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Summary

The hull form design can be regarded as a kind of the problem of nonlinear programming , because

the objective function is generally specified as the nonlinear functional of the hull form and many

constraints of equality or inequality types are needed in the practical design stage. In the present state,

however, the nonlinear programming is commonly used in the field of structural design, in spite of its

flexibility and possibility in practical applications to almost all engineering problems. In this paper, the

author discusses the hull form design based on the wave resistance theory by means of the nonlinear

programming.

Two types of the problem are studied as examples of the hull form design. One is the determination

of the best curve of sectional area under several side conditions, in which a wall—sided ship is assumed.

The other problem is the improvement of a given hull form with practical frame lines in order to reduce

the total resistance. It is shown by numerical examples and experimental verifications that the

nonlinear programming technique provides a rational method for the design of good hull forms.

1. Introduction

Hull form design methods based on the wave
resistance theory have been discussed by many
reseachers and designers, and the least resist-
ance hull forms under the given design condi-
tions have been pursued. In these studies the
variational approach played a doninant role as
the scheme to minimize the objective function of
each problem. However the application of the
variational method is very difficult for the
cases including nonquadratic objective func-
tions and/or nonlinear side conditions. Espe-
cially, if the problem contains the constraints
of inequality type, the variational approach is
of no use. For these cases, the nonlinear
programming becoms very effective to solve the
problem. The technique is commonly used in
the field of structural design nowadays, but it
has flexibility and possibility in practical
applications to almost all engineering problems
including design work. In this paper, the author

applies the nonlinear programming to the
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problem of hull form design based on the wave
resistance theory, employing SUMT (Sequen-
tial Unconstrained Minimization Technique)"
as the scheme of nonlinear programming.

Two types of the problem are discussed ,one
of which is the minimum wave resistance
problem of wall—sided ships, and the other is
the problem of hull form improvement of
practical ships. The result of the former
problem will serve as design data of sectional
area curve at the initial design stage. In the
latter problem, lines of the fore body of a given
hull form are improved so as to make the total
resistance minimum under various constraints
of practical importance. In both cases, the thin
ship theory and the low speed theory are used
as the evaluation formula of wave making
resistance.

2. Nonlinear Programming : SUMT

In the optimization process, the objective
functions shown in subsequent sections are
minimized under the prescribed design con-
straints by means of the nonlinear program-
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ming technique.Now we will discuss the opti-
mization scheme used in the present study
briefly.

The formal expression of an optimization
problem is described as follows.

“Minimize the objective function / (x) subject
to constraints expressed by inequalities
Ci () >0, i=1, 2,......, NV

In our problem, /(x) means wave {or total)
resistance or otherwise an equivalent function-
al defined later, and x is the vector representa-
tion of design variables defining the hull
surface or hull form characteristics. Both
geometrical constraints and practical design
constraints about the hull form are included in
C; (x). For the purpose of the numerical treat-
ment of these constraints, we can apply the
sequential unconstrained minimization techni-
que abbreviated as SUMT, which is well known
as one of the internal penalty techniques. In
case of SUMT, the above problem is trans-
formed as follows."

“Minimize the modified objective function

F(x, n)=1(x)+7 f] 11/¢; (o, n.>0 (2.1)

i=1

without constraints for a monotonically de-

creasing sequence values (perturbation para--

meters) 7, k=1, 2, ...... , K

In the present computation, the modified
objective function is minimized by Zangwill’s
direct search method? without calculating de-
rivatives. This combined algorithm with SUMT
and Zangwill's direct search is very powerful,
because SUMT has the advantage that the
inequality constraints are added in a compara-
tively easy way and Zangwill’s method is stable
for any nonlinearities. Zangwill’s direct search
is constructed and executed by the systema-
tized one directional searches based on the
guadratic interpolation.

3. Minimum Wave Resistance Preblem of
Wall-sided Ships
3.1 Statement of the Problem
The minimum wave resistance problem for
wall—sided ships has been investigated by
means of the variational approach so far,2V%

and the theory of wave resistance employed in
this problem has been limited to Michell’s thin
ship theory. The same kind problem can be
extended to full hull forms by means of the
nonlinear programming applied to the low
speed theory. The common statements of these
problems about minimum wave resistance are
described in this section, namely the formula-
tions are discussed with respect to the objec-
tive function and constraints.

