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SYNOPSIS

In this paper an attempt is made to study the relative
econonics of a group of simllar merchant ships while in
thelr embryonic stage of preliminary design in order to
deternine the optimum ship.

Linear programming is proposed as a method of analysis,
and a digital computer is'suggestéd andwexpected to be used
for the solution of the_ﬁi@al‘equ&tions of the problem at
hand. The equations deveioped herein5are general, In order
to cover as many phases and variatioﬁs‘of a ship's design
and operation as possipie,' Thus, for each particular
design problem, these'expressions should be nodified to
correspond to the requirements and specifications set forth
by the shipowner requesting that design.

No attempt is made here to translate the problem into

a computer language for the final computations.
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QUTLING

The work 18 presented in a sequence which 1s dictated
by the loglical execution of the steps necessary to fulfill
the purpose of this papor;

The main objective of this analysis ls to determine
one ship ‘A*J which will meet twq major requirements, The
ship should bave characteristics that:

1. will meet the owner's specifications concerning
: deadweight.

2. will render itself the most profitable ship
posaible.

Actually, the second requirement is implied in the first.
Neverthelesa, we can clarify matters considerably if we
distinguish between them and label the first one the Design
part and the second the Economics part of our analysis,
Noreover, it is obvious that both parts are inter-related
since they hawve the ship characteristics as a common varisble.
But for a specified deadweight, the Design part governms,
because the ecomomically optimal characteristics might not
aétisty the demands for the storage of the deadweight.
Therefore, the Design part should be treated first, How-
ever since some theory and explanations will be necessary,
the subject matter is presented in the following order.

In the first section, linear programming is explained
and the necessary general eQuations are derived.

In the second section, the Design part and the use of
the computer are introduced, and the accumulation of data
is described.



In the last section, the Economiocs part is used to
determine the optimum ship according to equations derived
in the first part and to results obtained in the second.

General remarks are occasionally made.
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LINTRODUCTION

A naval architect who is confronted with the design of
a new ship can use a few basic equations and arrive at a
set of characteristics for a ship which will meet the
owner's specified requirements. However, by varying
(within limits) one or more of these characteristics, and
there is no reason as to why he could not or should not, he
can obtain 2 new set of dimensions defining another ship
which will again meet the initlal owner's requirements,
Obviously then, he can propose many designs, a whole group
of ships that can do the same Job. Assuming now bthat all
these ships are feasible as far as their construction and
operations are concerned, which ship should he propose to
he built as the best one? Analyzing the group of all the
different feasible ships, he should be able %o choose one
as the optimum, judged by certain criteriom either of
cconomics or performance, or both. JSupposinz that he is
to design a merchant shipiyﬁ6§§‘economics is more important
than performance, stabilit;wcharacteristics% for example,
the optimun vessel from his group of ships will be that
which will meet the architect's ecoromic criterion to the
highest degree. Now, what technique can he employ, and
what economic criterion can he use to arrive at his choice
of the optimum ship?

O0f course, a long-hand detailed economic analysis

based on some criterion, the capital recovery factcr, for



inastacco, can amways be cermiod out whish will a® the end
produce Bhs opbimuw ship. However, considering the oumber

of feasible ships of the proposed group, Ghis process in
tedious and involves a great auount of paper work, Ther:fore,
it is deglrable that ancther method be employed for carrying
ous this detailed snalysis. The new method should giva

g

satisfactery results with a ninimum amount of work aia ¢oSt.
One of the techniques that might answer Hhese denands
iy linesy programming, This method, as appiied to the
design, couatruction and operations of the shins, iz not in
itsel? simple. Nevertheless, it can be usel Lo snalyze the
shipping business accurately and efficiently, because it
can be programmized and pub through a digital computer which
will give Lhe proper answer after a reasonable amount of
pime and, as will be shown labter, with a reasonable cost.

. (R

Corsidering these advantages of linear pregramming, that is,

)

its accuracy and wide range c¢f analysis, the anount of ttime,
and the comparatively small ameunt of manual woerk and cosd
requirved, we shall develop linesr progromming in such o uay

that 1% can be used in the field of Naval Architectures.



