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Abstract This paper describes a preliminary ship design
method using deterministic approach and probabilistic ap-
proach in the process of hull form design. In the deter-
ministic approach, an interdisciplinary ship design method
integrates principal dimension decisions and hull form varia-
tions in the preliminary ship design stage. Integrated ship de-
sign, as presented in this paper, has the distinctive feature that
these parameters are evaluated simultaneously. Conversely,
in sequential design, which is based on the traditional pre-
liminary ship design process, hull form designs and principal
dimension decisions are determined separately and sequen-
tially. The current study adopts the first method to enhance
the design quality in the early design stage. Furthermore, a
probabilistic approach is applied to ship design to resolve
uncertainties in design information more efficiently than a
deterministic approach would.

Keywords Preliminary ship design - Principal dimension
decision - Hull form variation - Deterministic approach -
Probabilistic approach

1 Introduction

Ship design essentially applies iteration to satisfy the relevant
requirements, such as stability, power, weight, and strength.
In the preliminary ship design stage, most shipyard designs
(Fig. 1) commence with hull form variations (for example, the
existing section’s characteristic transformation and variation
of CP and LCB) after determining the principal dimensions
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based on parent (basis) ship information. This traditional pre-
liminary design process provides insufficient and sequential
design information (Fig. 2a) because hull form variations can
be determined only after principal dimension decisions are
made. Based on these features, conventional design may not
optimally balance ship design solutions. Multidisciplinary
design optimization (MDO) is considered among the solu-
tions to the above-mentioned problems. Recently, sequential
design-based MDO has been applied to preliminary ship de-
sign (Lee et al. 2001), but in that study, designs required indi-
vidual optimization, and techniques were highly dependent
on empirical formulation. Moreover, this approach required
additional design iterations. In particular, design evaluation
costs continued to increase due to the characteristic properties
of sequential design with feedback. Therefore, MDO must be
included in the integrated design strategy to obtain high ne-
cessity on the industry field. This study aims to concurrently
(Fig. 2b) integrate principal dimension decisions and hull
form variations, concurrently, to enhance the effectiveness
of preliminary ship design. In addition, computational as-
pects must be considered in the optimization iteration when
principal dimension decisions and hull form variations are
integrated and hydrostatic coefficients are applied. In the ini-
tial stage, meanwhile, ship design is conducted by restrict-
ing design information and uncertain design estimation. To
effectively consider all the uncertainties of the design infor-
mation, the preliminary ship designs based on probabilistic
and deterministic approaches must be compared.

2 Preliminary ship design for deterministic approach
2.1 Traditional preliminary ship design

Traditional preliminary ship design, as shown in Fig. 3, was
conducted (using a typical iterative process) to determine fun-
damental parameters, such as length, breadth (beam), depth,
draft, power, or alternative sets of characteristics, all of which
met the speed, cargo capacity, and deadweight requirements.
Variation of the hull form was conducted after making the
principal dimension decisions. Thus, this conventional ship
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Fig. 1 Preliminary ship design
process
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design, which is based on making design decisions sequen-
tially, involves numerous iterative processes, all of which
must work toward satisfying all requirements. Especially,
when feedback is used, this design must carry out additional
iterations, ultimately increasing estimated design costs.

2.2 Sequential preliminary ship design optimization

Sequential preliminary ship design optimization (Fig. 4) is
a methodology used in the traditional ship design process
and supplements existing optimization schemes. Traditional
preliminary ship design, as illustrated in Fig. 3, requires many
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Fig. 2 Preliminary ship design information
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iterations, so sequential preliminary ship design optimization
is used to enhance computational efficiency.

2.3 Integration of interdisciplinary ship design including
hull form

In integrated interdisciplinary ship design (Fig. 5), princi-
pal dimensions and hull form variations are evaluated con-
currently. These parameters were thus intimately associated
because hydrostatic coefficients could be directly computed
and simultaneously susceptible to the analysis of the iterative
optimization process through hull blending module and hy-
drostatic module. This method, based on concurrent design

'

| AT
' Principal
Dimension
Decision




A study on the preliminary ship design method using deterministic approach and probabilistic approach including hull form

531

Fig. 3 Traditional preliminary
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information, is thus considered to be a well-established de-
sign method and, in particular, is preferable to the sequential
design method.

