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ABSTRACT

The present structural study, as a part of an integrated
basic design problem, optimizes the longitudinal ané trans-
verse strength members throughout a cargo hold of an ocean
going bulk carrier, It is an implementation of an approach
proposed by the Author (2) for ship structural designh using a
non~linear programing technique,

In order to give the obtained results a potential value
for practical utilization, a hold arrangement suited to a
wide range of dry bulk cargoes is selected. Environmental
constraints at Panama Canal gnd the Suez Canal are recognized
in a computer program, which generates a midship section con-
figuration suitable for prospective commodities,

| The trade-off's of the structural optimization are the
transverse frame spacing, the spacing of topside wing~tank
longitudinals, the spacing of longitudinals in ship sides
and the spacing of deck longitudinals. The objective function
for the optimization process is cost, weight, or the required
freight rate.

The goal of this paper is to describe basic features °

of the study giving few examples of its possible applications,

* Mohamed Walaa Gamal Anwar, B.Sc., M.S5.E., Nav. Arch., Ph.b.
Department of Shipbuilding and Marine Engineering, College of
kEngineering and Technology, Port Said.
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HISTORICAL REVIEW

Evans and Khoushy (6) have attempted an optimization
design of midship section for a family ~f general cargo ships
ranging in length from 300 to 800 ft. The basic design vari-
ables for each ship is the transverse frame spacing., They
have carried out tﬁe weight optimizatioh and the cost optimi=-
zation separately; and concluded that the most economical
solution lies between those of least weight and minimum cost
of production, Thus, they claimed that neither revenue
earning power nor initial investment by itself is a sufficieht
eriterion, From this study and reference (5), one can conclude
that the ABS rule spacing is not far from the optimum frame
spacing associated with minimum weight; also a little deviation
from thé minimum weight frame spécing may give a'ecnsider‘able
saving in the initis) cost with an acceptable increase in hull
weight.

Buxton (4) used the computer in evaluating a specific -
design or making a systematic calculation of the structural
design, In this reSpecy, he selected a midship cargo tank
of an oil tanker and applied the LR rules. Although his work
has not handled an optimization attempt of the whole cargo

hold, but only parts of it, the work emphasized the imﬁbrtance
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of sub-optimizing characteristics of different structural
components such as the transverse girders, The measure of
merit of Buxton's study is the weight minimization.

Lund and Moe (9) have developed a genéral method of
optimization based on a non-linear programing procedure with
special emphasis on longitudinal strengih members of tankers.
The free design variables‘of that study are spacing of deck
and side longitudinals, thickness of plates in deck and
bottom, and section moduli of deck and bottom longitudinals,
The study takes into account varying levels of wages, steel
prices as well as different types of steel., In a more recent
development , Moe (10) recognized the weakness in disregarding
the coupling which exists between the design of the longitu=-
dinal members and what he called the three-~dimensional grillage
system consisting of transverse and longitudinal frames. He
then presented an approach for optimizing a selected topology
of a cargo tank of a tanker taking into account as many as
twelve free design variables.

Aldwinkel (1) outlined an analysis for computer-aided
structural design of bulk carriers using the LR rules., He
has preferred to publish many output results for different
parametric variation% of the principal dimensions, than to

optimize using a well-defined measure of merit,
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In the area of basic ship design which forms the back-
ground of the present study, Nowacki, Brusis and Swift (11),
have explored two optimization techniques for tankers prelimi-
nary design, One of these techniques is adapted in the present
research,

" From all the foregoing and other work done in this area
by Benford (2), one can see the need for a rational, chsistent
and integrated approach in ship design, to evaluate different
alternatives using sound ériteria.

In fact, this lenghy historical review puts the reader
where the present study starts., Thus, thé study ig a continu=
ation of the research outlined in the review but alsoc imple=-
ments research of other reports which will be referred to

wherever used in this paper,

SCOPE AND BACKGROUND

The general problem which forms the domain of the
structufal study is illustrated in Figure 1. The chart shown
may be more complicated than those used in conventional
design offices but is typical to the modeling formulation
of advanced work as in research centers. One may note here

the interference that exists between the structural désign
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and many other aspects of sh;p design. In the past, diffi-
culties from such interference were tackled by going into
design loops using emperical formulas. Now, the computer
would offer a more comprehensive approach.