PART I

1, LINEAR FROGRAMMING

Linear programming, in general, as the name implies
treats only linear functions, and is a mathematical method
which can be used to meximize or minimize a given function
whose variables are subject to a set of comstraints in the
form of inequalities. A typical mathematical problem solved
by linear programming can be stated as follows:

Maximize or minimize the function

f=0.X;, + 0 X5 + Cxkz + v o o ¢ engn ' (1)
subject to

allxl"‘alzxa'.'al;xa"o . .+&1nX#<a‘
32111 + a222é + a23x3 PN +-§2n;n'$ e,

00000090 C0 QR PCCRICOENNSNOSOSGOIPTOIOSTOLOIGROSIOSGLDOEDS (2)

amlxl + 8 X, +~am313 + o e o 4 amn;i £ &y

shere |

8ll c¢'s, a's and €'s are cmnbreints

and X's are the variables.
Weak inequalities are acceptable. (2)¢

The mathematical solution and proof of linear programming

will not be given here as being outside the scope of this
paper. However, it should be noted at this point, that one
condition for this problem to have a solution is that all
varisbles included in equation (1) and the set of inequali-
ties (2) should be non-negative, that is, they can assume

any positive value or else dbe zero.

* Numbers in parentheses refer to bibliography at the end of
this paper.



In economics, linear programming is used to determine
the optimum produstion conditions and output levels pertinent
to free enterprise systems and purely competitive firms.
Whenever, there is a variety of processes that a firm can
use to producse a certain good, limear programming analysis
is the best adaptable one for determining the most economical
process and the most profitable, the optimum, level of output
of that good.

The method is primarily based on the neoclassical
theory of the firm, that is, the marginal anglysis of the
firm, and in most cases ignores the quality of the product,
assuming it to be the same for the outputs of all the availe
able processes., More about this analysis will,bé said later,
when some of the concepts involved will be defined and
explained. At this point, we may add that for an economics
problem equatiou(l) ies usually the oriterion of profitability
of a process and the system of inequalities (2) expresses
the input constraints as is explained later. (/e shall
proceed with the introduction of the method in Nawval
Architecture by defining some related concepts of linear
programming.

LR 2R XX X ]

2. DEPINITIONS

A "process" 1s defined as a particular method for
manufacturing a certain product by using definite quantities
of a number of inputs, The distinetion between processes

of a production program is based on the fact that both the



quantities of each input used in the production of ome unit
of output, and the numbexr of inputs utilized in each process
are characteristic of that process. This leads to the
definition of the "unit productivity" of each input des-
ignated by aia, as the quantity of the 1 ipput absorbed in
the production of one unlt of output of the J process.
Thus, knowing the process J we know aid, and vice versa,

In Naval Architecture, however, and in this paper,
the above definition of a process should and will be modified,
e define as a process, any ship J whiéh will have definite
characteristics for a certain dieplaceﬁent 153. Here the
total displacement of a ship has been ohosen as the output,
each long ton being the unit of that output. Hence, the
unit productivities will be expressed as the amount of the
inputs absorbed in the production of one long ton of total
displacement, Since linear programming determines not only
the optimum process bul also the optimum level of its eulput, we
shall manipulate the total displacement of a (roup of ships
and determine the optimum one to satlsfy the owner's
requirements. ILater in the paper, we shall elaborate further

on our choice of the displacement as an output.

ShErRSRE Rk

3. DESIGN CONSIDERATIONS

Any production rrogram implies thdt there is substitution
of inputs between processes, but there is no such substitution
between the inputs of the same process. This implication

has a number of consequences in our analysis, the most



important of them being the fact that we cannot compare

two identical ships, one having a geared turbine instal-
lation and the other a diesel, in order to determine the
merits and profitadbility of each installation, This is so
because the two idemtical ships with different machinery
units are two different products, two differemnt outputs.

