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ABSTRACT 

The present s t r uc tu r a l  study,  a s  a par t  of an in tegrated 

basic design problem, opt in~izes  the  longi tudinal  an6 t rans-  

verse s t rength  members throughout a cargo hold of an ocean 

going bulk ca r r i e r .  It is an implementation of an approach 

proposed by t he  Author (2) f o r  ship  s t ruc tu r a l  design using a 

non-linear programing technique. 

I n  order t o  give the  obtained r e s u l t s  a po ten t ia l  value 

f o r  p r ac t i c a l  u t i l i z a t i o n ,  a hold a&angement su i ted  t o  a 

wide range of dry bulk cargoes is  selected. Environmental 

cons t ra in t s  a t  Panama Canal and t h e  Suez Canal a r e  recognized 

i n  a computer program, which generates a midship sect ion con- 

f igura t ion  su i t ab l e  f o r  prospective commodities. 

The trade-offs of t h e  s t m c t u r a l  optimization a r e  the 

t ransverse  frame spacing, t h e  spacing of topside wing-tank 

longi tudinals ,  t h e  spacing of longi tudinals  i n  sh ip  s ides  

and the  spacing of deck longitudinals.  The object ive  funct ion 

f o r  t he  optimization process i s  cos t ,  weight, o r  the  required 

f r e i g h t  ra te .  

The goal  of t h i s  paper is t o  describe basic f ea tu r e s '  

of the  study giving f e w  examples of its poss ible  applications.  
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HISTORICAL REVIEW 

Etfans and Khoushy (6) have attempted an optimization 

design of n idship  sect ion f o r  a family of general  cargo sh ips  

ranging i n  length from 300 t o  800 ft. The basic  design var i -  

ables  f o r  each sh ip  is  t he  t ransverse  frame opacing. They 

have ca r r i ed  out t he  weight optimization and the cost  optimi- 

zat ion separate ly;  and concluded t h a t  the  most economical 

~ o l u t i o n  l i e s  between those of l e a s t  weight and minimum cost  

of production. Thus, they claimed t h a t  ne i t he r  revenue 

earning power nor i n i t i a l  investment by i tse l f  i t 3  a sufficient 

c r i t e r i on ,  From t h i s  study and reference (5 ) ,  one can conclude 

t h a t  the ABS rule spacing i e  not f a r  from the optimum frame 

spacing associa ted w i t h  mfnimws weight; 8186 a l i t t l e  deviat ion 

Prom the mlnimum weight %~?mrae spacing may give a acsnsiderable 

saving i n  t h e  i n i t i a l  cos t  with an acceptable increase i n  h u l l  

weight. 

Buxton (4)  used the  computer i n  evaluating a spec i f i c  

design o r  making a systematic ca lcu la t ion  of the  s t r w t u r a l  

design, I n  t h i s  respect ,  he se lected a midehip cargo tank 

of an o i l  tanker  and applied the  LR rules .  Although h i s  work 

has not handled an optimization attempt of the  whole cargo 

hold,  but only p a r t s  of it, t h e  work emphasized t he  importance 



of sub-optimizing cha rac t e r i s t i c s  of d i f fe ren t  s t r u c t u r a l  

components such a s  the  transverse gi rders .  The measure of 

mer i t  of Buxton's study is the  weight minimization. 

Lund and Moe (9)  have developed a general  method of 

optimization based on a non-linear programing procedure with 

spec ia l  emphasis on longi tudinal  s t r e n g ~ h  members of tankers. 

The f r e e  design var iab les  of t h a t  study a r e  spacing ,of deck 

and s i de  longi tudinals ,  thickness of p l a t e s  i n  deck and 

bottom, and sec t ion  moduli of deck and bottom longitudinals .  

The study takes  i n t o  account varying level8  of wages, s t e e l  

pr ices  a s  wel l  a s  d i f f e r en t  types of s t e e l .  In a more recent  

development , Moe ( 5 0 )  recognized the  weakness in disregarding 

the coupling which e x i s t s  between the design of the longitu-  

d ina l  members and what he ca l l ed  the  three-dimensional g r i l l a g e  

system consis t ing of t ransverse  and longi tudinal  frames. He 

then prevented an approach for optimizing a se lected topology 

of a cargo tank of a tanker taking i n t o  account a s  many a s  

twelve f r e e  design variables.  

