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ABSTRACT

In the beam-like ship vibration analysis, three-dimensional correction factor{J-factor) can
be calculated by considering the three-dimensional effect of the two-dimensional added
mass. However, existing method is time-consuming with low accuracy in respect of global
vibration analyses for vessels with large breadth. In this paper. to improve the demerit of
the previous method, a new method of the beam-like ship vibration analysis is introduced.
In this method, the three-dimensional fluid added mass of surrounding water is calculated
directly by solving the velocity potential problem using the Boundary Element Method
(BEM). Then the three-dimensional added mass is evaluated as the lumped mass for
each strip. Also, the beam-like ship vibration analysis for the structural beam model is
performed with the lumped mass considered. It was verified that this new method is useful
for the beam-like ship vibration analysis by comparing results obtained from both the
existing method and the new method with experimental measurements for fhe open top
container model.
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1. Introduction
* Member, Dept. of Naval Architecture and
Ocean Engineering. Inha University The vibration problem of floating elastic bodies
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can be characterized as the coupling between
the elastic structure and the fluid. In general.
tte beam-like ship vibration analysis iIs carried
o' by using the strip theory for fluid and beam
tkeory for ship structure. The conformal

%' has been adopted for the

Mz pping ’technique<1
calzulation of hydrodynamic force on the
tvsy-dimensional rigid body section on the basis
of sink-source distribution concept. Therefore,
tkree-dimensional correction factor [J-Factor] for
thrze-dimensional coupling effect should be
calzulated subsequently. Since this method has
the limitation theoretically, this approach has
dificulties being applied to three-dimensional
flid coupling problems with various section
ret os. For the ships with higher breath-draft
arcl length-breath ratios than a certain value,
this method should be applied with care. Since
the limitation of this approach was much severer
for the ship with the high ratio of breadth to
dreft or the high ratio of length to breadth, this
approach was not appropriate for three-
diniensional fluid-structure. For the J-factor
prcposed by Kumai, K. C. Kim, C. R. Kim®™¥,
tke limit of ratio L/B is 4.0~10.0 or 4.0~8.0
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Fig. 2 Boundary condition

and that of ratio B/d is 1.0~4.0. But. in the
case of very large breath vessels of which the
slenderness ratio is larger than 10.0(sometimes
8.0) or B/d ratio is larger than 4.0, J-Factor can
be inaccurately calculated due to the expediency
trick of the extrapolation method.

In this paper, the new method is proposed to
calculate a three-dimensional hydrodynamic force
directly by solving potential problem with the
boundary element method technique for the
three-dimensional fluid model. The fully coupled
three-dimensional added mass calculated at each
node is also evaluated with the lumped mass in
each strip divided by regular intervals, which
was added to the structural constant mass for
the beam-like ship vibration analysis. The ideal
model is shown in Fig. 1 and 2. The newly
proposed method has the merit that three-
dimensional hydrodynamic force can be calculated
more accurately with no concern for the
sectional shape of each strip of wvessel. The
beam-like vibration analysis of ship can be
performed conveniently as the lumped added
mass is applied to the analysis. To verify the
usefulness of the proposed method. the vibration
analyses by both the existing method and new
method and the experimental measurement using
exciter were carried out for the open top
container ship model as shown in Fig. 5. The
results of calculations and measurement were
also compared with each other. Through the
tests, the efficiency of the improved method was
confirmed.

2. Theory

2.1 Boundary Problem

(1) Governing Equation

The surrounding water of ship is assumed as
ideal fluid in the fluid-structure interaction
problem and ship vibration problem. The velocity
potential @ (x; ¢) is expressed in the following
separated variable form.

O(x;t) = RE{¢(x)e™} (1)
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Fig. 3 The definition of fluid domain and boundary
condition

where @ means frequency of fluid motion and

velocity potential ¢(x) is the function of space

coordinate X. If the ship is oscillating in fluid
domain, the governing and boundary conditions
are expressed as follows :

Fluid Governing Equation :
v 2 ¢ = 0 on .Qp (2)

Boundary Condition

—gﬁ- =0 : on bottom (3)
2

—g% - a)? ¢ =10 : on free surface (4)

—%g — ik¢$ =0 : on radiation boundary (5)

—g—ﬁ- = W(x, t)- n(x): on wetted surface (6)

where #n(x), g, k and W  indicate normal
vector at point x, acceleration of gravitation,
wave number and velocity of structure, respec-
tively. Equation (6) means non-homogeneous
kinematic boundary
compatibility condition of structure coupled with
fluid in hydroelasticity. In Fig. 3, the definition

of fluid domain and boundary conditions are

condition and also

shown.