In this paper, the right hand co—ordinate
system with positive x toward the bow, y
athwart ships, and z positive downwards is
taken. The origin of the co—ordinates is placed
on the still water plane at the midship. We
assume the elementary ship with wall—sided
main hull of draught T whose waterline shape
is expressed by the equation y=f (x), because
the wave making characteristic is principally
governed by the form of the sectional area
curve. Now the following normalized express-
ions are employed,

x=1§& . f@x)=1/2-BP (&) (3.1)
where [ is the half length L/2 and B is the mean
breadth of a ship such as

_ 1 N

B:l~/lf(x) dx. (3.2)
The condition of constant displacement is
obtained from eqs. (3.1) and (3.2), namely

Dczﬁl‘/’(f)dfzz (3.3)

Generally speaking this kind of the problem
has been formulated in such a way that the
wave resistance is minimized under the con-
straint (3.3). But the numerical results based
on such formulation yield undesirable
shapes,for example, the waterline curves have
unfair parts or the hull forms at the both ends
show extreme swan neck forms. In order to
eliminate these undesirable shapes, we need to
introduce the fairness condition of the hull
form in the present formulation. It may be
desired in general that the fairness criterion is
defined from the hydrodynamic point of view,
however it is defined as an artificial functional
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for simplicity in the present work. In the field
of curve fairing problem,the following function-
al is employed as the fairness criterion in many
cases.

1 d2¢ 2

FCﬁ[—l(W) aé
In this study, however, the fairness criterion is
defined by a slightly different form, which is
shown in the next section, but has to be
equivalent to eq. (3.4) by its meaning.

According to the above—mentioned consid-
erations, fundamental aspects of the problem
are stated in such a way that the wave
resistance should be minimized under con-
straints such as constant displacement, suit-
able fairness and so forth. We define the wave
resistance coefficient Cw* =R,/ PU? B?,
where R, being wave resistance, £ being fluid
density and U being ship speed. Then one can
express C,* in the form like.

c.* =" o

+ {g*(0) %) sec® 6 d6.

(3.4)

(3.5)

Amplitude functions p*(6), ¢*(8) are given
in later sections, and have different representa-
tions according to respective wave resistance
theory. Two formulations can be considered
with regard to the treatment of fairing con-
straint.

(1) Objective Function
1=C,*
Constraints
D=2, F.<a etc.

(2) Objective Function
1=C,* + pF.
Constraints
D,=2 etc.

Parameters « and f are concerned with the
degree of fairness, which are determined from
the practical point of view. Numerical examples
shown in later sections are mainly based on the
method (2),because the method (1) needs more
computer time than that of the method (2) from

the strict constraint F,.< a.

3.2 Approximation of Wall-sided Ship and
Treatment of Constraints

In the optimization process based on SUMT,
high speed computations are needed with
respect to the objective function and the
constraints, because the modified objective
function must be evaluated many times accord-
ing to the gradual shape deformation. In the
present problem square stations (S.S.)are ex-
pressed as & = &; (1=—1, ...... , —1,0,1, ... )
) with &€ _,=—1, £,=0, &,=1 and |&,|=
|& _;|, and the waterline of the wall—sided ship
is approximated by the polygonal line with
straight line segments on §,< & < &,4+;. We
can select each ordinates ¥ (§&;)=9; as the
design variables. If the coefficient of fineness
C, is given in the problem, ¥, is excluded from
the design variables on account of $4=1/C, in
our formulation. According to this approxima-
tion, many numerical treatments in the opti-
mization can be carried out in easy way.

The expression of D, in eq. (3.3) is obtained
as follows by the present approximation,

!
[)(‘::E C; gﬂi (3.6)

where ¢; is a constant determined from the
formula of numerical integration. The condition
D,=2 can be satisfied by use of the following
technique. When " the condition of constant
displacement is broken as

I

Z C; ?)1:25 %2

i=—]

- 3.7)

by the shape deformation, each ordinate is
renewed as ¥;,/6 to keep D,=2. If the
coefficient of fineness is fixed in the problem,
this modification is replaced as (1—¢co%Po) ¥/
( 1) —Co ¢0)

The fairness criterion is defined as follows
instead of eq. (3.4) in this place,

2 9
— Af.l_:._ﬁ), ﬁo— @i 2
FC_2< €1 50) +2< §o— 5—1)

(3.8)
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( Piv1— P ¢i_¢ii>2 |
Eivi— & Ei— &y

As we discussed in the previous section, eq.
(3.8)have a meaning equivalent to eq. (3.4).