The fact, however, that these two ships are considered as
two different products, sugzests the following method of
comparison, if at all desired, between the diesel and the
stean turbine. Ve can set up two linear programs, one for
each ship, having among their inputs, the first a steam
turbine unit productivity and the second a diesel. Then
following the steps outlined tn this paper, we 6an determine
the optimum ship with the dissel installation and the optimum
one with the steam turbine, These two ships will probably
be of different characteristics, Next, we can compare these
two ships by using an economic criterion, like the capital
recovery factor, and determine which of the two is the most
profitable. This same method cam be followed when other
ninor features are to be investizated and compared. With
the same token, we éannot oompare a steel ship with am
identical aluminum one. Bowever, we will always arrive at
the optimal ship, in cases like the ones mentioned above,
by using two or more linear programs, since we are really
talking about two different products or outputs, as far as
linear programming is concerned.



4, THE MOD

With this background, we can now list some of the
variables and the parameters of linear programming, as
defined and related in a Naval Architecture economics problem
of designing and operating s merchant ship.

Assume that the prodblem involves the analysis of
conbining i different imputs and producing § different ships,

VARTABLES |

I, « the number of dollars invested by the owner in
bis J ship. |

¢4 = the munber of dollars' worth of cost incurred
amually by the owner in his J ship.

pa = the number of dollars®! worth of net profit sarned
eunually by the owner in his § ship.

U;) = the numbar of ical units of pay-load capsoity
rented annually by the owner in his J ship.

::1.‘,I e the number of physical units of the i input used
gy sgi shipy for constructing the owner's
De

PARAMETERS

agq = the unit productivity of the i input defined
as the nunber of physical units of the 1
input absorbed per physical unit of total
displacement of the J ship, a parameter
not to be manipulated.

M, = the price of a unit of the 1 input, not to be
i manipulated,

n 0" the price of a unit of the pay~load ecapacity,
cargo rate, not to be manipulated.

A 4" the number of physical units of total displace-
nent of the J ship, a parameter to bde
nanipulated.

T3 = the mmber of round tripe of the J ship per year.



a}lle

Then for each ehip we cun write the follouing equations.
1. JInvestment equation: (Construction or mamufacturing costs).

13 - (“{ 'x;_s') go«r 5: ‘.7.... m. (3)

Iater this oqnationt;.e somewhat modified in oxrder to cerrespond
to the shipyard bill for the comstruction of the vessel, The
shipyard bil) is a part of the cost treakdoun which is widely
used today.

2., Cost equation: (Average amumal operating costa).
CS = tﬁ( Z:(SHP)S ¥ Z‘(A)s * C ) 5-:&,2’...'1\ @)

where ¢ covers miscellaneous expenses,

3. Income equation: (Average annual income),
Income = M, O (5)

c‘s - Cc (A - A\v‘s“‘) 3: &‘2,...'!1 (6)
where Oo is the capacity coefficient.
4, Profits equation:

N ?
P:) = \'\.O'j - Cs A\ \,‘z,...‘\"\
5. Input-output equation:
. Lz A,z,... m
Xiy = Ry As =42, m (®)

Theee basic equatioms will later enable us to formlate
the equations necessary for cur analysis, We shall start
with our input Belationships.



5. IEFUTS

As inputs we shall consider the strustural material
of the ship, all measured in long tons, ss shown in
TABLE 1, below. ,

TABLE 1 Inputs.

T Input item Subseript Designation
Construction Steel 1 WB
e :
S g 3 -
Machinery Materials 4 Wn

It is important to emphasize that the man-hours and the
machine-hours which will be required for the comstruction
of the J ship should de included here as inputs. Howsver,
in order to reduce the number of our equations and thexefore
the number of solutions for a given number of displacements
to be analyzed, we omit these two items from the group of
inputs, and we Include their costs instead in the cost of
the four inputs above as § per ton of each material.



CONSTRA INTS

According to equation (4) the optimum ship J will
absorb a gquantity aMAJ of oach input i. The utilised
amount of any input, however, is limited for at least two
reasons,

Pirst, there might be practical limitations. for
instance, the amount of steel required to construct a ship
a mile long might be purchased, bhutwe Just cannot build a
ship a mile long, Hence, we have to limit the amount of
steal to be used to some reasonable quantity,.dgternined,
with a good margin, from similar existing ships.