2.2 The Boundary Element Method

(1) Boundary Integral

To solve the governing Eq. (2), the following
weighted residual integral 1is obtained by
introducing the weighting function ¢° and the
boundary conditions Egs. (3) ~(6) to Eq. (2) :
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where Qp, I's, I'g, I'p, and I'p

fluid domain, wetted surface of structure, bottom

indicate

boundary, radiation boundary and free surface.
respectively. To apply the partial integral
technique to Eq. (7), the inverse formulation is
obtained as follows :

IR

- viggae+ [ Lgar (s

Te+T% T+ T an

_ T 1% * *
frsc Wetdr+ [ é¢'dl

is adopted as the
Green’'s function to satisfy the governing Eq.
(2), the boundary integral equation can be
obtained. In this case, the weighting function

If weighting function ¢°

¢' satisfies the following equation :
viT(&;x)=8(& — x) (9)

where & means space coordinate or potential
source point. The inverse formula Eq. (7) is
solved by substituting Egs. (2) and (9) into Eq.
(7) as follows :

8- [, p#ar+ [ . S gar o

], g

where ¢(x) is the form factor depending on the
configuration of the structural wetted surface.
The fundamental solutions of Eq. (9) for three-
dimensional body(3-D) and
body(2-D) are as follows :

two-dimensional

E. oy 1 _
¢(E!x)_ 47[7(5;x) for 3-D (11)

P (&;x)= for2-D (12)

r(E, )

where the distance from source point to
observation point is written as H(&;x) =} &é—x|.
The velocity potential at the observation point
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Fig. 4 The image source due to the virtual effect

X can be calculated by substituting suitable
bou1dary conditions Eqs. (3) and (4) into Eq. (10).
2) Free Surface Effect
The free surface boundary condition is

exoressed as Green's function ¢' =0 when o
is converging to the limit of infinite, and by the
image-function method, it can be described as
folows

¢ (& x)=¢"(&; x)— ¢"(&'; x) (13)

where € =& and & =—¢. The image source
duz to the virtual effect is shown in Fig. 4.

13) Discrete process

‘The Boundary Element Method can be applied
to the discrete numerical model with the
folicwing assumed shape function by introducing
the free surface condition due to virtual effect
Ec. (13) and the fundamental solutions Egs. (11),
(12 of Green's function to the fundamental
bouidary integration Eq. (10).

$' =2 Niéi (14)
3¢ _ _9¢"

on —Z Ny ( on ) (15)
) =Z:N,( W - n), (16)

wltere | = 1, 2, -, NOPe . NOPe denotes the
nuttber of nodes in a fluid element, and

N :=N,(x) means isoparametric shape function.

H and G matrices can be defined as follows :

1= [, 28 ar=[ [ (w5
s,.,:frqﬁ.dr:[ L{ZN,(gb*e)l}df,-]j (18)

Tterefore, the boundary element integration Eq.

)[}dl’i]j a7

(10) is described in matrix form as follows :

Hé—Gag={( W - n)} (191

where the flux q=—g$ and Eq. (19) is the

formulation in matrix form of boundary element
method.

(4) Fluid Added Masses

The potential obtained in the wetted structural
surface is transformed as follows to satisfy the
compatibility condition :

Re{@(x, D} =Au(){ W (x, 8 - n(x)} (20)

where A,{x)is the coefficient matrix in

proportion to structural velocity. And it is the
potential refracted from structural surface. The
diffraction pressure is defined as follows :

Pix,)=0A(){ W - n(x)} (21)

The inertia force F[x,# is calculated by the

integration of diffraction pressure on the whole
of structure surface.

Flx,)=—Me{ W - n(x)} (22)

Mu(x) = p{frsn(s)N(s) dI’(s)}Am(x) (23)

where N(s) means the shape function for
approximation of the structural surface. n(s)
means an unif normal vector to the structural
surface. and M{(x) means the three- dimensional
added mass matrix which is coupled with the
ship structure. The added mass in the form of
the lumped mass at each structural node is
obtained by summing up all coupling mass
effects at all source points multiplied by the
directional cosines of the coupling added mass
terms.

(Mp,); =23y~ (Mp) - n} ] (24)

j
The solution of Ea. (24). (Mpg,);. means the
added mass with all the coupled effects
considered, and it is the lumped mass at the
observation node point j. The lumped added
mass of each strip divided by regular stations is
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evaluated by summing up the added masses at
the corresponding nodes of each strip.

I+

[Mp, (x50, 59], = 2

J

o

; [MF,_ (xl'xg'xg)],- (25)

where k& means the divided station number, e;
the number of the nodes in each strip and
subscript F; implies that the mass matrix is

composed of the lumped fluid masses.