With respect to the structural design, Figure 2 shows
a flow chart for steps which have been done in this study.
The broken lines indicate some work left for a future develop=-
ment, Thus, one can correct inaccurac& in the preliminary
design solution due to the use of conventional weight and/or
cost estimation techniques by introducing the output of the
structural design solution, Eventually, finding the optimum
solution of a structural problem is the major task of this :

research,

PROBLEM FORMULATION

The optimum solution of the structural problem, is the
best set of design variables according to a specified measure
of merit. Four of these design variables are considered, and
their limits of variation are assigned for a Suez and Panama
Canal bulk carrier, whose midship section arrangement is

shown in Figure 3,
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Design Variables

1, Transverse frame spacing, X, (inches)
33.0 = X’l = 42,0 ,
2. Spacing of topside wing~tank sloping bulkhead longitu-
dinals, X, (inches)
30 = X, = 40 ,
8. Spacing of longitudinals in ship sides, Xz (inches)
30 = X5 = 36 and
4. Spacing of deck longitudinals, X, (inches)
30 =X, = 40 .

Constraints

In addition to the limits which control the fluctuation
of the desigﬁ variables in search for the optimum solution,
there are other constraints which also ensure proper stress
limits and satisfy ABS rules as well as other prac¢tical conw-
siderations, Both of primary bending and shear stresses of
the main hull girder are recognized as important factors in
bulk carriers structural design.

For the present optimization technique, the constraints
must be expressed in a normalized form g;20. The following
ie @ summery of all constraints considered ;:
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where SMB and SMI are rule section moduli to the bottom
and top respectively;
SMBC and SMTc are the corresponding calculated moduli;

Tm
&17T-1 =0

where T = maximum practical deck thickness, inches;
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T = calculated thickness of the deck plating, inches;

= 4,75 _ 1 >

g13 = 7%, - 1 = 0. auw

f
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where S, = mgximum calculated shearing stress emidships, ih
still water condition, tons per square inchj;
'Sz = maximun calculatéﬂ‘ahearing'stress for the gov=
erning loading condition, tons per square inch and
Sy = maximum calculated bending stress in the still

water condition, tons per squaré inch,

Measure of Merit

The objective function for the nptimization proceas
ias cost, weight or the required freight rate. The later
eriterion combines effects of the weight and cost as well
as a change in the payload. ' , 7

The méximum weightvhas long been sought by ship de-
signers as a criterion for optimization. The reéson may be

- the fact that it ip simple and conventional. For high speed
‘vessels and some types of navél ships such as catamﬁrans,
the weight criteripn can be justified because of the need

!
!
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to minimize displacement, hence increase the deadweight/
displacement ratio.

Every shipyard probably has its own formulation for
cost modeling. A model would depend on many factors some of
which may not be related even the building operation itself.
But for the purpose of the present work, the cost model con-
piders only those items which influence the production cost
of the cargo holds® structural elements,

Detailed cost and weight models are formulated. Dif~
ferences among shipyards' cost estimates may be accounted

for by adjusting the cost model input parameters,

Mathematical Format

The objective function can be expressed in terms of

the design variables as :
F = £(Xy, Xp500ey Xp)y n =4

The function F is non-linear in most ship structural
optimization problems similar to the present study. It is
defined numerically rather than in a mathematicél form for
which derivatives are obtainable.

There are several 'direct search' methods using digital
computers to find the optimum of such unconstrained function,

The search 1is alwajs done sequentially, exploiting information



~253-

from previous trials, hence, reducing the computer time
required.