The other constraints of inequality type are
needed in order to obtain reasonable shapes.
These are specified as

$.=0 (i=—1I, ... , 0, o 1)
P=P, 41 (1=0, ...... I—1) }(3 9)
901'2 ¢i“‘1 (1,:_*1‘4_1, ceeen, O)

all of which are added in both formulations (1)
and (2) stated in the previous section.

Under the above—mentioned preparations,
the optimization can be executed, however we
need the wall—sided ship to start the computa-
tion of nonlinear programming. In this paper,
the initial hull form is defined by

3
90(5)27(1—52) (3.10)
in the ordinary case, and
12—-15C
P(€)= — (1 &7
(E)=""50 " )
(3.11)
104156,
+ 26, (1— &%)

in the case that the coefficient of fineness is
fixed.

3.3 Numerical Examples

3.3.1 Application of the Thin Ship Theory
As the first example of this work, Michell’s

thin ship theory is applied; if we take the end

shape effect into consideration,the amplitude

functions in eq. (3.5) can be written as follows,

1 d? cos
{f_l GE sin (YoEsecf)dé&
CcOS
?(l)sin (Yo sec)

+ @ (—1) %8

sin (—7gsec )

1 (3.12)

— 2
?3#;70282608 Voffsec 7.

sin
oS (70$f Secﬁ)

1 —
T Ha Yol sec G Totase’O .

sin

cos
where =T/I, ¥o=gl/U*=1/2 Fn* and U is
the ship speed. An integral term in right hand
side of eq. (3.12) means the wave making effect
of the main hull based on the thin ship theory.
If #(1)and $(—1) are non—zero and included
in the design variables, they correspond to the
bluff end shapes. In addition, the effect of
bulbous bow and stern can be represented by
immersed point doublets at (§,, 0, ;) and ( ,,
0, £,). Their intensities HMyand #, correspond
to bulb sizes.

In the first place, symmetric hull forms with
normal end shapes are optimized. As examples
shown in Fig. 1, swan neck forms near both
ends are almost suppressed and optimum
coefficients of fineness agree well to the results
obtained by the variational method.? In prac-
tical design problems,however, there are many
cases where the coefficient of fineness is
specified. Examples of the optimum hull forms
with prescribed prismatic coefficients are
shown in the form of sectional area curves in
Fig. 2. In Fig. 3 the optimum hull forms with
normal or bluff end shapes are compared with
the results of optimum doublet distributions
obtained by the variational method, which
correspond to shapes with cylindrical
endings.?

In the next place ,symmetric hull forms with
bulbous bow and stern are examined, in which
not only the bulb sizes but also the bulb
positions are taken as design variables. In such
cases that the bulb position is taken as design

(Vo0& , secl)
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Fig. 1 Optimum hull forms with normal bow and stern
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Fig. 5 Optimum hull forms with normal bow and bluff
stern

variables, the variational method is not applic-
able, since the objective function becomes
highly nonlinear. Examples of this case are
compared with those having bulbs in fixed
positions as in Fig. 4. Differences between both
cases are remarkable.

Final examples shown in Fig. 5 are asymmet-
ric hull forms having normal bow and bluff

05
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¥Fig. 2 Optimum hull forms with prescribed prismatic
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Fig. 4 Optimum hull forms with bulbous bow and stern

stern,whereas the preceding examples are sym-
metric. Optimizations about other asymmetric
cases, which have bulbous bow and normal or
bluff stern,can be carried out in similar way as
given in the reference 7).

3.3.2 Application of the Low Speed
Theory

It is well known that there are several
methods to predict wave making resistance of
hull forms to which the thin ship theory is not
applicable. Among them, the low speed theory
proposed by Baba et al.®) and Maruo® is based
on the perturbation from the double model
flow. This theory has no restrictions in the hull
geometry such as thin or slender, while it
seems to be suitable in moderate or low speed
range from the theoretical background.

