model of Pack Ice Motion in the Okhotsk Sea

by Takatoshi Matsuzawa, Student Member, Hajime Yari}aguchi, 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 agamst 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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Al Total ice area in a bunch
C. : Friction coefficient between air and ice
Ca : Friction coeﬂiaent between air and water
Cy : Friction coeﬁicxent between ice and water
df : Time step for the computation '

E: : Eddy viscosity in the depth direction

f : Coriolis parameter , , i RN |

F; : Ice interaction force (internal stress)

- Unit vector in the depth direction
M:; : Total ice mass in a bunch

g - Acceleration of gravity.

b

N: : Number of floe rows in a bunch

»n: - Number of floe rows to collide in a bunch

V. : Wind velocity )

V. : Water veloc1ty

5: 'lce velocity )
77 Ice/lce friction c'qefﬁc‘ielnt:
7 - Water surface elevation . . ‘ L

pa - Density of air

p: - Density of ice'

Ow - Den51ty of Water A

fa: Shear stress actmg on a bunch due to the wmd

7w - Shear stress. acting on_a bunch due.to the .,

current
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Table 1 . Physical and Computatwnal ‘Parameters”
, for Calculation R

i . Density of Air: p, = 1.203[kg/m% . - ¢
- Density of Water: p, = 1025. kg/m®]
Density'of Ices p; = 910.0[kg/md] |
Acceleration of Gravity =" 9.81[m/sec?)

4
o Coriolis Parameter: f 1.10 x 10~ ¥[sec™!]
(latitude ¢ = 45°N ).

Friction Coefficient between

4 - “theAirandIce Ca = 0001, '
- Friction Coefficient between . [PUR
{the Ice and Water ; . Co = 0004
Tee/Ice Friction Coefficient : B o= 03
Ice/Shore Friction Coefficient : u, = 0.1 !
- Representative Length of Floe:- I, =-100[m] - |
Number of Layers in the =5 .

Depth Direction
Eddy Viscosity in the _

R
: = 0.03[m?/sec
1 ; Depth Direction E [{n ,/s"e\c]‘ -
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Table 2 Cases of calculation
Direction of Shear Force | .
Current Floe Type due to Wind Fig.No.
Interaction between same as the wind Fig.8
the Wind, Ice rectangle 22.5° right ! Fig9
and Current 45° right Fig.10
No rectangle 22.5° right Fig1l
Interaction disk 22.5° right Fig.12

F1g 8 Calculated Ice Concentration on 8th February,
1994 ; Rectanglar Floe Model. The direction of
shearing force due to wind 1 is the same as that of
the wind.

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.

Fig. 9~
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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
Wmd) The direction of shearing force due to
~wind is dev1ated by 22.5° in clockwxse direction
from the wmd

1

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. o
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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, Stiudent 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 mvestxgatlons for

reconstruction of the algorithm are discussed.
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Fig.6 Relationship of dlfferent wave data (the North
Pacific)
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On Statistical Properties of Wave Amplitudes in Stormy Sea
—Effect of Short-crestedness—— ‘

Summary

‘by Hirofumi Yoshimoto, Member

8

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
‘ basgd 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.
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Table 2 Characteristic values for the analyzed data

r80202 | r81214

data lenght(h)| 13.5 13.5 |
jpumber of 4 - 4 1 5362 5513
o @* 3.08 2.17

*] : standard deviation of surface elevation
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Model EXperlments of Shlp Caps1ze in Astern Seas
—Second Report—— .

by Masami Hamamoto*, Member
Wataru Sera**, Student Member
Hiroto Ito**, Student Member

" Makoto Kan™**, Member
Toshifumi Fujiwara™**, Member

Takashi Enomoto*,- Member
James P. Panjaitan™*, Student Member

- Yoshifumi Takaishi***, Member:
‘Tomihiro Haraguchi***¥, Member

Summary

v Cabsiziflg expefimenté were carried 6u§: for both models of container ship and purse seiner funning
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 irivestigate profoundly the dynamics of ship motions and capsizing in severe

agreement w1th experlments

|
"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 havef 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
opefational 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 report®. 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,
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astern seas. The results of the analytical, approach by making use of computer program are in a good

o

" "Thé 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 fluctuation of 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 pxtch 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 equation® The pure loss of stability 'seems
to be a limiting case tg occur at the ship speed close to
the wayve phase- veloéity -in waves where the ship
remains almost statlonary on the crest for a sufficient
tlme leading to capsizing. The surf-riding phenomena
is oné 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
ofa wave. If the ship is unstable to course-keeping in,

this sxtuatlon theship is forced ’co swing through almogt o
90 degrees from a followmg to beam seas and unable fo

T

Lt

regain it original course.

In order to investigate these dangerous sﬂ:uatlons
free running model experiments of capsize in astern
seas have been conducted .at the  seakeeping and
manoeuvering basin of the Natlonal Research Instltute
of Fisheries Engmeermg in 19945’ and ‘the square basm
of the Ship: “Research Instifute in 195! This 'second
paper mainly deals with tfie model expériment conduct-
ed in 1995.

2. Model Experiments

[

Model experiments were carried out in the several
combmatlons of headmg angle of ‘model to waves, and
the speed of, model in regular and 1rregular seas: (The i
models run'at, the speeds corresponding to each Froude -
number of 0.1, 0.2, 0:25,:0.3 and 0.4 for the contameru
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. 23m in the full scale container
shlp and 0. 75m in the full scale purse seiner.
"Model Qartlcular [

Two models were used for the experlments One isan
1/ 60 scale model of a 15 000 GT container, sh1p des:gned
by the Cooperatlve Assoc1at10n of T apan Shlpbullders,

1

o

LN

gt I EER T I ey

1ot

r: Table 1 Prmc1pa1 dlmensmns of contamer Shlp

'Ttems Ship | Model'| *

‘Length L(m) [1500 | 251}

" |'Breadth, | B(m) | 27.2.| 0453
, ,._Depth 5 |.D(m)- |, 13.5. 0.225,1,
| Draft ol dy(m) | 850, 0142
~ | da(m)- | 8.50-| - 0.142 |-
Block Coef 1y | 0.667 | 0.667|

| Model'Scale | =" | = [T 1/60" -

‘l|1k"|x‘

Table 2 Pnncxpal dlmensxons of purse;seiner

‘ Items Ship | Model |
+..| Length L(m) [ 345 23],
.| Breadth | .B(m) | 76..| 0507 | .
. Depth [ D(m) | 3.07-| :0.205.
3 ~'Draft : dg(m) | 2.50 ‘| 0.167 | -
’ | dg(m) | 2.80° [110.187 | -
| Block Coef‘ Cy ~[0.605' | 0,605 |
‘I "Model Scale | —' — | ryis

another one is an 1/15 scale model of typical 135GT
purse seiner which was designed with the current
Japanese regulation of fishing vessels and is operating
in the East’ China Sea., The metacentnc heights were
ad;usted,to satisfy the minimum requirement according
“ 7 '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 and;Table 2, Figurel
and F?\g 2 ehoy the \digdhtinglarm, cnn\{es_in still water
el

12

P PN RN
| G4 Im | aM=015m
) A x50 [degl]
- tmuqf/ \ AlL=15
08— [ H/A=1257
et A \\
Coaft/ ;
/ \l
/[ \ | s
0 \ 50 [tlieg]
3‘ 9 ' FP

RN AP

: Flgll ’B(\)dy plan an'df’ GZ cdljyes' of container ship \

T | AL
v pGZm] e | GM=075 [m]
02 — X =0 [deg]—
T L Ai=1g
tro-ﬁf‘/'\\ H/ A =115
L0 N
‘x; >[ Sﬁu\\ P b
. ;ll /‘n\’ t ﬁl | 'nl ?‘“’ ) ¢
R P
=7 4
w12 e

S

: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.

purse seiner is the same as that of Beaufort No. 12 for
container ship in the model scale. The generated wave
proﬁie; 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 HJA=1/25
and wave to ship length ratio A/L=15 for the contamer
shlp, and HM 1/15,1/17.25, A/L—l 5 for the purse
seiner.
Expenmental Results .