2.3 Analysis of the Fluid-Structural Coupled Problem

In the fluid-structural coupled problem, the
equation of motion for the whole system is as
follows :

Msw +C5W +K5W=FE+F1 (26)

where Fpg indicates the external force due to
wave and F; means the inertia force
corresponding to hydrodynamic force which is
calculated at each station by using Eq. (22) and
Eq. (25). After a ship is divided by 20 or more
stations and fields, the equation of motion is
modified for the free vibration analysis of the
ship by using Eq. (26) and the free vibration

condition Fr=0 in water as follows :
(Ms+ Mp,), Wet (Cs)p Wet (KW = 0 (27)

To apply the analysis method of the
beam-like ship vibration, the ship is assumed as
Timoshenko beam. And then, the equations of
motion and boundary conditions are as follows

Equation of motion

L [raq-B-v]=0 @8
i;t? 4 (Ez—fé) KAG(—% - ¢)=0 (29)

Boundary condition

2
(pA+mFL)—‘;;}—

[KAG( ¢)] . (30)
[EI—% 0 (31)

where x is the spatial coordinate in the length

direction of ship, v horizontal displacement, ¢
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Table 1 Principle data of model ship

- LO.A, 2.75 [m]

+ Breadth 031 [m]

- Depth 0.16 [m]

. Dratt 01014 [m] (Estimated)
010 [m] (Measurad)

- Hold length 025 [m]

+ No. of hold 8

- E(Young’s modules) | 1.96E+11 [N/m2]

-V (Poisson’s ratio) 0.3

- 0 (Mass density) 7850.0 (kg/m3]

- Plate thickness 320 [mm]

e o e

slop of bending deflection curve, pA structural

weight per unit length, mpg, lumped fluid added

mass per unit length, KAG shear rigidity, EI
bending rigidity, el rotational moment of inertia
of bending, and ¢ time variable. And vertical
vibration of ship was analyzed by using the
transfer matrix method proposed by Myklestad
and Prohl®”,

3. Model of Ship

In this paper, a model ship was constructed to
verify the new method of vibration analysis. The
model ship is devised by considering an open top
container ship built recently as the prototype
ship. The principal data are as follows :

The drawing for construction of the model
ship is shown in Fig. 5.

It has a larger breadth and slenderness ratio
than normal ship, such as B/d=31 and L/B
=8.87. For this model ship, the vertical vibration
analyses of wetted structure were performed by
using both the existing method with considering
two-dimension added mass and three-dimension
correction factor[J-Factor] and the new method
proposed in this paper. Through the experimental
measurement by the exciter test in a laboratory
basin, the natural frequencies of model ship were



Beam-Like Ship Vibration Analysis in Consideration of Fluid

2750
B B
L] L3
{ T
.
Q
o S - Q q
Trans.Frame B
375 250 | 250 | 250 | /250 | 250 | 25 250 | 250 375"
188 | 188" / 188" 188"
3 N J/ v =

a’ 125 }F250_.1.;250_:{&250_.}.‘250_;{.7250_.\.7250_%250_*1 125 }k

160

]’ﬁ'l /— 50°3.2t
//

32t

g
1

310
450|k
8_L
e
A-A SECTION

B-B SECTION

Fig. 5 Cross-sectional view of model ship

Table 2 Comparison of analysis results with measurement results [Hz]

On air In contact with water
. Calculated . Calculated
Mode | Experimental Experimental 2-D

measurement 2-D measurement 2-D 3-D 3-D

J-Factor BEM
1 108.8 103.1 78.6 774 75.9 77.9
2 268.8 260.9 1940 1928 189.6 1949
3 463.1 451.8 3255 334.1 324.7 327.0
4 645.1 641.8 430.6 482.2 448.2 430.7

detected. The results obtained from the analysis right-hand-sided column shows the fully

by ‘he two above- mentioned methods and the
meesurement results were compared with each
other.

4. Results of Analysis and Discussion

““1e results of the free vibration analysis and
the measurement were summarized in Table 2.
In “Table 2 , "2-D” in the column labeled as On
Air" means the two-dimensional beam-like
vibration analysis. The 2-D J-Factor” and “3-D
BEM” labeled as "In Contact with Water”
incicate the existing method and the proposed
“3-D” in the last

metiod respectively. The

modeled three-dimensional analysis in conside-
ration of the fully coupled three-dimensional
fluid added mass. From Table 2, the nafural
frequencies of the mode vibrations of
two-noded and three-noded modes obtained by
the existing method were more accurate than
those by the new method. But it revealed the
ifrend that the higher the wvibration mode, the
more accurate the result obtained by the new
method. The adopted model in this paper has
the almost rectangular shape of box girder
structure. It is not surprising that the results by
the existing method had more accuracy in lower
but it is noticeable that the

lower

mode vibrations,
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Fig. 6 Mode shapes of result

results In higher modes were not satisfying. On
the contrary, the
remarkable accuracy as the modes are getting

new method has very

higher. If the new method is applied to real
ships, it is obvious that the phenomenon can be
confirmed. In Fig. 6, the vibration mode shapes
of beam-like model by both 2-D methods are
shown.

5. Conclusion

In the case of the vibration analysis for the
very large vessel even at the concept design
stage, it can be expected that the proposed
method will give more accurate results for
higher beam modes. Furthermore, in the respect
of computation time, the new method can be
implemented more than five times faster than
the three-dimensional full model analysis. So if
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anyone use the new method in vibration analysis
for the real ship, payments and calculating time
should be economized, what is more, accuracy

will be increased at highermodes.
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