But in the present case, as well as many other problems,
the design variables are subjected to li.equality constaints
which can be written as @

= s
Gm s gm(xl, Xz,aoo Xn) ——— 03

m = 14 in the present case,

Now the search for the optimum solution would be limited
to the 4-dimensional space domain bounded by the 14 eguations
which are explained in the previous section, The boundary of
such domain is aleo non-linear in its most common form,

For such constrained problem that may also be subjected
to equality constraints, Moe and Kavlie (8) introduced the
use of a penalty function to transform the problem into a
format that ie suitable to be treated using the well-defined
sequential unconstrained optimization techniques,

-Nowacki and his co-workers (1l1) at the University of
Michigan, defined a new objeet function gimilar to Moe's as :

m

F (x,r ) = F(x) + 1y jz: -gi;;y ;
i=ly

T ® a parameter app®esching zero in succeasive

approqimate steps,
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The sbove function is used successfully in connection
with a direct search method originated by Hooke and Jeeves
for a tanker optimization study. It is also used in the
present research after a slight modification so that the
program will handle only integer values of the design

variables,

DESIGN PROCEDURE

As pointed out earlier, there is an interaction between
the basic design problem and the structural optimization, But
since solving the first problem is beyond the scope of the
present work, arbitrary input is used to carry out the gtruc=
tural optimization using results of a\research by Gilfillan
(7), wherein he has investigated the principal dimensions
problem of a similar bulk carrier, A second group of the
input will specify requirements and limitations such as a
maximum practical thickness of deck plating, slope of the
topside and lower wing tank bulkheads, load intensities and
cost parameters,

All midship section structural members are designed to
satisfy the ABS rule requirements but with difflerent design
criteria, An example, showing how the shell plating thickness

is calculated, is éiven in Figuré'4.
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Before going further in summarizing the design steps,
one may focus the attention on a problem of importance.es-
pecially when heavy cargoes are intended to be carried in
alternate holds. This problem is the position of the hull

girder neuiral axis.

Position of the Neutral Axis

A critical area in the midship section design is that
of the upper flange of the hull girder. In order to obtain
& satisfactory balance between bottom and. deck structures,
the ABS rules relate the section modulus to the bottom SMy
to that of the top SMT. The rule requires a 10% increase
in SMB over SMT for bulk éarriers less than 700 £t long.
Although the difference is not required for ships of 1000 £t
in length and over, interpolation would be used to find the
percentage for vessels between 700 and 1000 ft., Reasons
behind such increase are the high secondary stresses at the
bottom due to heavy local load intensities; and corrosion
that would happen more rapidly in the under-water portion
of the vessel.

If the scantlings of the midship section are assigned
using secondary &nd tertiary stresses as criteria, the bottom

structure will be almost always heavier than the deck structure.
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The corresponding position of the hull girder neutral axis
will be even closer to the bottom than what the ABS rule does
allow,

Therefore, for given scantlings of the bottom structure
as determined from local strength calculations, one can mini-
mize the longitudinal material by assigning the minimum height
of the neutral axis above the midship base-line, This proce=-

dure is unique in case of large hatch openings as in the case

considered.

Steps of Design

After determining the position of the neutral axis,
the following steps are carried out for each set of the-

design variables :
1, Area, first and second moments of area about the neutral

axis are calculated using the minimum ABS rule require-
ments for local strength., This is done for each of the
longitudinally‘continuous members below and above the
neutral axis separately.

2, If the moment of area of the bottom members is greater
than that of the top, thelatter will receive incremental
adjustments, which will achieve the proper balance
between the }op‘and the bottom flanges of the hull
girder. '
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3. The design of transverse webs in the topside and lower.
wing tanks is then done according to a sub-optimization
process to wisely distribute the cross-sectional area of

each member between its web and flanges.