'A number of runs were performed.with varxous shlp

Table 3 Wave conditions of the experiments
(ship scale)

Wave Characteristics purse seiner | container ship
In the experiments, regular and irregular waves were H@m)=3.45 H(m)=9.0
used as shown in Table 3. lg;sr) generating ir;elglular regular Tlsec)=5.77 T(sec)=1{..9
waves, the I]"}]‘;I"ICS 7;}3§tmm ( 69Ivas used as follows waves T=1.5 1S )
13 - - " P R
S() (e %] (1) H(m)=3.00
where o is the frequency of component waves, Hy;s the T(sec)=5.77 -
significant wave height and 7o the mean wave period. ML=1.5 :
The significant wave height and mean wave pel"lod ‘ Boaufort Nob | Beaufort No.12
were of Beaufort No.6 and No. 7 for the purse seiner T :
and No. 12 for the container ship, respectively as same irregular | Hws(@m)=3.44 | His(m)=13.7
as the experiments in 1994. Figure 4 and Fig. 5 stand for . waves| Toise)=5.72 | Toi(sec)=11.4
the wave spectrum of Beaufort No.6 and No.7 in ’ Beaufort No.7 :
comparison with those of the waves generated by the H =40 : B
wave maker. The wave spectrum of Beaufort No. 6 for 1a(m)=4.02 Y
. Toi(sec)=6.64 :
On board equipments
Stepping Stepping ow glb;zal
Motor Motor Gp o
rop,eller' Driver CCW |PIO| On b?ard computee YT°5f’°P
R 4 DG Revolution S SIO Signals (Sch)
b o ' . ; Angular
Motor [~ | Amp CWICCWn ) RAM Och Ang‘;larty
. wse N veloal
en—= Propeller revolution 1| |1 28k8 LehlL: Acceleration
Photo S'éns:)rfor ‘ ‘ ‘ . . -
. f::gﬁ;ut:n Receiver of RC ‘ | Wireless Modem] L

Commands (5ch)

/Vadjustments for -

Propeller Revolution measurement (30ch)
Rudder angle ete. @ rWu‘eles;c, ModeJ
Radio-Contoroller e RS232C
: Personal Computer ‘
o . . Ground Facilities .
Fig.3 Outline of radio control system
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' S(cmPsec) T IR ' 10p Pitch angle Tdeg] Tséc]
25 F vt —SPEGIFIED : N B A Lo V'V 60
»VZQF‘ ? ! | oo d |°v 9Xp c .‘E “:l 66.R(;II ailgié :[de,g.], - ‘ i , : Sec.]
15 E LONG GRESTED - |- S S s
a0 B IRREGULAR.-WAVE[";; to 80
10 E (MODEL SeALE) | - 8Ot o - l
5 F . 70‘ Yaw angle [deg] co
s = [sec.]
GHO e

. {rad/ sec)

Fig. 4- Wave-spectrum for contamer and purse»semer

— modelss- _,_'_I S e -
PR IR RS P , f?lg 6 Time hlstoﬁes ot pa;err{ettic fesextance of
| S (cm’sec) A ’ container. model .o
30 ¢ T o . ‘ (Fn=02, =30%, GM= 015m,BNo 12)
75 é_ o L ','_L'SPEGIFIED ! A Y
20E~§-»— o eXp.._ ~ 10¢ Pitch angle [deg] .]  [sec]
s E " LONG CRESTED 0 /‘WA/\/\,% —t—h
b - IRREGULAR-WAVE T SR
5 E - (M‘OPE:L,“ISGALE) 60 Roll angle [deg] T [sec]
g S - ihanpe RN
I e 19 _gg ¢ le [deg.]
w-rad/sec). v angle Ldeg. [sec.]
U 30F"‘\ {\'\-'- T
Fig. 5' Wave spectrum-for purse-seiner-model ~— - ‘ Qt i j._l—f"ﬁ 30 ! L 6
L A‘”'\\’\ -,':; I -, LT . - |? . - . ‘ - 1ag 1 : ‘ b :
speed and heading angleim iong crested 1rregula]r“5 40 RUdder angle [deg] _J’ Ifsec.]
waves. ' The' ‘models startéd .to meet a higher wave =+ —+ /‘ Gh
T

group. It was observed-thdt sévere motions, unstable | «', :
behaviors and capsizing of the: models almost happened- ~ - ‘
when the .models encountéred a! wave group which ' -7 gy 7 ~ Time };(istorfesbf?:oupling motion of
consists of several especxally steep waves-as like as - rolling-yawing of purse seiner model
regular waves. The_probablhty_otcapsmng then seems T T (Fw=05,2=30°, GM =075 m, B. No. 7)
to relate to the probability of the model encountering a i
wave group having the necessary characterlstlcs which
may cause capsizing?., . - e + Figure 8.presents the time histories of surf-riding phe-
A remarkable dlfference was measured between the ., nomena. . The results of capsized and surf-riding runs
two models on the occuifrence of parametrlcresonance " are presented in Fig. 9 -and Fig. 10 compared with the
During the expenmentS* it-was observed that the con- - dangerous zones indicated by the IMO guidance 19959,
tainer ship model experienced Eirg@ﬁr_lc resonance at 3. Equations o f—Mo tlon for Numerical
the wave encounter period to natural rolhng_penod . e o -
ratio Te/Tp=1/2 as shown in Fig. 6, -while the purse Simulation”"
seiner model did not experience parametric resonance This section attempts an analytical approach to non
at any wave encounter period. The purse seiner model” ‘“ Llinear dynamics of ship motions and capsizing in
travelled with the coupled motions of severe rolling and  severe astern seas. For this approach, the horizontal
yawing like a snaking walk as presented in Fig.7. > body axe$ coordinate system as shown in Fig. 11 is used
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10¢ Pitch angle [dgg.]

M\ [sec]
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60r Roll angle [deg.]
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Fig.8 Time histories of surf-riding of purse ‘seiner

model in regular waves
(Fn=04, x=0°, GM=0.75 m, H[A=1/17.25)

20 g

V(kt)
T(sec)

20 == sy

purse seiner
container ship

Capsized case

V(kt)
T(sec)

purse seiner
container ship |

90°

- Not capsized case

Fig.9 Capsized and not capsized runs plotted with

dangerous zone of IMO guidance

_

o

Fig.10 Surf-riding runs plotted with dangerous zone
of IMO guidance ’

A
\ 4
»4
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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 2’ axis, and no rotations about the ¥’ and x’ axes,
but a ship can make a rotation about ¥ and x’ axes.
The equations of motion with respect to this coordinate
system are described in the following six-degrees of
freedom, ' ! ' '
for translational motions and forces —
(m+mz)U—(m+m,) Vi=X"
(m+my) V+(m+me)Ud=Y" (2)
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(m+mz) W=mg+Z'for rotational. motions and
moments : .
(Ixz+]xx)¢ (Iyy+]yy)0¢ (my mz) WV:K
(Iyy+]yy)0+(lxx+]z-r)¢¢ (mz m;)UW M
(Les+ Jz2) § —(mz—my) UV =N' (3)
where m is the ship mass,mx, my and m: are the added
mass with respect to the x, ¥ and z axes, U,-V and W
the velocities along the x’, ¥” and 2z’ axes, and é, 6 and
¢ the angular velocities about the z’, ¥’ and 2’ axes.
Equations of motion for-roll, heave and pitch
For s:mphﬁcatlon, assuming’ that the4 sh1p is running
with constant speed: and constant headmg angle to
waves, the sway and:yaw angular velocities can be
equal to zero, i.e. V=0 and ¢= O‘From\Eq (2)and Eq.
(3)the equations of motxon for three- degrees of free-
dom are given by, Coh -
(Ixx+]-u‘)?$ =K’ o [ A
(m+m)W=mg+2Z’
Tyy+Tww) 9'—(7”:—771::) Uw=M’
The interesting point here is the rolling motion and
capsizing which is closely related to the righting arm
curve and the roll damping 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 motions®. Accord-
ing to such a simplified approximation, the major forces
acting on the immersed ship hull in regular waves as
to=acos k[&+xcos x—(c—Ucos 2)t] ' (5)
can be evaluated on the bas1s of F roude-Kry]ov hypoth-
esis as follows e < .