Aldwinkel (1) outl ined an ana lys i s  f o r  computer-aided 

s t r u c t u r a l  design of bulk c a r r i e r s  using the  LR ru les .  He 

has preferred t o  publish many output r e s u l t s  f o r  d i f f e r en t  
I parametric var ia t ionp of the  p r inc ipa l  dimensions, than t o  

optimize using a welb-defined measure of meri t .  



I n  t h e  area  of bas ic  sh ip  design which forms the back- 

ground of the  present study, Nowacki , Brusis  and Swift  (11) , 
have explored two optimization techniques f o r  tankers  prelimi- 

nary design, One of these  techniques is  adapted i n  the  present  

research. 

From a l l  t he  foregoing and o ther  work done i n  t h i s  area  

by Benford (2) ,  one can see  the  need f o r  a r a t i ona l ,  consis tent  

and in tegrated approach i n  shxp design, t o  evaluate  d i f f e r en t  

a l t e rna t i ve s  using sound c r i t e r i a ,  

In  f a c t ,  t h i s  lenghy h i s t o r i c a l  review pu ts  the  reader  

where the  present  study e ta r te .  Thus, the study i e  s continu- 

a t i o n  of the  research outl ined i n  the  review but a l s o  imple- 

ments research of othes  repor t s  which w i l l  be r e f e r r ed  t o  

wherever uved i n  t h i s  paper, 

SCOPE AM) BACKGROUND 

The general  problem which forms the domain of t he  

s t r u c t u r a l  study i s  i l l u s t r a t e d  i n  Figure 1. The char t  shown 

may be m r e  complicated than those used i n  conventional 

design offices but is t yp i ca l  t o  the modeling formulation 

of  advanced work a s  i n  research centers. One may note here 

t h e  in terference *At e x i s t s  between the  s t r u c t u r a l  design 
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and many other  aspects  of sh ip  design. I n  the  pas t ,  d i f f i -  

c u l t i e s  from such interference were tackled by going i n to  

design loops using emperical formulas. Now, t he  computer 

would o f f e r  a more comprehensive approach. 

With respect  t o  the  s t r u c t u r a l  design, Figure 2 shows 

a flow char t  f o r  s t eps  which have been done i n  t h i s  study. 

The broken l i ne8  ind ica te  some work l e f t  f o r  a f u t u r e  develop- 

ment. Thus, one can correct  inc3ccuracy i n  t he  preliminary 

design so lu t ion  due t o  the  use of conventional weight and/or 

cost  est imation techniques by introducing the  output of t h e  

e t r u c t w a l  design solution.  Eventually, f inding t h e  optimum 

eolution of  a s t ruc tu r a l  problem is the  major t ask  of t h i a  

~ e s e a r c h ,  

PROBLEM FORMULAT TON 

The optimum solut ion of the  s t r u c t u r a l  problem, is t h e  

best  s e t  of design var iab les  according t o  a specif ied measure 

of merit. Four of these  design var iab les  a r e  considered, and 

t h e i r  limits of va r i a t i on  a r e  assigned f o r  a Suez and Panama 

Canal bulk c a r r i e r ,  whose midship sect ion arrangement is 

ahown i n  Figure 3. 
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Xl , X2 , Xg md, X4 a r e  the  

des ign  variables o f  the 

structural optimization 

F i g .  3 Yidship Section Arrangement 



Design Variables 

1, Transverse frame spacing, X1 (inches) 

33.0 L x1 r 42.0 , 
2. Spacing of topside wing-tank sloping bulkhead longitu- 

dinale, X2 (inches) 

30 A X2 L 40 8 

3. Spacing of longitudinal8 in ship sides, X3 (inches) 

30 I X3 L 36 and 

4. Spacing of deck longitudinals, X4 (incheel 

30 L X4 h 40 , 

In addition to the limits which control the fluctuation 

of the design variables in search for the optimum solution, 

there are other constraints which aleo ensure proper stress 

limits and satisfy ABS rules as well as other practical con- 

siderations, Both of primary bending and shear stresses of 

the main hull girder are recognize2 as important factors in 

bulk carriers structural design, 

For the present optimization technique, the constraints 

must be expressed in a normalized form gilO. The following 

is a sumnary of all constraints considered : 

X1 - 1  " 
81 = 33 0, 



s M ~  - I 2 0 and 89 = q 

where % and S$ are rule section moduli to the bottom 

and top respectively; 

