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1 Introduction

Unsteady ship motions can be predicted by the well known strip theory and 3-D panel
method with the classical free surface condition, but people are satisfied with this solution.
Many new methods are developed to solve the boundary-value problem with more accurate free
surface condition, such as Rankine source method, modified 3-D panel method and some hybrid
methods. In this paper, the boundary-value problem with the modified free surface condition is
solved by a combined boundary-integral equation method (CBIEM). The method is one of the
hybrid methods. '

2 Formulations and Numerical Method

Let us consider a ship advancing at constant forward speed U in an incompressible, inviscid
and irrotational fluid domain. The Cartesian coordinates system used in this paper is illustrated
in Fig.1. The z-axis points to the direction of the ship forward velocity, ozy coordinate plane
is identical with the undisturbed water plane and z-axis is positive upward. Sy denotes the
wetted hull surface and Sp denotes the free surface. The normal vector n is taken to point
inward the fluid domain.

Assuming that the problem can be linearized, we express the total velocity potential of the
flow around the ship by the superposition of three components, ® (x,t) = & (x)+9 (x)+¢ (x, 1),
where ®° is the potential of the double-model flow around the ship, which satisfies the rigid
wall condition on the undisturbed water surface, 9(x) represents the disturbance potential of
the steady Kelvin wave and #(x,t) represents the disturbence potential of the unsteady wave.
The linearized free surface condition for the unsteady disturbance potential ¢ can be expressed
as follows
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with the error order of O(¥¢, ¢?).

In the far field, the potential of the double-model flow, 2, reduces to that of the uniform
flow, —Uz, and the modified free surface condition (1) reduces to the classical free surface
condition
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Therefore, the classical free surface condition (2) is the asymptotic expression of the modified
free surface condition (1). On the basis of this point, CBIEM is proposed. In CBIEM, the fluid
domain is decomposed into the near field  and the far field 2%, as shown in Fig.1. These
two fields are separated by an artificial control surface S¢. The modified free surface condition
(1) is used in the near field and the simplified one, the classical free surface condition (2), is
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used in the far field. The hull surface condition for the near field potential can also be linearized
consistently based on the double-model flow. The solutions of the near and far fields are matched
on the control surface. The matching condition is naturally the continuity of the potential and
its gradients.

By applying 3-D panel method, the far field solution can be expressed by
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where the line-integral has been neglected, the superscript ‘¢’ means the terms in the far field,
and G* is the potential of three-dimensional unsteady wave source, which satisfies the classical
free surface condition (2) and the radiation condition. The use of G* enforces the free surface
condition and the radiation condition on the far field solution analytically. On the other hand,
by applying the Green’s second identity, the near field solution can be expressed by
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in which G (x,x') = 1/4x|x — x'|. The normal derivative term on Sy is known and that on
Sc can be expressed in terms of the potential on S¢ according to the matching condition and
the boundary-integral equation (3). By virtue of the modified free surface condition (1), the
normal derivative term on Sr can also be expressed in terms of the potential itself, but some
numerical schemes must be designed to treat the first and second tangent derivatives. To avoid
the trouble of instability, we design the numerical scheme by using the upstream finite difference
approximation. The resultant solution scheme is unconditionally stable and of quadratic-order.
The boundary-integral equation (4) can be finally discretized into a linear system of equations
for determining the unknown potential ¢.

(4)

In geometrical discretization, the grid on free surface needs a more careful consideration,
because of the usage of upstream finite difference formula. In this paper, a streamline type grid
is used on the free surface. This grid is orthogonal and water-line fitted.

3 Numerical Results and Conclusions

The calculation has been carried out over a wide speed range for two hull forms. One is an
ellipsoid with the length-to-beam ratio of L/B = 4.0 and the beam-to-draft ratio of B/d = 2.5,
the other is a spheroid with L/B = 5.0. As usual, the predictions of the first order hydrodynam-
ics by CBIEM are generally more accurate than those obtained by strip theory and 3-D panel
method. The results of wave patterns and added wave-resistance are presented here. The effect
of different free surface linearization on the wave pattern is shown in Fig. 2. It illustrates the real
component of the diffraction wave around the ellipsoid at Fn = 0.1. The upper part is the result
with the modified free surface condition and the lower part represents that with the classical
free surface condition, both of them are calculated by CBIEM. Considerable differences between
the wave patterns exist even for this low speed case. Fig.3 shows the results of heaving wave
profile for the spheroid at F'n = 0.2. In comparison with the experimental observations, we see
that CBIEM provides better prediction. The results of added wave-resistance for the spheroid
at F'n = 0.3 are plotted in Fig. 4. The experimental data are measured by using Ohkusu’s wave
pattern analysis theory and the theoretical results are calculated by using Maruo’s formula. The
results obtained by CBIEM are better and agree with the experiments very well.
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According to the comparison between the experiments and calculation we may say that
considerable improvement on the theoretical predictions has been achieved by CBIEM.