K'=—K4é—pg f [ya(x)cos $— zB(x)sm ¢]A(x)a’x

—pgsinx /; [zB(x)cos -+ 7a(z)sin ¢]E(:c)A(x)
Xsin k[£+2 cos x—(c—U cos x)tldz (6)
Z'+mg=pg f A(x)dz:+ pg | E (:c)A(:z:) cos k
X[+ cos x— (c Ucosz)t]a’a:

=pg f xA(x)dz:-{-pg f xF (x)A(x)cos k\
X[é’o+-x cos x—(c= U cos x)tldx ‘.

where p is the fluid density, g the gravxtatlonaltaccelera-
tion, ¢ time, x heading angle of ship to waves, A(x) the
instantaneous immersed sectional area which is also a
function of heave-{s and pitch 8, ¥s(x) and zs(x) the
center of buoyancy of sectional area, wave number %,
phase velocity ¢, &c relative position of ship runnmg
with speed U'and headmg angle xin regu]ar waves and
F (a:) pressure gradlent on Shlp w1th heading angle X m
regular waves of amphtude a as ) .
sm[k—Bgzglsmx] S ene
F(x) ake"‘“ B o a

2,.1&1 N

(4)

¥ 1 K
Substltutmg the first equation in Eq (6) mto ﬁrst equa-
tion in Eq. (4), then equation of:motion can be written
as ’ . oo

. t.

e 1

GM
) =(—2T—) [Ao sin wef —Bo cos wet] sin ¥
" )

(8)

where a. is the equivalent extinction coefficient, T the
natural rolling period of ship which i§ equal to
27/ (Tz+ =) fogmGM, GM is the metacentric height, w.
the, encounter frequency equal to klc— U cos x|, the
righting arm GZ, the coefficients Ao and Bo- are de-
scribed respectively as follows

- GZ (¢)——— _/ [gs{x)cos :;S—zB(.z:)sm ¢]A(x)dx

! ( 9)
Ao=7é7 /; [{a(x)qos ¢i+ ys(x)sin @] (10)

" XF(x)A(x)cos k(o cos x)dx
Buﬁvcl;-ﬁ _/’: [za(x)cos ¢+ ys(x)sin ¢] '( 1)

X F(x)A(x)sin £(&+x cos x)dx,
and & is the initial position of ship at £=0 defined by &c
=&+ Ut cos x.

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

og f A(a:)tiz:+Ho cos wet +hsinwat=mg  (12)

09 f xA(x)dx+Jo cos wet+ Ko sin wet—O (13)
where the coeﬁic1ents Ho, I, Jo and Ko could be calcu-
lated as

Hy=pg fL F(x)A(z)cos k(&+z cos x)dr
lo=pg f F (x)A(:z:)sin‘k(Eo-i-.r cos y)dr

(14)
]o—-pg / xF (x)A(x)cos k(Eo+:c cos x)dz:

=pg f xF (:v)A(x)sm k(é‘o+:c cos x)afz:

In the same way, it 1s'p0551ble to describe the equa-
tion of motion in irregular astern seas” given by the
sum of sinusoidal waves yielding wave profile & as

2 .
§w=éICn cos[—%l(é‘ﬁx cos x)
wh 2\,

_(w",_TU cos x)t+ e,,] \.
where N is the number of component waves, @» the
circular frequency, €x-the random phase angle, and C the
amplitude’ of the #-th component waves which are
given by the wave spectrum S(w) of ITTC 1978, Eq.
(1). After some mathematical manipulations in details,

the equatlon of ro]lmgvmotxon can be wntten in the
following form .- R

s A

( sz: ) Z{ [An sm(w,r——-—-U cos x)t

- (15)

" —Ba cos(wn—-TU cos x)t]sm x ¢ (16

Ve
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where the coefficients A», B calculated.as
An= méM /:.‘ [2s(x)cos ¢+ ys(x)sin ¢]

X A(.r)Fn(x)cos[%?'(So +x cos )+ e;.]air
B,,=W ./1. [zs(x)cos ¢+ ys(x)sin ¢]
X A(x)Fn(x)sin[wT?'(éo+x cos x)+ e,.]afr

2
. | wp .
sin|—=B(x)sin ]
g

Fn(x)=cn ajl CXD[ P

T"B(x)sin x

an

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

' pg /L A(x)dx+pgnﬁ:}l[Hn cos(w,.— a;?. U cos x)t

+Insin{ wn— )t]=mg (18)
o9 fLIA(I)dr'*'Pyél[]n cos(wn——ajiU cos ;;)t
+ 1, sin(wn —%f‘U cos x)t]=0 * 19

where the coefficients Hn, In, /» and K. could be calcu-
lated as

= / A(x)Fn(x)cos[ﬁ’-(éo+x cos x)+en]
I,= /L' A(x)Fn(x)sm[—wgi(So+x cos x)+en|dr
== f 2A(z) Fa(x)cos {ﬂf’-(éo—+:c"cos }:)+en]dr

= f xA(x)Fn(x)sm[ﬂ(Eo+x cos x)+ en]

(20)

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
phenpmena 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 motlons of surge, sway and
yaw as below

(m+tmz)U—(m+my) Ve

=T(1—8)—-X(U, V, §, )+ Xu(z)

(m+m) V+(m+mUd=Y(V, §, 8)+ Yulz)
(Tt J22) ¢=N(V, ¢, 8)+Nu(x) 21
where T is propeller thrust, { thrust deduction factor,
X(U, V, ¢, &) hydrodynamic surge force correlating to
forward, sway velocities, yaw rate, and rudder angle,
Xu(x), Yulx) and Nu(x) denotes linearized wave excit-
ing surge force, sway force and yaw moment, respec-
tively, Y(V, ¢, 8) and N(V, 4, 8) including Munk

moment (mz—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. Sxmulatxons
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 @.. The time history of free roll
experiments is presented in Fig. 12 compared with simu-
lation result calculated from the linear equation of

F+2( 2 ) +(Z=Y 6=0 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-rldmg and broaching-to. A standard numerlcal
procedure is employed to integrate the equatxons of
motion leading to a step-by-step approx1mat10n of ship
motion®,

Harmonic resonance

The first example is the harrnomc resonance ‘occurred
for the container ship model running with headmg angle
30 degrees and Froude number 0.4 in regular waves of
the wave height to length ratio H/A=1/25. 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
semer model running with heading angle 45 degrees and
Froude number 0.4 in regular waves of the wave height
to length ratio HfA=1/17.25. The pitch and roll
responses are presented in Fig. 14 compared with the

container model(GM = 0.15m)
Experiment ©  Simulation
.90 Roll angle [deg.]

purse seiner model(GM = 0.75m)‘

. Experiment © Simulation —
Roll angle [deg] ‘
(sec.]

Eig.12 Time history of free rolling experiments

e
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-+ Experiment. .©. Simulation =
' 10+Pitch angle [degl " = - o
0 S [sec.:_l
ne . IR 20
m_lo A " Aoty Ve
.1 1g0cRoll angle [deg]. ... . .. .
N b C [sec.]
vy i 2'0

\Fig. 13 Harmonic resonance of contamer model in
s~ o regular waves -
Lo (Fa=04, x=30°, GM~—0 15 m, H//l—1/25)

) I8 X ' ' ' i
expenmental results In these examples, the severe
rolhng occurred at the wave encounter perlod nearly
equal to the natural rolhng perrod 'and the models also
capsxzed when the wave crest overtook from astem
Harmomc resonance for both 'models runmng in 1rregu
lar seas’ do not occurs because the wave encounter
perxod in'random.’
Parametric resonance

ﬂ The third example is the parametrlc resonanqe “of
contamer ship model runnmg w1th headlng angle 15
degrees 'and Froude number 0. 2 in regular waves of the
wave helght to length ratio H//l 1/ 25. The pltch and
" roll responses are presented in Fig. 15 compared w1 h

1l:he experlmental results at the initial foll angle equal to
zero. In thls example the severe rollmg occurred at
tw1ce the wave encounter period and the roll amphtude
grew up rapldly‘”’ The first roll to port srde with
amplrtude about 10 degrees, and the last roll to ‘star-
board srde about 50 degrees. Eventually, the model
cap51zes to port side.” "

The fourth example is the case of container model
running in irregular following seds of sxgmﬁcant wave
height Hi3=13.7m, mean wave period Tan=11.4 sec.
and Froude number, 0.1. The pitch and roll angles are
presented in* Frg ‘16°in companson between experimen-
tal and computed results Itis noted that pitch angle is
different from srmula‘tron but roll amphtude is" almost
the same. It is difficult for the srmulatron to 1dent1fy the
xrregular wave profile used for expenment In this
example, the severe*rollmg occurs at the wave encounter
to the natural rolling period ratio nearly équal to 1/2,
and the model capsizes when the wave crest over-
takes from astern.  _

Parametnc Tesonance- for purse “seiner runhing in
regular and 1rregular waves did not occur. Shortly
speaking, as ‘the GZ" curve of the contamer sh1p has a
hardening spring nature, ‘with! an évén small
metacentrlc “height which satisfies the stability crlterla
at ‘the very Timit, espec1ally 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

- Simulation

|

Experiment o
10 Pitch angle [deg] i

Fig. 14 Harmonic resonance of purse seiner model in
ol regular waves
Uy (Fn=04, x=45°, GM 075m Hja= 1/15)

PR [

L Experiment s Simul‘ation

10 P1tch angle [deg]

Fig.15 Parametric resonance of container model in
regular waves ,
(Fn=02, x= 15° GM 015m H//l 1/25)

Expenment
A [sec.]