SMBC and SMTC are the corresponding calculated moduli; 

where T, = maximy practical deck thickness, inches;, 



T = calculated thickness of the  deck plat ing,  inches; 

where S1 = maximum calculated shearing s t r e s s  amidships, i n  

e t i l l  water condition, tons per square inch; 

S2 maximum calculated shearing s t r e s s  f o r  the gov- 

erning loading condition, tons per square inch and 

S3 = maximum calculated bending s t r e s s  i n  the still 

water condition, ton8 per equase inch, 
I 

Meaeure of Merit 

$he objective function f o r  the bptirnisertion process 

i a  coat,  weight or the required f r e igh t  rate, The Later 

c r i t e r ion  combinee e f feo ts  of the  weight and cost ae well  

a s  a change In  the  payload. 

The maximum weight has long been eought by sh ip  de- 

signers a s  a c r i t e r ion  f o r  optimization. The reason may be 

the f a c t  t h a t  it i simple and conventional, For high speed 

vessele and some t es of naval ships such a s  catamarans, I the  weight c r i t e r i  n can be Jus t i f ied  because o f  the need 
I 



t o  minimize displacement, hence increase the  deadweight/ 

displacement r a t i o .  

Wery shipyard probably has i t 8  own formulation f o r  

cost  modeling. A model would depend on many f ac to r s  some of 

which may not be re la ted  even t he  building operation i t s e l f .  

But f o r  t h e  purpose of t h e  present work, t h e  cost  model con- 

s i de r s  only those items which influence t he  production coat 

of  t h e  cargo holdst  s t r uc tu r a l  elements. 

Detailed cost  and weight modelo a r e  formulated. D i f -  

ferences among shipyardeg cost  est imates may be accounted 

f o r  by adjust ing t h e  cost  model input paxymetera. 

Mathematical Format 

The object ive  function can be expessed  i n  terms of  

the  deeign var iables  a s  : 

F = f ( X l ,  XZ,..., X , ) ,  n = 4 

The function F is  non-linear i n  most sh ip  s t ruc tu r a l  

optimization problems s imi la r  t o  t h e  present study. It is 

defined numerically r a the r  than i n  a mathewt ica l  form f o r  

which der ivat ives  a r e  obtainable. 

There are several 'd i rect  searcht  methods using d i g i t a l  

computers t o  f i n d  $he optimum of such unconstrained f'unction. 

The search is alwa$a done sequent ia l ly ,  exploit ing i n f ~ m a t ~ o n  



from previous t r i a l s ,  hence, reducing the computer time 

required. 

But i n  t h e  present case,  a s  well as many other  problems, 

the  design var iab les  a r e  subjected t o  iA.equality conste ints  

which can be wr i t t en  as : 

m 14 i n  t he  present  case. 

Now the  search f o r  the  optimum so lu t ion  would be l imi ted  

t o  t he  4-dimensional space domain bounded by the  14 equation8 

which a r e  explained i n  t h e  previous section.  The boundary of 

such domain i e  a l eo  non-linear i n  i ts  most common forme 

BOP euch conetrained problem t h a t  may a l s o  be subjected 

t o  equality conetra ints ,  Moe and Kavlie ( 8 )  introduced t h e  

use of a penalty funct ion t o  transform the  problem in to  a 

f o m a t  t h a t  i e  su i t ab l e  t o  be t rea ted  using t he  well-defined 

sequent ia l  unconstrained optimization techniques. 

Nowacki and h i s  co-workers (11) a t  the  University of 

Michigan, defined a new object  funct ion s imi la r  t o  Hoe's a8 : 

ri, = a paramaer  a hing zero i n  successive 

approx/imete st-. 



The above funct ion is  used successful ly  in connection 

with a d i r e c t  search method or ig inated by Hooke and Jeeves 

f o r  a tanker optimization study. It is a l s o  used i n  t h e  

present research a f t e r  a  s l i g h t  modification so  t h a t  t h e  

program w i l l  handle only in teger  values of t h e  design 

var iables .  