2.4 Hull from blending technique

Hull form is the design variable used for determining hydro-
static coefficients. The blending coefficient, C;, was therefore

| Given : DWT, V, T, Cargo Capacity

|
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Fig. 4 Sequential preliminary ship design optimization

used in hull geometry for controlling the hull shape. The hull
blending process (Fig. 6) is assumed to result in the blended
hull, in which the basis hull is mixed. This blending tech-
nique, (1), was done at Virginia Tech (Neu et al. 2000a,b).

Resultant (or blended) ship hull = £ C; x Basis Hull;
such that, XC; =1
and, 0<C; <1,i=1,2...,N €))]

3 Collaborative optimization (CO)

There have been considerable advances in MDO which is an
efficient optimization method for designing large-scale and
coupled multidisciplinary systems. Collaborative optimiza-
tion (CO) (Braun 1996) was recently developed in the MDO
research field and was actively researched. The CO formula-
tion (Fig. 7) consists of a two-level hierarchical scheme and
a system optimizer that optimizes using the least-squared
error method of the subsystem design variables (x;), satis-
fying subsystem constraints variables (g;) and system-level
design variables (z) computed from the subspace analysis
(). The system-level design variables, z, were assumed to
be fixed in the subspace problem. Thus, the disciplinary de-
sign variables xg, which are used only by the ith subspace
analysis, were distinguished from the interdisciplinary de-
sign variables x;, which are used by more than one subspace
analysis. The interdisciplinary compatibility constraints (or
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Fig. 5 Integration of
interdisciplinary ship design
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discrepancy function, d;) were formulated as strict equality
constraints (d; =0.0) or inequality constraints (d; <0.0001),
where d; is defined as follows (Kodiyalam 1998):

512 )
di=|Xi = Z!|" + |v: — Z{| )
where Z={Zs, Zc}, Zs represents the system-level de-
sign variable, and Zc represents the system-level coupling
variable.

4 Preliminary ship design example by deterministic
approach

To compare the methods using sequential design informa-
tion and concurrent design information, five methods were
explored as depicted in Table 1. The basis ship used was

Fig. 6 Description of hull form
blending technique

_|_

Basis Hull 1

278K/300K DWT VLCC, and the design ship was 330K
DWT VLCC. This all-in-one method (method 2 and method
3) is formulated as follows.

Given: DWT (deadweight), CV (cargo vol-
ume), T (design draft), V (ship
speed)

Find (design variables): L, B, D, Cg, Dp, P;, and Ag/Ap in
method 2, and L, B, D, C;, Dp, P;,
and Ag/Ao in method 3

L (length), B (breadth), D (depth), Cy (block coefficient), C;
(blending coefficient), Dp (propeller diameter), P; (propeller
pitch), Ag/Ao (propeller blade area ratio)

Minimize building cost

Subject to
g1t L-B-T-Cg-p(1+a)=LWT+DWT; buoyancy—weight
equilibrium
Basis Hull 2 Resultant (or blended) Hull
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Fig. 7 Collaborative
optimization architecture
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< Analysis 1 )

gt D>T+freeboard; minimum required freeboard
condition

831 CV > CVy; required cargo volume constraints

g4: 0.04B<GM <47%(0.4B)*/(gTr?);  initial  stability
condition

gs: C/(L/B)<0.15; obesity coefficient conditions for
maneuvering

g6: Cp <0.70+0.125 tan~![(23—100Fn)/4]; recommended
block coefficient by Watson and Gilfillan

Table 1 Use of design method for preliminary ship design example

Method description Design information MDO method
flow

Method 1 Separated from Conventional -
principal dimension
and hull form
variation, based on
empirical
formulation
Method 2 Separated from Sequential All-in-One
principal dimension
and hull form
variation, based on
empirical
formulation
Method 3 Integrated with Concurrent All-in-one
principal
dimension and hull
form variation
Method 4 Separated from Sequential CO
principal dimension
and hull form
variation, based on
empirical
formulation
Method 5 Integrated with Concurrent CO
principal
dimension and hull
form variation

87:

8s:

89:

L k.