20
6(] l: Roll angle [deg.]

oA -
o f’ \/ \iﬁ 20
-60 G A '

T IR

10 Pitch angle [cl_eg.]

1

"

' Simulation,
sec.]

Flg 16 Parametrlc resonance of contamer model in
o 1rregu1ar waves

L (= 0. 1, x-0° GM = =0.15 m, B. No. 12)
i R S !
-a softenmg sprmg nature, her metacentrlc helght should
be large to satisfy the IMO criteria A. 685.. As a result,
the natural roll period is too small to induce parametric

Jon Lo
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resonance in astern seas.
Pure loss of stability o

The fifth example is the case of pure loss of stability
for purse seiner model running in irregular sea of
significant wave height H;3=0.272m, mean wave
period Tu=1.60sec., heading angle 30degrees 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 amldshlps posmon'”
Surf-riding

The critical speed Uecrinic for surf-rldmg of a ship can
be estimated from the equation proposed by Kan” as
follows

Ucriere cos = r:[l—1 /-F:’,L,:’;‘Z-] (23)

where F, is amplitude of wave exciting surge force
described by

ngH eXE! demz

RFsiny
kLCpcos x . kBsiny
) SIIb 2

Xsin (24)

and L, B, d, Cp» and Cr 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 Eigure 19 in comparison
with the experiments for the case of heading angle x
from 0 to 60 degrees. In this figure, the sign A, inthe
experimental results meaning “not surf-riding” but
capsizing for the purse seiner running at Fn=0.4 with

10 Pltch angle ([deg.] Experiment
- S\ [sec.]
10 N A
g0 Roll angle [deg.]

OF/\ o~ L~ [sec.‘]

D ae—— ; ~
-Bﬂf : lk 20
10 Pitch angle [deg.] Simulation -
‘ ‘ [sec.]

-10

-60

Fig.17 Pure loss of stability of purse seiner model in
irregular waves
(Fn=04, x=30°, GM=0.75m, B. No. 7)

2

g0, Roll, angle [deg] .

N

Fn

vave velocity

critical ship speed

4 O surf-ridden_
(not capsized)
"a | A not surf-ridden|],
0.2 .4 (capsized)- ]
‘ A’not surf-ridden
- A - (not capsxzed)

-container ship (H/2.=1‘/25)
0 1 2 . 3 A/L

Fo[ yave veiocity, ,

critical -ship speed
(H/ A=1/17.258) = -

(H/2=1/15)

04p

4"@ surf-ridden
- (capsized)
O surf ridden °
(not capsized)|]
A not surf ridden
(not capsized)

0.2

i

purse.seiner -

0.00 1 - ‘ 2 - 3 lI/L[

Fig.18 Critical ship speed versus. wave to ship length :
ratio at x=0° :

heading angle nearly equal to 15degrees with wave
steepness 1/17:25. 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 ‘ o -

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 method'?. The both models are directionally
stable in still water. .

A number of simulations with respect to the surgeand ,
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¥ave ve]bc’lty/,'cos' X o

0.‘4< a a i
E . ceritical ship sneéd
! _A‘;' :;*;QVA:.“ _ ;:,;vf A N '

{ | [O surf-ridden (not capsized)] .

02 4 = aa aa A v

A,n‘otwsurf—ridden (capsized)
A not 'Surf-ridden (not capsized)
AT AS— A A

“.container: ship :v(‘}{/.1=1/25‘)
0.0 . L L ’ ]
40 x(deg)

0 0 20 .30

vave velocity/cos x

- . s

. critical ship speed

[ ZN

- '“?"AfA\‘ aa.
Fope. .
! N . T

(B/2=1/15>

@® surf-ridden (capsized) .

O surf-ridden (not capsized) |
1A not-surf-ridden (capsized) |
iA not surfridden (not capsized)

purse:séiner - .

S TR 10 x(deg)

20 30

o
o

Fig. 19! Critical ship'speed versus heading angle of ship

to wave at A[L=15 .

T e
sway velocities, and yaw angle can be obtained in the
specified combinations of Froude number and the head-
ing angle of ship fo waves.: Simulation. results for
container ship are divided into two categories of mode.
The' first! 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
flictuating 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

and:the ship speed. .. n BN - '
'On-the-other hand; sitnulation results for. purse seiner

model were divided into three modes. The first mode is -

noted when the yaw angleis 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)
0 exp. (not capsized)

.

Periodic stable

0 10 20 . 30 40 50
x[deg] -

Fig. 20 Broachi;ng—to zone of container model

Fn
0.6 T

° exp; (capéized)
0 exp. (not capsized)

Periodic stable

04 ginal stable
L No‘n‘periqdic stablfa‘ ) |
T T R T
L x[deg.]

Fig.21 Broaching-to zone of purse seiner model

the yaw “angle ‘is fluctuating around marginal, siaable
state. Fig. 21 indicates the periodic stable, non-periodic
stable and marginal stable ranges on the heading angle
¢ versus Froude number Fr. \

'
=N

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. o

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

(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

89.

(

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

manceuvring 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 Kan® 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

. ‘ b
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 stabxllty 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 quartermg 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 not. suitable
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 N

=4

exc1tmg terms.as the zeroorder solution. . ! ..
2. Nomenclature ; - -

a . wave amplitude
Ay * interaction factor between hull and rudder
Ar > rudder area

c ! wave celerity -
Cbs : block coefficient
Cro - frictional resistance in two dimensional flow

Cr : total residual resistance coefficient R

d : mean draught T I
da.aftdraught T Y SRR TR LI

dy : fore draught .- . : S

D, : propeller diameter S B
F, - nominal 'Froude hurﬁ?er ‘ K
g- gravxtatxona{ll acceleratxon - ‘
GM : metacentri¢ height ' o ‘
GZ : righting arm
H : wave height
Iz : moment of inertia in roll
- : moment of inertia in yaw
if o advance coefficient of propeller. -
Jz* added moment of inertia in roll ' IO
1]z - 'added moment.of inertia in'yaw™ .-
< kIwavenumber: . YR ;

Kp rudder gain: v 0 iine el .
. thrust coefficient of propeller ro
‘Kw I.wave-induced roll.moment = . . Lot
L. ¢.b. : longitudinal position'of centre of buoyancy

Iz : correction factor for ﬂow-stralghtemng effect"
- due to yaw rate - e 0
L ship length between perpendlculars
* on @ ship mass - ¥ e e
m: . added mass in surge: + © ¢ N
- my - added mass in sway e '
n . propeller revolution number ‘v . 0o

Nw : wave-induced yaw moment ~ o
OG: : vertical distance bétween centre of gravity and'
v . waterline v oot Lo o wne {0

o pirollrate « (i . el b
Lmsyaw rate 30 i T2 o SE I P

% R : ship resistance -7* Gl e

" Sr: wetted surfacerarea 0 o7 v

t‘: time
Zthrust deduction factor -+ ' o "

MT propeller thrust - o ERTIY

_"Tp': nondimensional .time constant for. dlfferentlal '

i+ - control
+ T£ - nondimensional time constant for steering gear
T,; natural roll period - - AR
~utsurge veldeity! o T oy

-+ Un ship cruising velocity - -~ = . ¢

"9 lsway velocityr. 0 oon e

i wp © effective propeller wake fraction T

[T PP B I [T [

= [ TN i R

2%

xn - longitudinal position of centre of interaction
force between hull and rudder
; Zr ' : longitudinal position of rudder
Xw . wave-induced surge force -
. Y» : wave-induced sway force
' 2 : height of centre of lateral force
zur - vertical position of centre of effective rudder
force
zr © vertical position of centre of rudder
! yg - flow~straightening effect coefficient
8 : rudder angle
er - wake ratio between propeller and hull

v+ @y : vanishing angle

kyw/L 3 gyro radius in pitch .
kzfL  gyro radius in yaw L
'} kp interaction factor between propeller and rud-
< ¢ der '
keo - linearlised damping coefﬁaent w1thout for-
. ward veloc1ty
. A wave length’
/ : rudder aspect ratio
&q : longitudinal position of centre of gravity
p - water density
o : eigenvalue
@ : roll angle
x - heading angle
xe : desired heading angle for auto pilot
we - averaged encounter frequency o I