DESIGN PROCEDURE 

A s  pointed out e a r l i e r ,  t h e r e  is aq i n t e r ac t i on  between 

the  basic design problem and the  s t r u c t u r a l  optimization. But 

s ince  solving the first problem is beyond the  scope of t he  

preeent work, a r b i t r a r y  input 2s  used t o  carry out  the  s t ruc-  

tural optimization using r e s u l t s  of' a research by G i l f i l l a n  

( 7 ) ,  wherein he has invest igated t h e  p r inc ipa l  dimensions 

problem of a s imi la r  bulk ca r r i e r ,  A second group of t he  

input w i l l  epecif'y requirements and lSmitation5 such a s  a 

maximum p rac t i c a l  thickness of deck p la t ing ,  s lope o f  t he  

topside  and lower wing tank bulkheads, load i n t e n s i t i e s  and 

cost  parameters. 

A l l  midship sec t ion  s t r u c t u r a l  members a r e  designed t o  

s a t i e f y  t he  ABS r u l e  requirements but with d i f f e r en t  design 

c r i t e r i a .  An examqle, showing how the  s h e l l  p l a t i ng  th ickness  

is  calcula ted,  is diven i n  Figure 4. 



Top St ruc ture  . 
Have t o  balance t h e  
heavy s t r u c t u r e  of  
t h e  bottom 

Item No. Design C r i t e r i a  

hold loading 

2 , 3 , 4 , 5 , 6 , 1 0  l o c a l  loading 

12 , 13 , and 9 con t inu i ty  

7 , 8 , 1 1 , m d 9  proper ba;lauce 
_ _ . - I _ _ -  --- - 

between top  & bottom 

Bottom Structure 

Have t o  wiVisLmd t he  
worst loadiag  condition 

I 
(heavy i r o n  ore)  I 

Computer s torage  m a y s  : m a t e  thickness T[I],I=l,13 P l a t e  Width W I  

Fig.4 Design c r i t e r i a  of s h e l l  p l a t ing  



Before going fu r the r  i n  summarizing t he  design s t eps ,  

one may focus t he  a t t en t i on  on a problem of importance es- 

pecia l ly  when heavy cargoes a r e  intended t o  be ca r r ied  i n  

a l t e rna t e  holds. This problem is the  poait ion of the  h u l l  

g i rder  neu t ra l  axis. 

Posi t ion of the  Neutral Axis . .  

A c r i t i c a l  a rea  i n  t he  midship sect ion design is t h a t  

of the  upper f lange of t h e  h u l l  g i rder ,  I n  order t o  obta in  

a s a t i s f ac to ry  balance between bottom and.deck s t ruc tures ,  

the  ABS ru l e s  r e l a t e  the  sect ion modulus t o  t he  bottom SdB 

t o  t ha t  of the top SMT. The r u l e  requires  a 10% increase 

i n  SI$ over f+, f o r  bulk c a r r i e r s  l e s s  than 700 I t  long, 

Although the di f ference is not required fop ships  of 1000 f t  

i n  length and over,  in terpola t ion wouZd be used t o  find the  

percentage f o r  vesse l s  between 700 and 1000 f t .  Reasons 

behind such increase a r e  the  high secondary s t r e s se s  a t  the  

bottom due t o  heavy l o c a l  load i n t e n s i t i e s ;  and corrosion 

t h a t  would happen more rapidly i n  the  under-water port ion 

of t he  vesael. 

If the  scant l ings  of t he  midship sec t ion  a r e  assigned 

using secondary and t e r t i a r y  s t r e s se s  a s  c r i t e r i a ,  the bottom 

s t ruc ture  w i l l  be a m o s t  always heavier than t he  deck .s t ruct&e,  



The corresponding posi t ion of the  h u l l  g i rde r  neu t r a l  axiv 

w i l l  be even c lose r  t o  t h e  bottom than what the  ABS r u l e  does 

allow. 

Therefore, f o r  given scant l ings  of t h e  bottom s t ruc tu r e  

as determined from l o c a l  s t reng th  calcula t ions ,  one can mini- 

mize t h e  longi tudinal  mater ia l  by assigning t he  minimum height  

of t h e  neu t r a l  a x i s  above t h e  midship base-line, This proce- 

dure i a  unique i n  case of l a rge  hatch openings as i n  t he  case 

considered. 

After determining t he  posi t ion of the  neu t r a l  ax ia ,  

the  PalLowing eteps  a r e  carr ied  out f o r  each s e t  af the  

design var iablee  : 

1, Area, first and second moments of aPea about t h e  neu t r a l  

axia  are calculated ueing the  mfnimum ABS r u l e  require- 

ments f o r  l o c a l  s trength.  This is done f o r  each of t he  

longi tudinal ly  continuous members below and above t h e  

neu t r a l  a x i s  separately.  