( Analysis 2 ) (./ Analysis N )

S

P/@mn) = p-n*®- D} - Kg; propeller must absorb a
torque transmitted from the main engine

Rr/(1 —t) = p -n*- D} - Kr; propeller must deliver a
thrust required by the ship in certain speed

(1.340.32) - T, . )
Ap/A, > [K + —(D%_(p”ﬂgh_;v))], propeller must de
liver a thrust required by the ship in certain speed

where

Q@ : Appendage factor

LWT  :Lightweight

GM : Metacentric height

Tr : Rolling period

Fn : Froude number

P = Power delivered to the propeller by the main
engine

Tp = Propeller thrust = Ry/(1 —1)

Rt = Total resistance

t = Thrust deduction coefficient

n = Speed of rotation (in revolutions per minute)

Kq = Torque coefficient

Kt = Thrust coefficient

Z = Number of blades

P, +pgh = Static pressure at propeller shaft center line

P, = Vapor pressure

K = Constant varying from 0 to 0.20

Therefore, this all-in-one scheme of minimizing building

cost has eight design variables (L, B, D, Cg, V, Dp, P;, Ag/Ag

or

L, B, D, C;, V, Dp, P;, Ag/Ap), three equality constraints

(g1, 87, 83), and six inequality constraints (g2, g3, 84, &5, 86>
89).

Of the five methods as shown in Table 1, method 1 is the

conventional ship design (Fig. 3), method 2 uses the sequen-
tial ship design optimization (Fig. 4), method 3 (Figs. 5 and 8)
uses the integration of interdisciplinary ship design including
hull form, method 4 (Fig. 9) uses CO using sequential design
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Fig. 8 Example of method 3 of
preliminary ship design
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information, and method 5 (Fig. 10) uses CO for integration
of interdisciplinary ship design including hull form.
Method 4 constitutes a three-subsystem (disciplinary)
level, “deadweight requirements”, “speed/power require-
ments”, and “cargo volume requirements”, to satisfy the in-
terdisciplinary compatibility constraints (d;, d», d3) at the
system level. Method 4 also minimizes the system-level ob-
jective function, building cost. Method 5 has a similar for-
mulation to method 4, but an apparent feature of method 5 is
the hull form blending coefficient, Cj. That is, method 4 in

Fig. 9 Example of method 4 of
reliminary ship design
P yup s LBD".Cy’, V,DMCR’

CO is used to calculate block coefficient, Cg, and method 5
is used to calculate hull form blending coefficient, C;.

5 An example of preliminary ship design using
a probabilistic approach

When deciding principal dimensions during preliminary ship
design, ship design is conducted by restricting design infor-
mation and uncertain estimation. Thus, a probabilistic ap-
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UBD. Gy |ds HCo-Coy{(V-Vy!
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StV
Cargo Volume Requirements 1 L,B.Cg I v
Min. d, = (L-Ly+(B-By. R, = ALB.Cy )
HD-D)(C,-C,)? DMg R ?(838%”
St.CV2CV,, VaPe
D = Fb+T where, f(P,n); Opf'mrzaff'm?’:ﬁ?:é&s'l
Max. 1,
) JLBDC [ov, i St. P2rny=pn2D, K,
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CV=Cy L, BDC, T ;}E"gﬁa ey
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Fig. 10 Example of method 5 of
preliminary ship design
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proach is considered to be a more effective design scheme
than the deterministic approach for handling uncertainties or
variations of design variables. Knowledge of the total resis-
tance, R, is an essential prerequisite for predicting the power
when deciding principal dimensions. Probabilistic distribu-
tions in proportion to service velocity are known from the
experimental data of a model test (Yang 2000) (Figs. 11 and
12) and also can be obtained from a widely known, statisti-
cal power prediction method by (Holtrop and Mennen 1982;
Holtrop 1984), which is based on a regression analysis. Be-
cause of these features, total resistance is treated as a random
variable. In this paper, during the principal dimension de-
cision stage, a probabilistic approach, which was efficiently
used for the variation of design variables, and a deterministic
approach were used to solve a sample ship design (method 2
and method 3) as discussed in the previous section (Figs. 13
and 14). In the probabilistic approach, the limit state equation

045

0.40 1

0.351

Ry (kgy)

0301

025 T

T T T T T T T T
064 06 068 070 072 074 076 078 080 082 084

V(m/s)

Fig. 11 Measured resistance data of the 300K class VLCC from the
3.0 m (1/100) model

(LSE), a useful formula by Keller, which is used to avoid cav-
itation, can be written as (3), where the uncertainty of random
variable was assumed to be 4= 5%, the target reliability index
(Lee et al. 2002), 8, was assumed to be 3.0, and total resis-
tance, Rt, was assumed to be a normally distributed random
variable.