3. Mathematical modelling

-'A's 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 7 axis to starboard and the z axis
downwards. The latter co-ordinate system is not all-

3
3
‘ ‘ X
I
i .
,.f" I
y i & g 6 .
X y
|~ . . .
wave trough n
o ‘
]
cb .
) s
[T y 1
v ! 7 » (V ;
Z
; Lo

Fig. 1 Co-ordinate systems for equlllbrlum points of
surf-riding '
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owed to turn about the x axis®. The symbols are
defined in the nomenclature.
The state vector x of this system is defined as fol-
lows:
x=(E&cfA, u, v, 9,0, %, 7, 6}7 (1).
The dynamical system can be represented by the follow-
ing state equation:

2 =F(x)=(f(x), flx), -, fo(x)}" (2)
where
Sfilx)=(u cos x—vsin x—c}/A (3)
So(x)={T(u ; n)— R()+Xul&c/A, x)}
[{m+myz) (4)

fx)={~(m+mur+ Yolu ; n)o+ Ye(u ; n)r
+ V() p+ Yolu)d+ Yal&cfA, u, % 3+ )8
+ Yul&cfA, u, x 3 )}/ (m+my) (5)
Slx)=p (6)
Sl x)={mzznur-+Ku ; n)v
+ K (u ; n)r+EK(u)p
+ Ko(u)p+ Ke(Ecfh, u, x 7 n)d
+Ko(EcfA, u, x : n) .
—mgGZ(EclA, ¢, XM (Lez+Jez) (7)
f(x)=r ‘ (8)
Slx)={N(u ; W)v+N(u ; n)y
+ Np(2)p+ No(u) g+ No(EclA, u, x & n)8
+NulcfA, 2, x s W)} Lzt Jz) (9)
Slx)=[(Uo/L)(— 8~ Kp(x— xc)} — Kr T57)/ T£(10).
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.” 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.® 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.?

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

Y,=N,=0 11

GZ(&cld, ¢, 1)~ GZ($)~CM+ ks’ +hst®  (12)

Yo(&cfA, o, % s n)=Ys(u ; n) a3
Ni(&c/A, u, x : n)=Ns(w.; n) 14)
K(EcfA, u, 2 s m)=Ks(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, 7, 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, X¢, sway, Y,
roll, §, yaw, ¥ and rudder angle, & 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: X 5

afh, $, %, &, XclU, YelU, i=0(s), e<1 (16},
whilst the average encounter frequency, e, is defined
by '

we=w—kU cos ¥ _ A,
Ignoring higher order terms of ¢, the following equa-
tions for periodic motions are obtained.

AnXe+BuXe - -

=F sin (et ~kXe cos T+ k¥esin ¥—er) (18)

AnYc+BnY o+ Bud+ Cud+Bpi+Cousi+Cnl

+D20iXe+DuniXo+DeciXo
+ D48 Xo+DeeXe Yo

= Fq sin (wet —&r— kXe cos T+ kYesin ¥)
+F‘2b(er—kXc cos f+k}7c sin ]?)‘ '
Xsin (wet — kX6 cos T+4Yssin 7)
+Fowe—kXc cos ¥+EYesin 7)

> 7

Fig.2 Co-ordinate systems for periodic motions

[T
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% cos (wet — kX cos ¥+ k¥esin )
+ Foo(T+X¢) cos (wet—kXc cos ¥
+EVssin D+ FT+Xe) . - -
: Xsin (wet—_k}?c cos F+kYesing) . -
oo FBRAT+XQ+C} - 1 o
" Xcos (wet —EX; cos Z+kf’c‘sin n
+FR{U+Xc(1+Ca)}b . Al ™
Xsin (@t — kXc cos I +ch sing) . _,(19).
A44¢ +Bu¢ + C«¢ +BnY¢;+B4sx + C«sx + C473
o +D4axXc+D4bZXc D4c3X0+DAch Yo
Lo Amgksddt mgksqS
= Fio sin{wet —kX; cos T+kYe smvx) i’
w4 Fup cos (wet — kXe cos 7+ k¥e sin x) S
* +Ficsin (wet+er—kXs cos % +kl7'a sin x)
+Eu(we—an cos 7+kVesing) «
« Xsin (wet —kXs cos Z+kY¥csin T) e
TR +<F4e(a)e-—kXc cos F+kYesing)-
X cos (wet —kXc cos T+EYssin ). ¢ »
o +FAT+Xe)cos(wet - -V 0 -
© —kXccos g+kYesing) ot 0 - u
+Fio(T+X o) sin (wet ) .
© —kXecos x+chSinx) [ T
A >+,F4;.{U+X¢;(1+CR)} o st PLI
X c0s (wet — kX cos ¥ +EVesin x) o
L +F4i{U+Xc(1+ Cr)} R
. Xsin (@t —kXccos T+kYesin 7):. ., (20)
AssZ+BssZ+ CosX+ B Yc'f‘.Bsw} +CudtCal .
+DsaiX e+ Do Xo—Decd XetDsaXo Ve
1="Fea c08 (wet ~#Xc cos, T+ k¥ sin 7 —&x)
o+ +F(we—kXicos T+kYesinZ) - .-
xsin (wet —kXocos T+kVssin F) 1§
+Fslwe—kXccos 7+k¥esin ) 1 -

. Xcos (’a)et—-.kX'c cos T+k¥esin )
+Feo(T+Xe) cos (wet. |+ ;A
—kXecos 7+k¥esin 7). el
+ Fee U+ X o) sin(wet, . ~
—kXccos Z+kYssin 7)

+ Fer U+X¢;(l+ Cr)}
X cos (wet —kXo cos T+kYesin 7)
+ Fog{ T+ X Q1+ Cr)} :
Xsin (wet —kXs cos T+EYssin Z) (21)
B8+ &8+Bui+Ciz=0 |; ‘ (22).
Here the coefficients, A, Bin, Cim, Dia, Fua, €r, &, Cr,
are obtained by the coeﬂ‘icients’ in the righf. hand side of
Eq. (2).(l, m=1,-,7, a-—a, -, 7). For realising caps-
izing, restoring terms in Toll are assumed not to be
subject to the perturbation principles. - |
Further, it is assumed that o
Xeld, VslA=0() v=0(") ! (23).
Consequently, higher order terms than &v are ignored.
This additional assumption means that non-linearities
due to surge and sway-are notso large: —As a result, the
following form of solutions can be expected with fre-
quency equal to the encounter frequency :

Lo T

T

Xc— 71 COS (wef 61) (24)
Ye=7: cos (wet —&2) (25)
(26)

$=ricos (wet—€) - . -1 im0

=76 cos (wet—&6) 27

§=r1cos (wet—&7) ' (28).
Then the van del Pol transformation is expressed-as
follows:

(e )"=P(Xs Xo)"! o “(29)
(u2 v2)T= P(YG YG)T o I (30)
(u4 UA) —P(¢ J)T ' N (31)
(s va)"=P(F 2)1‘ . o - (32)
(ur v)"=P(§ &))" (33
where . S o
cos'weft —1fwesin wet T o
P‘—[—sin wet —1fwecos wet]' ' (34).