We are now working on improving CBIEM by introducing the higher order curvilinear
panels in the near field, and extending it to the high speed case. '
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Resai Component
Double-body Linearization

Fig. 1 Coordinale sysiem and decom-
position of the fluid domain

Fig.2 The real component of the diffraction wave around the ellipsoid body
of L/B=4.9, B/Dm2.5 st Fn = 0.1 in the head wave of A/L = 0.5,
obtained by the CBIEM method using the Double-body(upper) and
Neumann-Kelvin{lower) linearizations
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Real component of heaving wave
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Fig. 4 Added wave-resistance of the spheroid at
Fn = 0.3 through regular head waves
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DISCUSSION

Choi H.S.: Could you comment on the influence of the aspect ratio of the panel on
waves?

Lin X.: In our present study, the streamline type grid system is used. If we denote T
and 3’ the tangent and normal vector of the streamline of the double-body flow on the
free surface, the aspect ratio used in this calculation is a = h./h, = 1.0 If the value of «
is too large or too small, the accuracy of the results will decrease. Usually, & should be
kept around 1.0

Mori K.: You use the second order approximation for the first derivative appearing in the
free surface condition. My suggestion is to use higher approximation such as third-order
or forth-order approximations which are commonly used in the steady flow problems.

Lin X.: Thank you very much for your suggestions. I agree that the higher-order scheme
should be used. In the present calculation, because it is impossible to increase the mesh
number on the free surface, we are fail to use the third-order scheme. I guess if we increase
the mesh number then it will be no problem. Anyway, we will use third or even higher-order
sheme in future researches.

Yeung R.W.: A very general formulation of this kind was given and tested in a paper of

mine in the mid 80s (IUTAM symp. on Wave Energy Utilization, Lisbon, Portugal, 1985).
This was carried out for the case of zero forward speed. In your development, a formal
analysis of the exterior region will yield a waterline integral at the matching surface, which
in my opinion, cannot be discarded. I would be interested in knowing the justification.
Further, if included, how you might assure continuity of the solution across the waterline
contour.

Lin X.: Thank you very much for your comments. Yes we shall involve the line integral
terms in the expressions of outer solutions, and the involvement of the term can ensure the
continuity of the solutions across the waterline contour of the control surface if the control
surface is located far enough from the body.

Kagemoto H.: 1) How far should the control surface be from a body?

2) Since the free surface conditions used in the inner domain and in the outer domain are
different, I suspect that the free surface elevation may not be continuous at the control
point.

Lin X.: Thank you professor, the locations of the control surface is determined mainly by
the decreasing rate of the coefficients of the modified free surface conditions, or in another
word by ¢7, ¢2 «; and ¢2. Fortunately, they are decreased very rapidly, so the control
surface need not be located very far from the body.

For the secod quesion, I would like to agree with professor’s opinions. While if the control
surface is located far enough from the body so that the difference between the “modified”
and “classical” free surface be very small, the difference between the surface elevations

beside the control surface will be quite small.
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Kashiwagi M.: 1) Could you summarize how you took account of the steady-disturbance
effects in evaluating the Kochin function which must be used in computing the added
resistance from Maruo’s formula.

2) I suspect that the added resistance by Maruo’s formula is different from that computed
by the direct pressure integration over the wetted body surface, that is, the momentum
conservation principle is not satisfied numerically. Could you comment on that?

Lin X.: Thank you very much for the discussions. 1) In the calculations of Raw in
CBIEM, the integral is carried out over the control surface. It is equivalent to the integral
over the ship hull surface plus the free surface of the inner domain, from this respect the
steady-disturbance is taken into account mainly or partly.

2) Yes, I agree with professor’s opinion. But in the present case, with the usage of constant
panel, we can not get resonable results by the direct mothed.
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