2. If the  moment of area  of t he  bottom members is g r ea t e r  

than t h a t  of t he  top ,  t he  l a t t e r  w i l l  r ec  oive incremental 

adjuetments, which w i l l  achieve the  proper balance 

between t h e  Top and t h e  bottom f langes  of t he  hull, 

girder.  



3. The design of t ransverse  webs i n  t he  topside and lower 

wing tanks is then done according t o  a sub-optimieation 

process t o  wisely d i s t r i b u t e  t he  cross-sections area of 

each member between its web and flanges.  

COWUTER ANALYSIS 

A reader of t h i s  paper map not be qu i t e  f ami l i a r  with 

the  computer language, but it eimply consis te  of statements 

t h a t  give ins t ruc t ions  t o  t h e  machine, One may note here a 

resemblance between music and cornputel. programing f o r  both 

a r e  human l-agesr I n  mireic, a develapuent may be defined 

as the elaboration of a theme by rhythmia, harmonisl and 

melodic changes, 331 computer progrming our devekopmente 

a r e  ca l led  subroutines which a m  composed o f  statement6 and 

functione. The subroutines, as t h e  developments, are not 

very s ign i f ican t  unless they a r e  in tegrated together t o  

achieve ce r t a in  goals, 

Five subroutines a r e  wr i t t en  t o  divide t he  work of 

t h i s  study i n to  f i v e  individual  jobs. The following explains 

b r i e f l y  t h e  t ask  of every subroutine. 



Subroutine GEOMT 

This subroutine is  concerned wi th  t h e  geometric con- 

f i gu ra t i on  of t h e  midship section.  Figure 5 shows how GEOMT 

ca3culatea and s t o r e s  t h e  midship dimensions i n  s i ng l e  arrays.  

P r ac t i c a l  considerat ions a r e  implemented i n  t h e  construction 

of c e l l u l a r  u n i t s  i n  the  double bottom and the loca t ion  of 

the tank t op  knuckke. 

Subroutine SCANT 

The job assigned t o  t h i s  subroutine is  very s imi la r  t o  

what may be required from a prelimiitar'y s t r u c t u r a l  design 

group i n  a olaseical - type shipyard, The mein di f ference i s  

that the  time needed t o  do a complete midship sec t ion  calc- 

u la t ion  using e lec t ron ic  calculators i e  about 8 man-days, 

while SCANT perfomna the  same task  i n  few seconds. 

Af te r  ca lcula t ing t he  scant l ings  o f  a l l  midship sect ion 

s t r u c t u r a l  components, the  computer divides the  weight of t h e  

h u l l  mater ia l  amidships i n t o  3 main categor ies  : 

a )  Longitudinally continuous material .  

b) Transverse framing comprising f l o o r s ,  s i de  o r  web 

frames, and wing tanks '  transverses. 

c )  Other remaining weight items which a r e  not  a f fec ted  

by t he  design var iab les ,  hence can be determined 

emperically . 





Subroutine SUMT 

This subroutine c a r r i e s  the mathematical task  of t he  

optimization process by minimizing the object ive  funct ion 

and thus  f inding t he  optimum solution. 

Subroutine CONSTR 

If f o r  a s e t  of t h e  design var iab les  any of t he  14  

constraints, mentioned previously, is  viola ted;  CONSTH w i l l  

pick up t he  v io la ted  const ra int  and repor t  it t o  the sub- 

rout ine  SUMT which w i l l  br ing t h e  search f o r  t h e  optimum 

back t o  the  f ea s ib l e  s i de  of t h e  domain's boundary. 

Subroutine FUN 

The organization o f  FUN is  done so t h a t  i t  computes 

the required objective function which would be se lected f r o m  

t h e  ava i l ab le  options v ia  a code speci f ied ,  a s  an i n p u t  para- 

meter, by the computer program user. 

The following i s  a  b r ie f  summary of how the object ive  

function is  calcula ted : 

a )  The Minimum Weight Cr i t e r ion  

If the  weight is t o  be optimized, the  computer w i l l  

minimize a funct ion F which is  given by : 



F w = W - D  

where W = an estimated hull steel weight, 

D = W* + Tx - Wo - To 
Wx= weight of the longitudinally continuous 

material, tons, 

T,= weight of the traneverse framing systems, 

tons , * .  