Now the application of the low speed theory
is described in place of the thin ship theory. In
the present study , the simplified formula given

by Maruo'? is employed in order to reduce the
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1.0

computer time ; the amplitude functions in eq.
(3.5) are expressed as follows in case of the
wall—sided hull form,

p*(ﬁ)}___cosb’fl
g (0)] T 270 )
ax_ dg sin
dé d& cos
cos (Yo bP(E)secBtan8)déE

(DQ)&S@C@)" (313)

where b=B/L and

X (E)=uo (o’ +vy—1). (3.14)
As shown in eq. (3.13), the effect of finite
breadth of a ship is considered. In eq. (3.14), »¢
and vy are fluid velocities normalized by U
around the double model in x and y directions
respectively, in which the uniform flow compo-
nent is included. Integrating eq. (3.13)by parts,
the following expressions without the deriva-
tive of X (&) are obtained.

[COS (Yo&Esecl)-

sin

d
cos(?’ob?’(S)secﬁtanﬂ)“d%
__sin
+

cos (3.15)

(?’o§secﬁ){btanﬁsin

2
(70590($)secl9tan0)(%§—>

1 _
———cosfcos(Yob¥P (&)

7o
d2
T Hdé

The optimization becomes more stable by the
employment of eq. (3.15), because the exact
evaluation of dX /d & is not so easy for the near
field of bow and stern.

Since the objective function must be evalu-
ated as quickly as possible in spite of its
complexity, we need the high speed calculations
with regard to the fluid velocities in eq. (3.14).
To calculate these wvalues, both the exact
scheme given by Hess & Smith'" and the
approximate scheme shown in the appendix are
used properly according to the prescribed
rules.

Fig. 6 shows the examples to check up the

sec 6 tan )
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fairness effects based on the formulation (2)
stated in 3.1. Fairing constraint plays a role
obtaining stable optimum shapes. In Fig. 7, the
examples based on the low speed theory are
compared with that based on the thin ship
theory shown in Fig. 1. In Fig. 8, optimum
coefficients of fineness are compared with
results based on various methods such as the
minimum wave resistance form by Maruo and
Bessho”, the optimum shape of slender ships
by Maruo'?, Yamagata's results'® based on
Taylor standard series and the results by
means of SUMT based on the thin ship theory
given in the preceding section. The present
results show a similar tendency to that of
Taylor standard series.

4. Hull Form Improvement of Practical
Ships
4.1 Statement of the Problem

Results of the minimum wave resistance
problem shown in the preceding chapter may
be useful to the determination of the sectional
area curve in the preliminary design stage. In a
practical sence, however, the method of hull
form improvement by distorting lines from a
given hull form of arbitrary frame lines is also
useful. The main purpose of this section is to
discuss the common statements of the present
techniques about the hull form improvement by
means of SUMT. A similar investigation by
means of Feasible Direction Method was car-
ried out by Amromin et al.'® But SUMT has
the advantage that any constraints can be
added in a comparatively easy way.

For this kind of the problem, it is generally
assumed that the principal particulars
L(length), B(breadth), T(draught), the design
speed U and the offset table of the initial hull
form are given. In the present work, only the
fore body shape is improved so as to make the
objective function minimum under the basic
design constraints, and the after body shape is
fixed in the initial form.

The present formulation is also specified
according to the right hand co—ordinate system
used in the preceding problem. Co—ordinates x,
y and z are normalized as follows in this place,

x=1&, y=B/2:7, z2=T¢ (4.1)
where [ is the half length L/2. Then the
equation of the hull surface is expressed as
7=7(&,8). (4.2)
The following 3 types of formulation are
introduced and studied in the present work.
(1) Application of the thin ship theory
(2) Application of the low speed theory
(3) Application of the wave analysis
The general form of the objective function is
defined such as
I:alw”."ﬁlp, IW:IMOI'IL (4.3)
where I); being wave resistance by the thin
ship theory (case(1)), I; being also wave resist-
ance by the low speed theory (case(2)), Ir being
plank friction, and a, 3 being suitable weight-
ing factors. The functional I, or I} is written as
follows,

Il PUL%Y )2 1% b2 f"/z
0

(1p(a)1?