Second, there might be "fixed plant" limitations, If,
for example, there is only one welding machine in a shipyard,
we cannot count but to use only one machine-hour per hour.
Or 1f the size of a dry dook limits the eize of a ship that
can be built im it, it limits the amount of the inputs, If,
rurther; the steel mills are on strike, the avallable quantity
of steel that a shipyard can purchase is perhaps only 5,000
long tons, in spite of the fact that the shipyard might have
a pending comnstruction contract calling for 10,000 tons of
steel,

In our study, although we can assume that a shipyard
can employ at any time all the needed man-power, supply the
machinery, and purohase-ths necessary quantities of each
input, we are still forced to ﬁiaee an uprer limit on sil
our inputs, Of course, a naval architect does not carry out

a cost atudy for a shipyard, when designing a ship, in order



-~y

to worry about the yard's practices. Nevertheless, in this
type of study, we should conscern ourselves with‘shipyard
‘techniques and capacities so thabt we may take full advantage
of then when we linit the inputs.

filnce these limits ahould not necessarily be exact,
experience is a good guide to the naval architest. That is,
if he bas a "hunch" that the optimum ship will require, say
abrut 5,000 tons of steel he can safely assign 7,000 tons
er. an upper limit for the steel input, Actually, he may, in
tals case, assign with his pleasure,the amount of 200,060
tms of steel. This will not affect his analysis, as will
e explained in the discussion of the disposal process,
'scause he may very wall assume that the shipyard can eeli
‘he extra steel with no loss at all on its part in the
,ransactions. Actually, the shipyard never hought the steel
;hat the architect worries about,

Thué,-we may say that for the optimum ship, the welght
»f steel, hull outfitting, hull engineering, and machinexry
should be leas or.at most equal to the available or specified
‘uantities of W, W, , Wy, W,, respectively. Equation ¢.))
taen becomoa'

YN A

an By +aypfy t o 0. +ay J*Wo- (9)

351111 + 3321&2 + o 0 ¢ + 333153 S; We
< Uy

The inequalities of system (9) are the input constraints
to ‘vich the criterion of profitability is subject.



7. DISFOSAL PROCESS

For a geometric solution of linear programming, the
inequalities expressing the input counstraints are very easy
to handle, However, for an algebralc solution these ilnequal-
ities complicate matters considerably, and it would be desirable
$0 have them transformed into equalities. The introduction
of the disposal processes will make such a transformation
possible.

The disposal process can be definsd as a process whieh
has one input and no output at all. ITet this process be
designated by S (delta). Then, delta represente the quantity
of the i input disposed of as waste or idling material not
utilized for the production of the optimum quantity of the
output. It is equal to the difference of the initially
gpecified quantity of the i input and the amount absorbed by
the output of the optimum process.

Generally, it is assumed that the disposal process has
only a certain cost attached to it, and no profit. The cost
is taken to be equal to the value of the input to be disposed
of, and is given by the expression:

C(_\\«"\) = Ny xi.(vwi.) (10)

If linear programming is applied to a firm with a fixed
plant, the disposal process might include idling man~power
or madhinery, and in this case the cost of this process
should be carefully considered. In our problem, however, we
can assume that a shipyard can employ only the needed man-
power and purchase exactly the necessary amount (with an
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allowance for scrap and losses) of the input materials to be
utilized for the construction of the optimum ship, Therefore,
we can ignore the coat of this disposal process enbirely, and
we only use the concept for the sake of the equalities,

SOPEEBRRNS

Introducing the disposal process > 4 into systeam (9)
we obtain the following equations:
an By tap Byt ray by $,-v,
858 + 8D, 4 4ee + aac‘lAd + 52 =¥
'a51A1+a32A2+...+a.ﬁAdv+ 33-% (1)
a#lAl + 85 AZ + oo + 3.45 AJ + 84 = Wn
where
ai.'! = unit productivity of the i inmput,
3, # disposed quantity of the i input in long toms,
AJ = output, the total displacement, to be manipulated.
i <1, 2, 3, 4,
J =1,2, «.. 3%
From mathematics, in addition to the comditions stabed
previously, the system (11), in order to have a solution,
should be 2 nondegenerate one,