Substituting Eqs. (29)-(33) to Eqgs. (18-22) -and averag-
ing them over one period, that i IS, '

0< ¢t <2nfw. : (35),
the following averaged equation is obtained.

v=G(v)={a(v), yz( v), -+, g(v)}" *(36)
where

v= {u;, 1, Uz, U2, Us, Vs, Us, Vs, uz, 1)T @37

!]1(?) %Wevl Zwil‘l cos EF :251“ (231

+ 16’2)5"1—{3 sin er(vfcos® ¥

—-2vlvz cos ¥'sin x+vz sin? x)

“+cos sp(ux cos® T—2wuue cos Z'sin ¥
+uz sm x ‘

—2 sin e;( u;m cos X +u;vz cos ¥ sin %)
‘ +uzv| cos x sin'¥— Utz sin® x)} (38)

o 1 N B ‘
gz(v)— Zweul } oA sin er SAT o
- ;<k—n{3 sin e;(ux cos® ¥ 8 .
s T 16weAn T T : o
o —2us cos fsi'n 7+idsin® ¥) -
v o+sin er(vf cost T —2viv2 cos', x sin'¥
+ofsin® %) - v “
—2 cos er{— w1 cos? T+ wurz cos ¥'sin'y
' 420y cOS ¥ Sin ¥ — 2wz Sin® ;?)) s (39)

(U)— RN W R
_93 zwevz ZweAzz‘.‘

R 1

s, X(an cos EFw‘l'F.wae'i‘F‘zzU'j'I?ZﬂU)
‘1 WweBzzuz-i-waBzam ' “, o '

gt Czﬂh‘*' weBasuts+ Cosvs+ C27117)

o

ST 16a)eA (Faacoser .': o
+F2ba)e+F2eU+F2,U)

(AR i <A1-

ST et

x(u. cos? x——2u1uzcos 7 sin I+ud sm z
+3v; cos Z—6wmuvzcos T sin x+3vz sin® ¥)

S

I +—-——( ansmsp+cmwe+deU

Y P 4

+FuU) x(—u;v; cos x+ulvz cos 7 sin x
o cos z sm I~ wovssin’ x) “0

'

] 1 ,
94(1))-— (l)euz ZweAzz ' e

><(—1<“za sin s;-+cmwe-i-deU+ Fz;U)
-3 w}A (weBzzvz+ weBz-iUJ

Costts— Cater)'' -

— Cauttat weBasve—
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2
+Eaﬁ;(_pza Sil’l‘EF
+ Foctwet+ Fog U+ For U)
X (vt cos® ¥—2uv2cos Z sin ¥+ visin® ¥
+3uf cos® ¥ —6wuuzcos ¥ sin 7
+3uisin® %)
+—87),§4_22(F2“ c0s er+ Faowe+ FzeU

+ FogU) X {(~ w101 cos® ¥+ vz cos Z sin 7
+ 1201 cos ¥ sin ¥ —uzvzsin® 7) (41)

g(v) =%w:1}4 —m
X(Fia+ Fic cos er+ Fuwe+ Foo U+ FuU)
—m(we34zuz+ WeBuust Cuts

2

+weBustts+ Cisvis Curvr) + lﬁaiA« '

X(Ra'*'}?‘c cos 5F+F‘4dCl)e+F‘le7+E{0)
X(uf cos? Z—2wuiuz cos 7 sin T+ uisin® 7
+3v. cos2 7 —6wmvz cos 7 sin ¥+3vfsin’® )
+8—weTA—(F4b—FAc sin e+ Frewe
A+ Fyy U+ Fin Oy X (— vy cos® 7
+wmuv2cos Fsin ¥
+ u2th cos ¥ sin - wer: sin® ) +EZ_L;4«—
X{— 6k3(u4 ntvi )+5k5(2u‘1)4 2uivi—vi)}
(42)
_ 1

a(o)=—goan—gp

X (Fso—Fic sin Et-"l'Faea)z’i'ExU'i'F;;.U)

——1'-((1)eB4zUz+ WeBuvi— Cuty
2weAu

2
v = Castts+ weBists— C47u7)+ﬁ-¢A—;

X (Fio— Fic sin e+ Fiewe+ Fo U+ FunU)
X(3ut cos® T—6uuz cos T sin ¥
+3ussin® ¥ -
+ v cos? T—2uvzcos ¥ sin ¥+ visin® 1)
g Fuat Fu cob ér+ Fus 06
+ FigU+ Fa ) X{— vy cos®* 7

¢ +wmuvz2cos Fsin ¥

o o . g mg
+ w201 cos ¥ Sin ¥ — w22 sin’ x)+———-16meA“

X {68263+ 3usv?) +5ks(uf — 4 23 v2+ wivd)}
(43)
oo} =075,
X(Ft;a sm €F+F35b(l)e+ F‘GeU'*'F‘GQU)
—m(w;ma-i- weBatut Coits

2
+ weBestts+ Costve+ Corvr) '*:Te‘alfm'

X (Fea sin er+ Feswe+ Fee U+ FsgU)
X (2% cos? Z 2wu1uz2 cos I sin T+ ufsin® ¥
+31). cos —6mvz cos 7 sin x-+3vEsin® )

+m{&a c0S &r+ Factwe+ Foal
A Fe,U) % (— 1101 cos® T+ wmvzcos T sin 7

- - R e it SR

+ 201 COS ;?sin T—w2Sin® ) (44)

a(v)= ——wéus T eAss
‘ X(F%a cos eu+Fscwe+Fst+Fer)
—m(weBssz'*‘ WeBsits— Coutt

2
+ weBssts— Cestts— Coraer) +T6cfm

X (Feq cos 6u+Rscwe+Fsdl7 +Fe,U)
" % (3uf cos? —6212z2 cos 7 sin T+3uf sin® 7
Fof cos 2v.vzcos Z sin 7+ sin® 7)

+m(Asa sin &x+Feowe+ Fee U

+ FsgU) X (— 2301 cos® T+ 2102 cos Zsing
+ 1201 cos ¥ sin T — wev2 sin® 7) (45)
1 Y Bss

a(v)=guentg g a
X (Fea sin &y + Fyswe+ Fee U + FeoU)

1 B7sBsz — B76364 oo

BisCs vst+ ( Cs B.ngs )a)euG

Aes
- B;‘;g“ Vot Weter— ijliﬁ’ v7} C
_.___kz_BZG_(F sin &
16weBrAs " *° "
+Rb@eﬂ'-ﬂeﬁ+ﬂgﬁ)

X (uf cos® T —2wuz cos % sin Z+ufsin® 7)
+3vf cos® ¥—6ur2cos 7 sin x+3vz sin? 7)

ﬁ—ﬁ“ﬂﬂa €0S &+ Focwet+ FeaT

o+ FoeU) X (— 210 cos® T+2vzcos Fsin 7

+ 2201 COS X sin ¥ — w202 Sin x) (46)
. gw(v)— éweu‘l " g::Ass

X(Fsq cos en+ Focwe+ FeaU + FerU)

1 B7sBsz e B Bes "
2(0eBT7l Ass We Ass ety

B:;gsa u4+(Cs Bzg“)wevq
Bzgss s+ BZ;CMZI +wev7}

‘ " Tai——g;‘;l—(ﬂa COS €ir

+RSc(l)e+Fst+Fs/U)
X(3uf cos® ¥ —6uirzcos Tsin ¥ +32{2 sinf ¥
+0t cos? Z—2uwz cos F sin T+ i sin? £9)

0 . ——#j%“—(ﬂasin 53{+F‘6bwe+F‘GeU

+ FeoU) X (— 2101 cos® T+ vz cos ¥sin ¥

+ w201 COS ¥ Sin ¥ — w212 sin® 7) 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, ve, should be calculated by solving the
following equation: _
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G(vo)=0 - - o S (48).
Then, G(v) is linearlised at vo, putting v=uve+4q to
obtain the following equation :

d=DG(vo)q v (49)
where E .

DG(v)=—-(g.(v)) 1<3, ]SlO (50).

If an elgenvalue of DG(Uo) hasa posmve real part, the
local asymptotlc behaviour at ws is unstable.