I T

(4.4)
+ {q(8)}?)sec>6db

where b=B/L, t==T/l, Yo=gl/U*=1/2 Fn®.
Amplitude functions p (8 ), g () have different
expressions in each theory. In the case (3),
however, the objective function is slightly
modified. Detailed informations of these are
given in later sections. When the coefficient of
the plank friction Cyis given, we can write I- as
follows,

1 .
[o="% P U? C S (4.5)

2

s,
Jor (Y (BY (2L)- e
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1
dédi +—2~3ij1 7(E1)déE

where S and S, indicate the wetted hull surface
area and the ship center plane (7 =0) respec-
tively. In this work, the plank friction is
evaluated by the Schoenherr’s mean line.

The objective function (4.3) corresponds to
the total resistance, and the weighting factors
are introduced in order to improve its estima-
tion. We can select @ and £ as follows,

a =Rwo/Iwo, B=1+K, 4.7)
where Ry, Iwo and Ky mean the measured (or
estimated) wave resistance, the theoretical
wave resistance and the form factor respective-
ly, all of which are the values for the initial hull
form. When we use the weighting factors
determined from eq. (4.7), the calculated value
of the objective function for the initial hull form
becomes identical with the measured total
resistance. In the numerical examples shown in
subsequent sections, the weighting factors are
selected by the present procedures.

4.2 Hull Surface Approximation and De-
sign Constraints

The major part of the conventional hull
surface is smooth. In this paper, however, for
the sake of simplified computation, it is
assumed that the hull surface is approximated
by the polyhedron formed by triangular panels
with nodal points at intersections of Square
Stations (S.S.) and Water Lines (W.L.) as an
example shown in Fig. 9. In the after part of the
hull, the diagonal lines are taken in opposite
directions in order to correspond to a general

0

tendency of bow and buttock lines, but its
shape is being fixed as described in the
statement of the problem. According to this
approximation, several computations about the
objective function can be simplified and ex-
ecuted rapidly in the optimization process,
because 27/0€& and 97/0¢ become con-
stant on each panel. The outline of the computa-
tion procedures about the objective function is
explained in later sections. Computations of the
wetted hull surface area and other particulars
can be also simplified.

When S. S. and W. L.are expressed by & =
£,G=1, 2, ..., I: for fore part) and § = ¢,
G=1, 2, ..., J), we can take directly the
ordinates 7 (&, §]~ )= 77ij as the design vari-
ables. These variables must be transformed
and stored as a vector form (one dimensional
array) in the actual optimization program. In
our formulation of the problem, the basic
design constraints must be specified by these
design variables. In this study, the following
relations are employed as the basic constraints.

1) 7,20 2

77«;;'2 771'+1,j

3) 771']'2 7]i,j+1
771‘]'“ 77i—~1,j > 771’+1,j~ 771‘1'

4 4.8
) Ei— & Eiv1— & (4.8)
5) Ni— 74— > Tije1— Ty

Cj— §j—1 §j+1‘“ §j
6) A=A,

7)) Ap=(1+8)Apy, & >0

]

—

m 6 7 7
! e Design Points

w|—
(8]

W
M
Ry

i
8 83 9 97 9

e Fixed Points

Fig. 9 Hull surface panel arrangement
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tnitiat Hull {1) (2)

Fig. 10 Variation of frame lines

The constraints 1), 2) and 3) are introduced
from the geometrical point of view. Tendencies
of waterlines and frame lines of the initial hull
form are kept by the constraints 4) and ), in
which directions of inequality are determined
from the initial offset check in the optimization
program. For example, Fig. 10 shows several
types of variation of frame lines. In this figure,
the initial frame line can vary as the type (1) or
(2), however the type (3) or (4) is rejected by
the employment of constraint 5). In the practi-
cal optimization, 3), 4) and 5) are additioned to
the suitable S.S. determined from the intuitive
consideration of initial lines. In 6), A and Ay
indicate the displacement excluding protruded
bulb of the improved hull and the initial hull
respectively. The final constraint 7), in which
Ap and Apy indicate the displacement of
protruded bulb of the improved hull and the
initial hull respectively, is optionally addi-
tioned in the problem if necessary.

4.3 Numerical Examples

4.3.1 Application of the Thin Ship Theory
When applying the thin ship theory to the

present problem, the amplitude functions in eq.