(134032) - T» |_, @
D%) : (Pa+Pgh—Pv)) B

g(Z):AE/A0—|:K+(

where
Ag/Ag = Propeller blade area ratio (expanded area ratio)
Ao = Propeller disk area = nDp?/4
Ag = Expanded blade area derived from the expanded
blade outline
Dp = Propeller diameter (m)
0121
& 0.104
=
=
o
0.08-
D 06 T T T T T T T T
048 050 052 054 056 058 060 062 064 066
Vim/{s)

Fig. 12 Measured resistance data of the 300K class VLCC from the
2.0 m (1/160) model
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Fig. 13 Probabilistic approach
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for method 3
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Fig. 15 Change of probability of failure due to change of mean

where
P =DHPr
Kq = Torque coefficient

Kt = Thrust coefficient
DHP = Delivered Power = EHP/np
EHP = Effective horse power = Ry-V

nr = Relative rotational efficiency
np = Propulsive efficiency
n = Speed of rotation (revolution per minute)

Figurel5 shows a sample case of structural reliability
analysis considering two terms (the load on the structure,
Load, and the resistance of the structure, Resistance). Both
Load and Resistance are random in nature; their random-
ness is characterized by their means, y and ug, respec-
tively, as shown in Fig. 15. Let us consider a structure with
g — Wy. The probability of structural failure would de-
crease (equivalently, the probability density function over-
lapping the shaded area of the load and resistance graphs
diminishes). Similarly, the LSE of the propeller blade area,
(3), represents similar behavior as structural reliability as
3)—>4)—(5)—(6). In (6), the total resistance, Rr, is a ran-
dom variable, and the propeller diameter, Dp, and thrust, Tp,
are functions of R; in particular, Tp = Ry / (1 —t), and pro-
peller diameter varies according to (7) and (8). Finally, in

Table 2 Comparisons of application example results

—X¥— Method 1 |

1.120E+08 K —X -0— Method 2
—— Method 3
& Method 4

® - Method5 |

A

1.070E+08

1.020E+08

9.700E+07

Objective function : building cost (3)

9.200E+07 : : : : ; : : . :

1 2 3 4 5 6 7 8 g 10
Total Iteration

Fig. 16 Convergence history of objective function (building cost) for

ship design example

(6), the resistance (viewpoint of structural reliability) is the
change in the probability of failure due to change of the mean
(from the viewpoint of structural reliability).

6 Comparison of the deterministic and probabilistic
approaches

This paper proposes the integration of interdisciplinary ship
design including hull form into the preliminary stage of
ship design to overcome difficulties associated with the con-
ventional (sequential) ship design (Table 2). Based on the
results of the ship design example (Fig. 16), the relative ob-
jective values of the designs produced by various methods are
“Objective(method 5) < ObjeCtiVG(method 3) < Objective (method 2)
< Objective (method 4) < Objective (method 1)”- The method 5 de-
sign had a 1.48~14.5% lower objective value than the other
methods (Fig. 17) because, as hull forms were adopted as a

Units Method 1 All-in-one Cco
Method 2 Method 3 Method 4 Method 5

Objective $ 1.19313 x 108 9.94635 x 107 9.91975 x 107 1.01547 x 108 9.77525 x 107
(building cost)

L m 325.8 310.0 310.0 312.4 3114

B m 60.4 60.6 57.3 59.5 55.1

D m 31.6 29.6 29.4 30.2 26.9

C - - - 0.99 - 0.0

Ch - 0.8087 0.8499 0.8112 0.8325 0.8147

\% knots 15.6 15.6 15.6 15.6 15.6
Optimum DMCR PS 40,006.10 35,433.97 35,159.70 35,434.04 35,732.17

Dp m 9.83 9.61 10.39 9.39 9.47

Py m 7.07 6.82 7.17 6.49 6.54

Ag/Ao - 0.44 0.44 0.56 0.43 0.43

Ccv m3 378,700.0 420,702.4 396,745.7 379,852.2 380,108.9

DWT ton 330,000 330,000 330,000 330,000 330,000

LWT ton 39,957.7 36,969.3 35,441.9 40,744.0 33,012.5
System iteration - Fifth estimation 5 7 7 10
Function call - - 70 141 2,130 7,180
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* This figure indicates % relative value for objective function {building cost) based on Method 5

Fig. 17 Comparisons of building costs based on method 5

design variable, the extended design space gave better objec-
tive solutions than the conventional design approach did.