COMPUTER ANALYSIS

A reader of this paper may not be quite familiar with
the computer language, but it simply consists of statements
that give instructions to the machine, One may note here a
resemblance between music and computer programing for both
are human lapiguages., In music, a developiient may be defined
as thé elaboration of a themeé by rhythmic, harmonié; and
melodic changes, In computer programing our developments
are talled subroutines which are composed of atatementa ahd
functions, The subroutines, as the developments, are not
very significant unless they are integrated together to
achieve certain goals,

Five subroutines are written to divide the work of

this study into five individual Jjobs., The following explains

briefly the task of every subroutine,
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Subroutine GEOMT

This subroutine is concerned with the geometric con-
figuration of the midship section. Figure 5 shows how GEOMT
calculates and stores the midship dimensions in single arrays.
Practical considerations are implemented in the construction
of cellular units in the double bottom and the location of
the tank top knuckle,

Subroutine SCANT

The Jjob assigned to this subroutihe is very similar to
what may be required from a preliminary structural design
group in a classical-type shipyard, The main difference is
that the time needed to do a complete midship section cale-
ulation using electronic calculators is about 8 man-days,
while SCANT performs the same task in few seconds,

After calculating the scantlings of all midship section
strﬁctural components, the computer divides the weight of the
hull material amidships into 3 main categories :

a) Longitudinally continuous material.

b) Transverse framing comprising floors, side or web
frames, and wing tanks' transverses,

¢) Other remaining weight items which are not affected
by the design variables, hence can be determined

emperically.
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Subroutine SUMT

This subroutine carries the mathematical task of the
optimization process by minimizing the objective function

and thus finding the optimum solution,

Subroutine CONSTR

If for a set of the design variables any of the 14
constraints, mentioned previously, is violated; CONSTR will
pick up the violated constraint and report it to the subw
routine SUMT which will bring the search for the optimum
back to the feasible side of the domain's boundary.

Subroutine FUN

The organization of FUN is done so that it computes
the required objective function which would be selected from
the available options via a code specified, as an input para-
meter, by the computer program user,

The following is a brief summary of how the objective

funetion is calculated
a) The Minimum Weight Criterion
If the weight is to be optimized, the computer will

minimize a function F which is given by :
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Fw=WfD

where W = an estimated hull steel weight,

D=W, +T, - Wo - T,

=
"

weight of the longitudinally continuous

material, tons,

weight of the transverse framing systems,

+3
n

tons,

WQ and T, are the same as the above except that they
are those of an inifial guess on the design variables.

| In fact, a slight inaccuracy in estimating W using
emperical methods will not affect, to any degree, the
results of the optimizatioho

The Minimum Cost Criterion

Steel material and labor coats are considered. The

steel labor cost may be divided into :

-« Cost of mounting and welding deck, bottom, side
shell, slqping bulkheads and inner bottom longitu-
dinals;

- Cost of fabrication, welding, erection, and assem-
bling the transverses;

~ Cost which is independent of the design variables
such as blocking and stagging.

The objective function in this case is :

F, =C ~ LD » LF - MD » MF
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where C = An estimated initial cost of the ship, §;
LD = Decrease in labor cost from that calculated
for the initial guess on the design variables;
LF = Labor factor;.
MD = Decrease in the material cost from that
calculated for the initial guess, § and
MF = Materiasl factor;

The asterisk ' ' stands as a multiplication sign,

¢) RFR Criterion
In this case, the subroutine FUN sets the objective

function as
=1+P"(CR%-;5%-25)

Fr

where Y annual operating cost, $;

P =P, =Fq

¢C =C, + N« Fw,

P_ = initial cost corresponding to the initial
guess;

= cargo per'year for the initial guess;

N = number of round voyages per year,

CRF= capital recovery factor based on 15%

yield and 25 years,
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The Program MAIN

This program reads the input data which include initial

step widthe and error tolerance needed for the optimization

process.,

Flow Chart

Figure 6 shows the flow chart 6f the computer work,
The main program calls the subroutine GEOMT which outlines
the midship section. Main then calls SUMT which runs the
optirization process, SUMT has two main-mechanisms, one to
%ewp the search inside the feasible space, and another to
searclh- for the optimum, It calls CONST which in turn gets
all the »equired scantling from SCANT, CONST checks the
constirainte and if one is violated, it will report the vio=-
lation to SUMT which will bring the search back to the
feasible side. If not, the search for the optimum would
start,

The optimization loops are continued until the minimum
value of the objective function is found. The computer will

then print out the optimum set of the design variables.
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SAMPLE RESULTS !