(4.4) are given as follows.

f)(ﬁ)}:_ 97 cos
q(0) Hs o0& sin

(70§sec5)@“7“58“"‘20d§d§

(4.9)

The numerical evaluations of these integrals
are carried out without difficulty,because 97/
0 & becomes a constant on each triangular
panel by means of the approximation in the
preceding section.

In this chapter, two initial hull forms are
employed as the bases of numerical examples.

One is Series 60, C,=0.6 model®® and the
other is SR138 container ship model.'® Par-
ticulars of these are as follows, where Lp is the
length of protruded bulb.

(1) Series 60 model

L=121.92m, B=16.25m,7=6.50m, C,=
0.6, LCB.=14% aft,
Ao=7924 ton, Lg/L=0
(2) SR 138 model
L=195.0m, B=30.0m, T=10.5m, C,=
0.5716, L.CB.=1.6% aft,
A ==35,987 ton, Ago=20 ton, Lg/L=0.01
The respective fore body shapes under L. W. L.
are shown in Fig. 11 and 12.

Examples of the improved fore body shapes
are shown in Fig. 13~16 for series 60 (Model
NP1, NP2, NP4, NP5) and in Fig. 17~19 for
SR138 (Model NP6, NP7, NP8). Optional con-
straint 7) in eq. (4.8) is not taken into account
except Model NP7 and NP&. In case of Model
NP7 and NP8, the constraint 7) with ¢ =0.5 is
employed. The other design conditions about
the design Froude number etc. are specified
under respective figures. Theoretical reduc-
tions of the objective function are about 20% in
Model NP1, NP2, about 12% in Model NP4,
NP5 and about 7% in Model NP6, NP7, NP&.

In case of Model NP1, NP2 and NP6, large
deformations of frame lines are observed near
the bow. These results have relations with the
design speed, because they are designed at the
hump of theoretical curve of wave resistance of
the initial hull form. The displacement of
protruded part of the bulb in Model NP7 is
suppressed in comparison with that of Model
NP6 on account of the consideration of the
optional constraint.

Since the improved hull form lacks in
smoothness in general because of the present
hull surface approximation, the fairing opera-
tions are needed for the practical application.
The fairing problem of hull surface is impor-
tant but difficult in itself, hence it is not taken
into consideration at present.
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Fig. 11 Initial hull form : Series 60, C,= 0.6 (Model

SER60)
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Fig. 13 Example for Series 60 (Model NP1 -
0.286, « =0.414, p=1.2, L;/L=0.05)
b9z 1.00LWL,
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)T
2= 7

BL.
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Fig. 15 Example for Series 60 (Model NP4 : In

0.325, « =0.938, p=1.2, L;/1.=0.05)
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1.00LWL

/7T I
e
D

Fig. 12 Initial hull form: SR138

Fp 9 9 o} 1.00LWL.

NS
Wi L

N/
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Fig. 14 Example for Series 60 (Model NP2 : Fn =
0.286, « =0.414, p=1.2, Lp/L=0.025)
Fp 9% 8¥st 1LOOLWL,

NI ENENES

JrZ 2

Fig. 16 Example for Series 60 (Model NP5 : Fn =
0.325, « =0.938, g =12, L,/L=0.025)
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Fig. 17 Example for SR138 (Model NP6 : Fn=0.270,
a =0334, p=1.2, Lp/L=0.01)

©
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\\ ' /82 Z // /0,571
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Fig. 19 Example for SR138 (Model NP8 : Fn=0.255,
=0.460, p =12, Lp/L=0.01, with con-
straint 7))

4.3.2 Application of the Low Speed
Theory

In place of the thin ship theory, the applica-
tion of the low speed theory to the hull form
improvement is discussed here. The simplified
formula is used in 3. 3. 2, however in the
present problem, the optimization based on the
rigorous expressions of the amplitude function
given by Maruo'” is tried; that is

W= e

{ Yosec (& +bTtan @) }e’“y“g“’”e” dsS

= a0

ol (4.10)

{ YosecH (& +b7tan ) }md’?