W, and To ere the same as the above except that they 

ere those of an initial guess on the design variables. 

In fact, a slight inaccuracy in estimating W using 

emperikal methods will not affect, to any degree, the 

feaulte of the optimlaationo 

b) The Minimum Cost Criterion 

Steel material and labor coats are considered. The 

eteel labor cost may be divided into : - Coat of mounting and welding deck, bottom, side 

shell, sloping bulkheads and inner bottom longitu- 

dinal~ ; 

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

- Cost which is independent of the design variable6 
such aa blocking aad stagging. 

The objective f'unctim in this case is : 

F , = C - L D H I Z - B ( I D r ! W  



where C = An estimated i n i t i a l  cost  of the sh ip ,  8; 

LD = Decrease i n  labor  cost  from t h a t  calculated 

f o r  the i n i t i a l  guess on the design var iab les ;  

LF = Labor fac to r ; .  

MD = Decrease i n  the  mater ia l  coat  from t h a t  

calculated f o r  the i n i t i a l  guess, $ and 

MF = Material  factoP; 

The a s t e r i s k  ' i t  ' stand6 a s  a mul t ip l i ca t ion  sign. 

c )  RFR Cri te r ion  

In  t h i s  caae, the subroutine FUN s e t s  the  object ive  

function as : 

- Y + P ICRF - 15% - 251 
F~ - 

where Y = annual operating cos t ,  $; 

Po = i n i t i a l  cos t  correeponding t o  t he  i n i t i a l  

guess ; 

Co = cargo per year  f o r  the i n i t i a l  guess; 

N = number of round voyages per year ,  

CRF= cap i t a l  recovery f a c t o r  based on 15% 

y i e ld  and 25 years. 



The Program MAIN 

Thia program reads t h e  input data  which include i n i t i a l  

s t e p  width8 and e r r o r  tolerance needed f o r  t he  optimization 

process. 

Flow Chart 

Figure 6 shows the flow char t  of t h e  computer work. 

The main program c a l l s  t h e  subroutine GEOMT which ou t l ines  

t he  midship section. Main then c a l l s  SUMT which runs t he  

optimization process. SWT has  two main.rnechanim8, one t o  

t he  march  ins ide  t he  f e a s i b l e  space, and another t o  

f o r  t he  optimum, J t  c a l l s  CONST which i n  t u rn  ge t s  

alf  the required ecantlfhg from SCANT. CONST cheeks t he  

donstP&i&~ and if  one v io la ted ,  it w i l l ,  repor t  t h e  vio- 

l s t i on  t o  SUM@ which w i l l  bring t h e  eearoh back t o  t h e  

fees ib re  aide. If not ,  the search f o r  t h e  optimum would 

at& . 
The optimization loops a r e  continued u n t i l  t he  rniniaum 

value of t he  objective function is found. The computer w i l l  

then p r in t  out t h e  optimum s e t  of the  design variables.  





SAMPLE RESULTS 

The computer program wri t ten fo r  the bulk ca r r i e r s  

s t ruc tu ra l  optimization can be used t o  handle qu i te  a few 

problems i n  prac t ica l  applications a s  well a s  research and 

development, 
I .  

The r e su l t s  prevented here a r e  f o r  a Panama and Sue2 

Canal ca r r i e r ,  720 f t  long, 105 f t  i n  breadth, has 63 f t  

depth and 40 f t  draft .  The optimum value of the design 

variables a r e  shown i n  the following table ,  

TULP 1 

Opti,mun Values of the  Deeign Va~ iab lee  

- - 

Cri ter ion POP optfmizatiah 
Design variable 

Weilfht Coat WR 

The r e s u l t s  shown i n  t ab l e  1 do agree with log ica l  con- 

siderations. I n  general one can say tha t  the RFR optimum 



solut ion l i e s  somev~here between those of weight and cost  b ~ t  

much closer t o  the l a t e r .  The minimum weight c r i t e r ion  gives 

emaller values f o r  almost a l l  spacings of the s t i f f en ing  

systems and t h i s  is a well known fac t .  

The spacing of longitudinals i n  ship s ides  X3 converges 

t o  30 inches fo r  a l l  the optimization c r i t e r i a  considered, 

i.e., just  on a boundary of the aearch domain created by X3. 