The computer program written for the bulk carriers
structural optimization can be used to handle quite a few

problems in practical applications as well as research and

development,
The results presented here are for a Panama and Suez

Canal carrier, 720 ft long, 105 £t in breadth, has 63 £t
depth and 40 ft draft, The optimum value of the design

variables are shown in the following table,

TABLE 1
Optimum Values of the Design Variables

Critérion far_optimizatiah

Design variable

Welght  Cost RFR
Xy 33 36 36
X, - 38 38 38
Xq 30 30 30
X, 37 39 38

The results shown in table 1 do agree with logical con-

siderations, 1In general one can say that the RFR optimum
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solution lies somewhere between those of weight and cost but
much closer to the later. The minimum'weight criterion gives
emaller values for almost all spacings of the stiffening
systems and this is a well known fact.

The spacing of longitudinals in ship sides Xa converges
to 30 inches for all the optimization criteria considered,
i.e., just on a boundary of the search domain created by Xa.
This may be justified by the fact that an increase in Xy for
the longitudinals below the neutral axis, will lead to a
heavier bottom structure which will consequently need more
material in the top to balance it., The result is a double
inerease in the weight which will penalize every of the three
eriteria considered, B

One may also note that the spacing of the topside wing
tank sloping bulkhead longitudinals ia 38 inches for all the
criteria, This is not right on the search domain but is
actually the greatest permissible value of x2 because the
number of the longiltudinals is an integer; hence reducing it
by one would bring the value of X5, which is also an integer,
outside the search domain. The explanation of such conver-
gence may be that large spacing will lead to heavier crosse
sectional area of the top structure, which is needed to balance
the heavier bottom flange of the hull girder, while it also_

decreases the labor cost. The impact of these two effects is
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good for all the criteria considered. In other words, the
material which would be saved from decreasing X, should go
elsewhere in the top structure to obtain a satisfactory top
flange area, hence, no gain in weight saving will be obtained.
This would show that the optimization of separate ship pannels,

by itself, is in some cases not very meaningful.

SENSITIVITY STUDY

In some cases, one may desire to fnvestigate the effect
of varying one design variable on the objective function,
This would show the magnitude by which the function will be
affected, Two examples illustrating the effect of X, var-
iation on the two optimum solutions obtained for the weight
and cost criteria, as given in table 1, will be discussed,

Effect of xl Variation on Weight

In the present study, the weight of the holds portion
doesfh't include the transverse bulkheads and hatch covers,
because the weight of these items is not affected, to a con-
giderable degree, by the design va¥iables, Thus the portion
of the ship optimized is found to be about 50% of the total’
steel weight of the hull,
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Figure 7 shows the weight of transverses versus frsaoe
spacing, while Figure 8 shows the variation of the longitu-
dinally continuous material, The net result of combining
these two effects is given in Figure 9. It should be noted
here that the incremental weight change in Figure 9 is calce
ulated as a deviation from & design corresponding to an

initial guess on the design variables wherein Xl is taken

as 36 inches.

Effect of xl Variation on Cost

The reduction in the total production cost versus frame
spacing is shown in Figure 10; The base=line is considered
at a 30 inches spacing, i.e., in comparison with a vessel
whose spacing is 30 inches.

Two importaht things can be learnt from Figure 10.
Firstly, there are two peaks along the curve but SUMT has
picked the right global maxima in the optimization process,
Secondly, the ABS rule frame spacing of 38 inches is close
to the optiﬁum frame spacing according to the minimum cost

criterion,
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CONCLUDING REMARKS N

The application of non-linear programing techniques
to solve fairly complicated ship structural problems is
proved to be feasible, The organization of the computer
program ig done economically in such a way that permits it
to handle variety of problems, -

Exéméles are the impact of environmental considerations
on structural features of vessels and corresponding improve~
ments or expansion in the classification’rules, One may ;
mention here that, the project for the Suez Canal developing
will allow a permissible draft of 67 ft while it is now only
40 f£t, This may lead to a need for a new class of ocean bulk
carriers, The research presented in this paper will be help=-

full in devéloping such new class,
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