'vo 1s a fixed point of the averaged equatlon The
averaging thedrem!® indicates that, 'if an averaged
equation has-a hyperbolic fixed point, vo, the original
equatlon possesses a unique hyperbolic periodic orbit of
the’ same stabxhty type as wo. Therefore, Vo means a
perlodlc 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 eigenspaée spanned by the
eigenvector at the hyperbolic fixed point. The invariant
manifolds analysis based on this theorem affords us
understanding of the relatlonshlp between local and
global behaviour associated with perlodxc motions.
Thus; invariant manifolds are called outstructure of a
fixed point. ' o -

6. Numerical results for periodic motions

{

Some numerical calculations 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 mode] 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 Natlonal Research Insti-
tute of Fisheties Engineering. Since the added mass and
. moment cannot be obtained from circular motion tests,
my and J.: were predicted using a strip method whilst

tooa

Vo ‘ o - R
.., Table, 1 Principal particulars of the purse seiner:

'L 345[m] - gyl 0332 7%
B: ' 76[m]" = iuL 0332°¢
D 3.07(m]  , GM, 0.755[m’]
de 2.84 [m] 6, ,40 47 [degrees]
d, 3.14 [m] T, 747 [sec] ‘
C, . - 0652 " D, : 260[m]’

1lcb. (aft) . 1.742 [m] . Ar . 3486 [m2]
Sk 3918[mz] A 1838 . .

mz was estimated empirically. For a roll damping
moment, free roll tests were carried out without for-
ward velocity. Forward velocity effécts on the roll
damping were ' estimated by Takahashi’s empirical
formula!® A restoring arm curve is fitted with a fifth
order polynomial which has zero values at 0 degrees,
180 degrees and the vamshmg angle, 6y. 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 coefﬁéients of sWay and yaw
due to roll rate are ignored, because of limitations of
the experlmental capablhty All the coeﬂicxents for the
mathematical model are presented m‘the Appendix, in
Tables 1-2 and Figs. 3-5.
Using the above coefficients,
scriminant D; defined-as ,
D=Y,N,+(m+mz— Y)Ny (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

' I
- R iy

the stability di-

Table 2 S3‘rstem parameters used for numerical

calculation '
m/m . 0.0834 - ‘a0 0320
m,/m 0.8414 xu/L -0.453
"I 0.5424 ' Zp/d 0.266
Yu' ' -06327 Kp 0.6167
Y 0.1396 €R 0.9577
" Nw’ -0.0858 o 0.422
N -0.0804 . Ir/L -0.683
zy/d 04953 T - 0.1
- (at Fn=0.4)
I-w, 0.858 K, 1.0
o 1t . 0853 . T 00
Ky 0139
f } ‘
0.03 o T
..... CFO
'R /r‘*‘«%
0.02 7
‘ / ' Cp=RA0.5*p*UU*S )
_ , Sp=391 .8n? (full scale)
0.01 .
-—
( S .

o] o
0 0.1 02 03 04 05 06 0.7
’ Fn- °~

Fig.3 Ship resistance coefficient of‘the purse seiner
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Surge Amplitude
0.3 o
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o1 80 —— Linear
: \ 60 o Nonlinear(A)
£ o N 40 o Nonlinear(B)
. u\\ 20
-0.1 AN 0
0.2 -
Fn
03

0 02 04 06 08 1 :
J

Fig.4 Propeller thrust coefficient of the purse seiner

Y4, N¢', Ky, 135GT Purse seiner
004 ¢=15degrees
0.02 N
-._._-—A"Q UU‘CL O Y(exp)
o o LS ﬂi / O N(cxp)
1
3 A Klexp)
. -0,02 2
' 04 9 0 8“‘" o/ A,A’ — Yifiy
-0.04 (R — NG
006 1 - Kdfin
-0.08 0G/d=0

0 01 02 03 04 05 06
Fn

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 Jatter is easier but the
derived solutions depend on the initial values used for
the iteration. In this paper use: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:,

Fig.6 Surge amplitude (surge-sway-roll-yaw-rudder
model ; HfA=1/15, A/L=1.5, x=15 degrees, K,

=10, To=0) '
Sway Amplitude T
' ,
400 f
300 —Linear
200 o Nonlinear(A)
100

o Nonlinear(B)

Fig. 7 Sway amplitude (surge-sway—roll-ygw-rudder
model ; HfA=1/15, A[L=15, x=15 degrees, K»

=1.0, Tp=0)
"  Roll Amplitude O
4 l
0T n . —Linear
201 o Nonlinear(A)
o_Nonlinear(B)

0 0.2 0.6 0.8

Fn

Fig.8 . Roll amplitude (surge-sway-roll-yaw-rudder

. H=nja (52)
ri=nra (53)
ri=nf(ak) (54)
ré=rs/(ak) (55)
ri=nf(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

model ; HIA=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

RN
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-Yaw Amplitude

—Lineax’; '

o Nonlinear(A)

o Nonlinear(B)
I

FRig.9 Yaw' amplitude (surge-sway-roll-yaw-ruddér
: . model; HA=1/15, A/[L=15, 'x=15 degrees, K»
=1.0, To=0) o
[en2n T ]
1 T Phase of Surge |
08 1 %
0l m%%\ B Ty
g RPN
04+ ; ( o Nonfinear(A)
I a A
102+ o Nonlinear(B)
0 + —t ,ii_’ N T
0 02 04, 06 , 08 . Fn

Fig. 10 Phase of surge (surge-sway-roll-yaw rudder
‘ ) model Hfi= 1/15, /I/L 15 x=15' degrees,
" Kp=10, Tp=0) L

yooo T

Phase of Sway

" “Cinear
|
o Nonlinear(A)

u‘N‘onlinm_’r(B)
T

'
S

Fig.11 Phase of sway (surge-sway-roll-yaw rudder
model HA=1/15, A/L 1. 5 x 15 ‘degreks,
K,—lo TD—'O) e

- vl

1 ot

v

solution for slightly lower Froude numbers. Thus the
. solufions are determined in"sequence from F,=0.05 to
F,=0.7: The step of increasing the Froudé number is
.001. .. “Nonlinear (B)” on the other hand-refers to
solutlons determined in sequence from Fr=0.7 to Fp=
0.05. . Sl x G Y T
‘When the encounter frequency is zero, that is, Fy=
0.506 in this case, amplitudes of linear surge and sway

{Re{0)}max annm-n of Real Part of Elgenva!ucs
500 e .
H o
wor I - |
300 - ) = - : ; msen] inear
2004 | - ' o Nonlinear(A)
100 ] ! ' o_Nonlinear(B)
i ' |
o |
100 02 04 06 os Fn
Fig.12 Maximum of real part of nondimensional

eigenvalues multiplied by the absolute value of
the epcounter- frequench (surge-sway-roll yaw
“rudder model; HIA=1/15, A/L=15, x=15
degrees, Kp=1.0, Tp=0)

"

{Re(0)} max + Maximum of Real Part of Eigenvalues
1 t
= —— - S
051 W T o -
[N " |===Linear
0 % : ' _° Nank: {A)
' ) Noanlinear(B)
051 '
Fn o,
-1 ' '

Fig.13 Maximum of real part' of nondimensional
elgenvalues multlplled by the absolute value
of the encounter frequency (surge-sway-roll-
yaw - rudder model ; HA=1/15, AL=15, z=
15 degrees, Kp=1.0, Tn=0)

T, i PAE T IERT R i

A [Nl .o - T Lo e o

‘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
anid: 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; N4, which rhainily consists of the Munk 'moment:
If non-linear terms 'are’' taken into account, some

-terms proportional fo surge ‘and sway' 'displacement

emerge and thus the amplitudes are finite even when the
encounter fréquency ‘is' zero.” These virtual restoring
-terms'' exist because 4'wavé is described with a
sinusoidal function of displa(':enient‘ as well as time.
However, a linear theory ignores the contributions from
périodic 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 largeér than'wave
‘height or from'4 to 14 times larger than wave length.
‘Thus-it is necessary to éxamine their ‘stability.  Fig. 12
and its part-enlargément, Fig. 13, show that the linear
solution is stable except in the neighbourhood of we=0.
iThe 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»<041 and
unstable elsewhere. Contrary, the Nonlinear (B) solu-
tion is always unstable. Therefore, stable and unstable
periodic motions ¢o-exist when F,<041. 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 w.
>0 while it decreases when we<0.