This may be jus t i f ied  by the f a c t  tha t  an increase i n  X3 f o r  

the longitudinals below the neutral  axis ,  w i l l  lead t o  a 

heavier bottom s t ruc ture  which w i l l  consequently need more 

material i n  the top t o  balance it, The r e su l t  is a double 

increase i n  the weight which w i l l  penalize every of the three 

c r i t e f  i a  considered. . 

One may also note tha t  the spacing of the topside wing 

tank sloping bulkhead longitudinals 18 38 inches f o r  a l l  the  

c r i t e r i a .  This i e  not right on the eearch domain but is  

actual ly  the greates t  permissible value of X2 because the 

numbes of the longitudinals i s  an integer;  hence reducing it 

by one would bring the value of X2, which is a l so  an integer,  

outside the search domain. The explanation of such conver- 

gence m a y  be tha t  large spacing w i l l  lead t o  heavier cross- 

eectional area of the top s t ructure ,  which is needed t o  balance 

the heavier bottom flange of the  hu l l  g i rder ,  while it also 

decreases the  labor cost. The impact of these two ef fec t s  is 



good f o r  a l l  t he  c r i t e r i a  considered. I n  o ther  words, t h e  

material  which would be saved from decreasing X2 should go 

elsewhere i n  t he  top s t ruc tu r e  t o  obtain a s a t i s f ac to ry  top 

f lange a rea ,  hence, no gain i n  weight saving w i l l  be obtained, 

This would show t h a t  t he  optimization of separate  sh ip  pannels, 

by i t s e l f ,  is i n  some cases not very meaningful. 

SENSITIVIm STUDY 

I n  some cases, one may des i r e  t o  invest igate  t h e  e f f ec t  

of varying one design var iab le  on the  object ive  function,  

This would show the  magnitude by which t he  funct ion w i l l  be 

affected,  Two examples i l l u s t r a t i n g  the effect  of X1 var- 

i a t i on  on the  two a p t i n 5 ~  solut ions  obtained f o r  the weight 

and coat c r i t e r i a ,  as given i n  t a b l e  1, wf13 be dWcuseed, 

Ef'fect of Xx Variation on Weight 

I n  t he  present study, t he  weight of t he  holds port ion 

doeshat  include the  tranoverse bulkheads and hatch covers, 

because t he  weight of these  items i s  not a f fec ted ,  t o  a con- 

s iderable  degree, by the  design vafiables.  Thus t he  port ion 

of the ship  optimized is found t o  be about 50% of the  t o t a l '  

s t e e l  weight of the  hull .  



Figure 7 shows the  weight of t ransverses  versus f r b n e  

spacing, while Figure 8 shows the  va r i a t i on  of the  longitu-  

d ina l ly  continuous mater ia l ,  The net  r e s u l t  of combining 

these  two e f f e c t s  is given i n  Figure 9. It should be noted 

here that the  incremental weight change i n  Figure 9 is  calc- 

u la ted a s  a devia t ion from a design corresponding t o  an 

i n i t i a l  guess on the  design var iab les  wherein Xl is taken 

aa 36 inches. 

Effect  of XI Variat ion on Cost 

The reduction i n  the  t o t a l  production cost versus frame 

spacing is shown i n  Figure 10. The base-line is considered 

a t  a 30 inches spacing, i.e., i n  comparison with a vesse l  

vhose spacing is  30 inches. 

Two important th ings  can be l e a r n t  from F i w e  10. 

F i r s t l y ,  t he r e  a r e  two peaks e2ong t h e  curve but SUMT has 

picked the r i gh t  global- maxima i n  t he  op t in i sa t ion  process, 

Secondly, t h e  ABS rube frame spacing of 38 inches i s  close 

t o  t h e  optimum frame spacing according t o  t he  minjmum cost  

c r i t e r i on ,  
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CONCLUDING REMARKS 

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 ia done economically in such a way that permits it 

to handle variety of problems. 

Examples are the impact of environmental coneiderations 

on structural features of vessels and corresponding improve- 

ments or expansion in the classification.rules, One may 

mention hepe that, the project for the Suez Canal developing 

will allow a permissible draft of 67 ft while it is now only 

40 ft* This my lead t o  a need for a new class of ocean bulk 

carriers. The research presented in this paper will be help- 

full in developin& such new cl&e& 
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