N 7] [
JAN
A

// /’*/ J Lo

TN 777
) an

Fig. 18 Example for SR138 (Model NP7 : Fn=0.270,
e =0.334, g =12, Lp/L=0.01, with con-
straint 7))

{ YosecB (& +bTtan ) }dé a7
with

e, 9 , 9
D&Y 2{( 285+u85

_1.., _“Q o 2 2
+v b 57 >(u +v°)
(4.11)
—— = (— 2ut+u’+v? ) }on F,

ou

Y- on W.
In these expressions, S, C, F' and W denote the
wetted hull surface, the waterline, the undis-
turbed free surface and the water plane respec-
tively, and #»ng is the direction cosine of the
outward normal to § with respect to x—axis.
The source density ¢ and fluid velocities u, v
and w, all of which are normalized by U, are
obtained from the perturbation velocity poten-
tial around the double model. Since the objec-
tive function is fully nonlinear about the design
variables as shown in the above expression, the

W&, T)=
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Fig. 20 Panel arrangement of free surface and water

ep 999 100LWL,

N L] L.
INEESND

Y

2 8L

— X

Fig. 21 Example for Series 60 (Model NP3 : Fn =
0.286, « =0.827, p=1.2, Ly/L=0.025).

optimization by means of the variational
method is hopeless.

In order to calculate the objective function as
rapidly as possible, ideas similar to those
shown in 3. 3. 2 are also introduced in the
present optimization. The evaluation of the
source density are carried out by the method of
Hess & Smith or the approximate method given
in the appendix. Either of the two is selected in
the optimization program in accordance with
the prescribed rules. Together with the divi-
sion of §, we must divide F and W as in Fig. 20.
The panels near the waterline are rearranged
with the deformation of the hull in the optimiza-
tion process. Both the exact scheme and the
approximate scheme are also provided to evalu-
ate ® and W¥.

An example based on the low speed theory is
shown in Fig. 21 (Model NP3) for Series 60. In
this case, about 8% reduction of the objective
function is attained. The obtained bulb size is
smaller than that of Model NP1 or NP2 based

plane

on the thin ship theory, and the frame lines
before F.P. become unstable. Then the prot-
ruded length of bulb of Model NP3 is cut at
Lp/L=0.025, though the optimization is ex-
ecuted as Lp/L=0.05. Generally speaking,
CPU time is about 10 to 15 times greater than
that based on the thin ship theory.

4.3.3 Application of the Wave Analysis

The method of wave analysis proposed by
Newman'® and Sharma'® and established by
Ikehata®® et. al comes into practical use at
present. One of the merit of this technique is
that the free wave spectrum for respective hull
forms is determined experimentally. As the
free wave spectrum contains many informa-
tions with respect to the wave making phe-
nomena,we can make use of the result of wave
analysis to the hull form design in many
ways.2D?223)

In order to use the wave analysis of the
initial hull form, the objective function defined
by eq. (4.3) and (4.4) is slightly modified as

[:]WP_{_ ﬁ]}* (4.,].2)

PU?L? }’02 t2 0% [
IW[): T j{; W(ﬂ)"

(4.13)
(Ip(O)1 2+ 1q(0)1%)sec®0db

where the amplitude functions are defined by
eq. (4.9). In eq. (4.13), w( 6 ) means the weight-
ing function and we assume the following
polynomial expression.
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Fig. 22 Example for SR138 (Model NP9 : F'n=0.270,
« =0.0395, A,=02179, g =125, Ly L=

0.01)
N
w(@)=a+D, A, 6" (4.14)
n=1
If we select the coefficients as A4,,=0, the

problem is equal to 4.3.1. These coefficients are
determined from the concept of equivalence
such as

fomwm(ip(ﬁ)fz

+ {g () %) sec 3046

ﬂ) (tpe(0

{611; }

(4.15)

-+

sec 3048

with respect to the initial hull form, where
pe(8), ge(6) denote the amplitude functions
determined from the results of wave analysis.

The numerical examples are provided for
SR138 as shown in Fig. 22, 23 (Model NP9,
NP10). For these examples, the following
weighting functions which satisfy the condition
(4.15) are employed.

w(60)=0.0395+0.2179 6
for Model NP9
w(60)=0.0754+0.0315 8 +0.1593 §*

for Model NP10
The obtained bulb shapes are more acceptable
than those of Model NP6 and NP7 based on the
method of 4.3.1 from the practical point of
vView.

o \\ ( L 85/ / / / / 0762
W LS /] e
WL/ A ] o
/4 /
%// // BL.