Furthermore, in the preliminary ship design stage, proba-
bilistic approach was compared to the deterministic approach
(Table 3) to manipulate uncertainties, which are expressed by
the total resistance, Rt.

Table 3 indicates that variations of total resistance would
influence the output value of DMCR, LWT, and building cost;
in that order, the thrust of ship, Ts, was then increased with the
thrust of propeller, Tp, and the propeller blade area used in a
LSE was increased. Based on those results, the propeller prin-
cipal dimensions (diameter Dp, and pitch P;) also increased.
Therefore, the probabilistic approach using variation of the
random variable Rt gave a lower probability of cavitation as
depicted in Table 3, 0.5 — 0.00135; that is, in the case of
the deterministic approach, the probability of cavitation was
0.5, whereas in the case under probabilistic approach, it was
0.00135.

Application Methods
* This figure indicates % relative value for objective function (building cost) based on Method 5

Fig. 18 Comparisons of deterministic and probabilistic results based
on method 5

In conclusion, to integrate principal dimension and hull
form decisions concurrently, the proposed method is consid-
ered to be superior to the conventional method (Fig. 18). In
addition, to deal efficiently with uncertainties in the early de-
sign problem, the probabilistic approach is considered to be
more appropriate for use in the early design stage than the
deterministic one.

7 Conclusions

In traditional preliminary design, hydrostatic coefficients de-
pend on empirical formulations according to sequential de-
sign information because hull form variations are determined
only after the principal dimensions have been determined.
Therefore, this research proposed the integration of interdis-
ciplinary ship design including hull form, which can give
more accurate hydrostatic coefficients from hull form infor-

Table 3 Comparisons of deterministic/probabilistic approach using application example

Units Deterministic (all-in-one) Probabilistic (all-in-one)
Method 2 Method 3 Method 2 Method 3

Objective $ 9.94635 x 107 9.91975 x 107 1.00160 x 108 1.02261 x 108
(building cost)

L m 310.0 310.0 310.0 310.0

B m 60.6 57.3 60.6 57.3

D m 29.6 29.4 29.6 29.4

Cy - - 0.99 - 0.99

Cp - 0.8499 0.8112 0.8499 0.8112

\% knots 15.6 15.6 15.6 15.6
Optimum DMCR PS 35,433.97 35,159.70 36,379.97 40,138.75

Dp m 9.61 10.39 9.78 10.53

Py m 6.82 7.17 6.96 7.62

Ag/Ao - 0.436 0.560 0.444 0.600

cv m3 420,702.4 396,745.7 420,702.4 396,745.7

DWT ton 330,000 330,000 330,000 330,000

LWT ton 36,969.3 35,4419 37,031.3 35,8434
Probability of cavitation, 0.5(8=0) 0.5(6=0) 0.00135 (6=3) 0.00135 (8=3)

P
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Fig. 19 Proposed method of
preliminary design using MDO

Cargo Volume Disciplinary

= Cargo Hold Volume
= Freeboard Condition

mation. These hydrostatic coefficients can then be applied
directly to the optimization constraints. To consider con-
currently the principal dimension decisions and hull form
variations (Fig. 19), a hull form blending technique was in-
troduced. Therefore, the hydrostatic coefficients of the hull
can be determined from values such as the midship coeffi-
cient (Cy,), waterplane coefficient (C,p), and so on. These
hydrostatic coefficients can then be used in constraints of
optimization formulation (Fig. 8).

As an example, 330K DWT VLCC (Table 1) was used
to validate the proposed design process and to compare the
traditional and proposed design methods (Table 2, Figs. 16
and 17). In the preliminary design, a probabilistic approach
was used to consider design information and uncertain design
estimation. Random variables in the probabilistic approach
adopt the total resistance, Rr, of the propeller design, and the
effects of the probabilistic approach and the deterministic
approach on the final results were compared.

Consequently, the probabilistic approach predicted a
higher building cost but with a lower probability of cavitation
than the deterministic approach did (Table 3 and Fig. 18).
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Weight Disciplinary

= Dead Weight
= Light Weight
= Stability
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