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

'

normal resonance in roll is also shown at F»~0.1 but is
not significant because of the relatively large roll damp-
ing moment. . . __ . _ - ———

The periodic motlons obtamed by Eq. (48) were
checked against model experiments undertaken by
Umeda et al.'? 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-linéar_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 falrly well
thh the experxmental results

With the control paramefer 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 conmected with
eigenvector at the unstable fixed point.. Since the trajec-

| { - B

Muximum of Real Part of Eigenvahies

{Re(a)}max &

1

o5 | —

0 . . o Nonlinear(A)

02 o/ , ol L2 Nontincar(B)
05 }
Fn
-1

Fig. 14 Maximunll of real part of nondimensional

eigenvalues multiplied by the absolute value of

- encounter, frequency (surge-sway-roll-yaw-

f rudder model HfA=1/15, A/L=1.5, x=15
degrees, Kp 0.0, 75=0.0)

Eigenvector at an unstable periodic motion

0.8
0.6
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02

0 —_—

ut vl w2 v2 u4 v4 u6.v6 u7 V7

L

Fig.15 Eigenvector at an unstable periodic riotion
' (HfA=1/15, A/L=15, x=15 degrees, F»= 04
" Kp=10, To=0) '
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Flg 16 Roll amplltude (surge—sway-ro]l—yaw-rudder
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Fig.17 Yaw amplitude (surge-sway-roll- yaw—'i‘udder
o model ; HA=1/15, A/L=1.5, x—25 degrees,
‘ K,=1.0, To=0)
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Flg 18 Part of invariant mamfolds qf unstable per1-
odic motions gsurge—sway roll-yaw-rudder

.model HjA= 1/15 A/L 1.5, x=15 degrees,
040) Here the dxamond symbol mdlcates

stable perlodlc motlon

o T SRR
R N i ey s o ' .
tories can be 10-dimensional, -only ‘projections of them
on 2-dimensional planes are provided. However, one
distinctsaddle is found on the' #s-v; plane because
instability in roll is dominant and its index is one. Other
projections of the invariant manifolds on the u1-vi, %2~
-2, #s~vs and wr-v; 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- shlp will suffer unstable periodic motions. i ;

With the above "calculation the coupling effect hasnot
yet been clarified because instability in the penodlc roll
motion is dommant 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
thhout roll even when (I)e<0 When (l)e>0 the stable
non—]mear motion ys{lthout roll loses ‘its s{abxllty with
larger Froude number than that when roll is included.
Although unstable non-linear motron without roll
always exists when w.>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'& Renilson?. As they pointed out,
periodic solutions with .zero encounter frequéncy are
very. dlfﬁcult to occt:xr and rather surf-riding emerges.
Because, stability of periodicrsolutions near the’ zero
encounter frequency-is 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
mamfo]ds from the unstable fixed point, whose index is
one, co-existing with the stable fixed pomt It is found
‘that the unstable fixed point is a saddle and one of the
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Eig. 20 Sway Iamplitude .(surge-sway - yaw‘ rudder
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e Kp-lO Tp=0. 0) ,

| :

I [
' Yaw Amplitude
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. o Nonlinear(A)
o _Nonlinear(B)

Fig. 21 Yaw amplltude (surge-sway - -yaw - rudder

“model; HIA=1/15,-A/L=15, x=15 degrees,
- Kp=10, To=00) !

f '
1

i
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,
are less than 35 degrees as shown in Figs.9 and 21.
Thus, a steady and stable periodic motion doés not
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Fig.25 Maximum of real part of nondimensional
eigenvalues multiplied by the absolute value of
encounter frequency (surge-sway-yaw-rudder
model ; HA=1/15, A/[L=15, x=15 degrees,
Kp=1.0, TD=0.0)
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Fig.23 Phase of sway (surge-sway-yaw-rudder
model ; HA=1/15, A/L= 15 z =15 degrees,
- Kp=1.0, Tp=0.0)
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Fig. 24 Max1mum of real part of nondlmensmnal

eigenvalues multiplied by the absolute value of

« encounter frequency. (surge-sway-yaw-rudder

model ; H/A=1/15, A//[L=1.5, x=15 degrees,
K,=1.0, Tp=0.0) '

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

Vi/a

o HN

Y

-10 _sT

Ulla

Fig. 26 Part of invariant manifolds of unstable peri-
' odic' motions (surge-sway-yaw-rudder model ;
HA=1/15, A/[L=15, x=15 degrees, ' F,=0.45)

Fn=0.45 (without Roll Coupling)
< 1 d .
< ’%(‘Tv
> ¥V
4o -10 @{o 3p
.10 + L
~26
U2/a

Fig. 27 Part of invariant manifolds of unstable peri-
odic motions (surgé-sway—yaw-mdder model ;
HfA=1/15, 2/[L=15, x=15 degrees, Fx=045)

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 combma-
tlons of parameter set. '

e
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7. Conclusions

The main conclusions from this work are summarised
as follows:

(1) Aﬁﬁan”c)eu*\/?l'ﬁg‘"fﬁa'thérﬁat' cal model in waves
was transformed with a mean-veloc1ty inertia
axis system. .

A method to assess occurrence, local stabxhty
and outstructure “of perlodlc Tiotions' ‘'was for-
mulated by. usmg an averaging method.
Whlle linear periodic solutiofis for "surge and
sway are unbounded at the zero encounter
frequency, an analysis including the non-linear-
. 1. ity of waves due, to horizontal displacements
.1+ -, provides finite amplitudes of periodic motions.
-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.
Further numerical sirveys by using the present
method are expected to provide more general
features of periodic motions. o

The work descrlbed in"this-paper.was campd out at
the University” of\Strathclyde during the first author’s
stay as a visiting research fellow “This was Supported
by the Engmeermg and Physwal Sciences Research
Council in United Kingdom, to whom the authors

express thelr ‘gratitude. -
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Appendix

The coeﬂ’iaents shown in E?s (3= 9) are deﬁned as
féllowss- 0 e 2
(A 1)

) O,R——pqupCr(Fn) N 2)

Y; ——-pLd YHU u ; (1 + aH)_pARfaER (1 wp)
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(A.3)

X yryf 1+ 15 87527 u

Y: =-%-pL’a’ Yiru—(1+ all)%pARfaER(l — wp)

X YRIR‘/ 1+Kp8TIJ{Tru

Ny =%pL’len]u - (JTR - GHIH)%PAR}( aER

X1~ wp) 7,/ 1+xp§7f—]{{-u

Nr=—%-pL3dNr'zru—(IR"'ﬂHxﬂ)%PARf“E"

X{(1—1wp) 7’le1/ 1+ Kp%lfru

Ku=-—-%-pLdqu/mu +(1+a,,)z,m%pARfasR

%{(1— Wp)')’lq/ 1+ Kp%g—;u

I(r = ""%’PdeZII Ylllru + (1 + aH)ZIIR%PARfaER

X(1— WP)YRIR‘, 1+Kp871;27—u

Yi=—(1+ an)%pAnfa

(A.49)

(A.5)

(A.6)

(A.D

(A.8)

x {ezk(l— w,)z(l+/c,,%’—)uz+2€k(1—w,)

X1/ 14+« 8;;; llllwx}

Ny=—(az+ aﬂl‘n)%pARf «

(A.9)

X {ezﬁ(lf w,)’(l + KP%TT> P4 2er(1—wp)

x,/ 1+Kp8—7f}‘,7"-uuwx}

K=+ dH)ZHR_%‘pARf ”

(A.10)

X {ezg(l - ZUp)2(1+ Kp%%‘)uz'*‘z&?(l_ wp)

X1+ Kp_szrl;; uuwx}
where

]=§1-w£!u

nDp

(A.1D

(A.12)

__6.134
fa_ 2025_*_/1 (A.13)

uwe=aw cos x exp (—kzr) cos 2atcfA+ kxr cos x)

(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 shlp
survived with a constant mean heel angle #o and a mean water volume on deck w 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 ¢, tends to
decrease and w tends to increase as GM4 (GM in damaged condition) have a larger value, and that ship -
can survive even with w of 409 of intact ship displacement if she has a large (not extraordinary) GMa,
value. )

The effect of resonance of roll motion on this problem was also studied based on the test result in
regular waves. ¢o, w 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 H. was proposed as an index which settles
the balancing condition. It was clarified that Hz keeps a certain value above calm outer surface when
wave hight is not so low and mean heel angle is not so large to lee side. The equilibrium curve for each
GMa can be calculated from GZ-curves with a constant volume of water on deck, fully static
calculation, and figured on‘Ha-go diagram. It is concluded that the possibility of capsize can be judged
by this equilibrium curve. ‘
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Position and Motion Measurement ofva:Free-Running Model Ship Using Template
Matching and Error Dete(':ti‘on with Encoding Human Judgment

by Shinji Ninqnﬁya, Member

Summary .

A new image analysis system for a motlon ‘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 rotatmg radius remalned less than 294 and the mean tangentxal veloc1ty
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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A Study on Flow Field Around Full Ship Forms in Maneuvering Motion -
(3rd Report : Flow Field around Ship’s Hull in Steady T urning Condition)

by Takuya Ohmori, Member Masataka Fujino, Member (

Keiji Tatsumi, Stua’emf 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 numerxcal
smulatnon and the relations between hull form, flow ﬁeld and forces are “clarified.
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Fig.2 Schematic sketch of velocity correction in flow
.+ . measurement |
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