Fig. 23 Example for SR138 (Model NP10 : Fn=0.270,
a =0.0754, 2,=0.0315, A,=0.1593, B =

1.25, L/ L=0.01)

4.4 Experimental Verification

In order to verify the present method of hull
form improvement, model tests involving the
towing test and the wave pattern analysis are
carried out. Test results about the Series 60
(SER60) model and its improved hull forms
(NP1~5) are shown in Fig. 24, 25, and those
about the SR138 model and its improved hull
forms (NP6~10) are shown in Fig. 26, 27,
where C, means the residuary resistance coeffi-
cient based on the towing test and C,, means
the wave pattern resistance coefficient analy-
zed by the logitudinal cut method.

All improved hull forms have attained the
resistance reduction at their design speeds as
compared with the result for each initial hull
form. In many cases, the small hollow is
observed on the curve of resistance coefficient
near the respective design points.

In Fig. 24,the models NP1 and NP2 with
large bulbs designed by the thin ship theory
show greater reduction than that of NP3
designed by the low speed theory. In consequ-
ence of the present work, it seems that we had
better choose the thin ship theory from the
points of view of computer time and resistance
reduction.

In comparison with Fig. 26 and Fig. 27, the
performance of NP9 and NP10 are superior.
The utilization of the result of wave analysis
seems very efficient in the present techniques
of hull form improvement.
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Fig. 24 Residuary and wave pattern resistance coeffi-
cients
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Fig. 26 Residuary and wave pattern resistance coeffi-
cients

5. Concluding Remarks

In the present study, two types of the hull
form design problem are discussed by means of
the nonlinear programming. One is the mini-
mization of wave resistance of wall—sided
ships and the other is the improvement of
practical hull forms in order to reduce the total
resistance.

In the former problem, the thin ship theory
and the low speed theory are applied, and
several numerical solutions are shown as
examples. By the employment of the thin ship
theory, optimum sectional area curves with
three types of ending, i.e. normal, bluff and
bulbous, can be obtained. The optimum solu-
tions can be determined by means of the
present method also in the case of low speed
theory in spite of its extreme nonlinearity.

FFor the problem of hull form improvement,
both the thin ship theory and the low speed

Fig. 25 Residuary and wave pattern resistance coeffi-
cients

L o SR138
P

NP 9 {Michell e Wave Anatysis )
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NP0 (Micheit e Wave Analysis )
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P
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1.0
PN I

e
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0 0.20 0.25 030  Fn 0.35

Fig. 27 Residuary and wave pattern resistance coeffi-
cients

theory are also applied. In addition to these, the
present technique has been revised by the
application of wave analysis. These improve-
ment technique have been appraised by model
tests based on the towing test and the wave
pattern analysis, and their usefulness is con-
firmed. The nonlinear programming technique
provides a rational method for the determina-
tion of lines of practical hull forms.

As a future work, we have to extend the
present technique to wider aspects of hull form
design, namely, the optimization of total propul-
stve performance including the interaction of
hull, propeller and rudder.
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Appendix

The hull surface S* and S which are slightly
different each other are considered. When we
assume that the flow field around the double
model of $* is calculated by the Hess & Smith
method, ' the values on S™* are known quanti-
ties. The object of this article is to calculate the
flow around the double model of S approx-
imately by using the known values on S*

The surface S is generally divided by N
quadrilateral elements in order to apply Hess &
Smith method. Using the discretization proce-
dures by Hess & Smith, the source density o,
and the fluid velocities u;, v; and w; on i—th
element are written as

w=27n, 0.+ Ay 0
7%

w=2%n, 0,4+ B; o (A.2)
j i

w,=2mTn, 0,4+, C
P

where n,, n,, n, are the direction cosines of the
outward normal on i—th element. In the opti-
mization process , we want to estimate the
source density and the fluid velocities without
calculating the influence coefficients Ay, By, Cy
for the purpose of the high speed evaluation of
the objective function. In the first place, the
approximate scheme for the source density can
be obtained by replacing o, Ay, By, Cy of rlght
hand side of eq (A.1) by known values 0]
Ay * By * CU onS™, Inserting these approxi-
mate valueso; and o, into eq. (A.2) and
replacing Ay, By, Cy; by Ay~ BU*, CU*, the
fluid velocities are evaluated approximately.
The accuracy of the present numerical scheme
is discussed in the reference 7).

NI | -El ectronic Library Service