Vhen linear programming is applied in Naval Architecture,
it has a peculiar and important characte:iatie which should
be brought out at this point. This characteristic is the
relation between the output and the unit productivity of
each input. Usually, when the levei of output for each



process is speocified, the quantities of each input absorbed
by that output ere also specified. For example, if a
television set requires only one amplifier, the unit
productivity of amplifiers is one (1) and a simple statement
that @ firm profuces one thousand television sets per month
automatically mesns that a firm uses one thousand amplifiera
per nonth, In Naval Architectures, howsver, a similar state-
mont is almost meaningless, because by knowing the displace-
ment, that is the output, we do not know the quantity of

the inputs adsorbed by that displacement unless we know the
characteristios of the ship., For instance, the steel and
the machinery weights of a ship depend on the cubic number
ami the shaft horsepower of that ship., By knowing only the
total displecement of that ship, we have no idea what these
two ltems will de at all,

At this point, we can draw an important conclusion,
that is, when we calculate the unit productivity 313 in the
next section, we must express them in terms of ship character~
istics rather than total displacements.

A consegquence of the rélationahipa between the total
displacement and the ship construction materials will de
taken up in section 10, This consequence affects the
method of solution of equation (11) and will be better
understood if the expressions for the individual unit
produstivities are derived first,



‘n ovdsr to solve system (11), we must compute the

EPARAT productivity aidfor each of the four inputs,

9.1 TFor the First Input, §$l

Considering the firgt input, the construction steel,aij

is the number of tons of steel per ton of total dlsplacement,
By definition then,

aid .. Weight of steel ﬁg _ (12)
Displacement A

The steel weight of a ship is conveniently calculated for
our purposes by the oubic number method, A similar ship is
selected and the steel weight coefficient is calculated.
Then the hull steel weight of the proposed shlp 1s computed
and corrected for any differences in dimensions and construc-
tion between the proposad ship and the existing similar one.
For the calculations we can use either an averall weight
coefficlent or one for The main hull and one for the kuparu
struoture, depending on the degree of simllarity between the
two shipe, and also om the accuracy desired. For our
comparative purposes of the similar ships, however, an overall
steel weight coefficient will give satisfactory results., It
should be emphasized that Telfer's or any other method of
steel weight calculations could be used equally well.

Hence, the steel weight of fhe hull is:

W5 = CS % ch % CL/p » LBD (13)

\oo



where

C_ = stesl weight coefficient determined from a
8 similar ship called basis ship.

C ol correction faotor for block coefficient
b differences.

CL /= correotion fasctor for L/D ratio differences.

‘he 1last two correction factors are:

C - G +0.5Cu)p

C ~ (Tvo5C)0

¢ _V(L/D)} o o
%1 (W) |

tihere subscripts p and b refer to proposed design and basis
ship respectively.
The displacement /\ is given by:

_ LBdCe
A = 3s

Substituting A we obbain:

| L8 p
i Cs* Ceo» Cypp™ Too
N Led Ce
38

35 Cy+ Cch" Cypu L B89
\oo LBa Cy, ‘

i

For the J ship:

(tx0.5 Co)pj \’(L/P)Pj .
35 Cs (1x0.5Cu)b " /)b by By D (14)
loo Ly By dj Cy

G.Qs =



Now if we use the following designations for the J ship
of a fanmily:

-—\é:-: M\S
X S
Ds e
_-u.a lL
a1 3

equation (14) becomes:

(1+0.5 Cu)pi g\’ (Lrodes | Ly
35 Cg¢ 0*0~5Cb)b (L/D)\, * ZQT;;

Q&S: =
Ly Ea
o
(1+0.5 Co)®s \, (L/D)pj
Qs 0.35 Cs ai (14 0.5Cuw ¥ (Ypbe (15)
: \Lzs Cey

Equation (15), hence, is the expression of the unit product-
ivity of the first input for any ship J.

Tquation (15) will be applicable when the structure of
tha ship 1s to be built only out of stesl. In cases where
it is desirable to use aluminum for the superstructure, we
should include aluminum a8 a fifth input, with a unit
productivity of aﬁd' The weight of aluminum to be absorbed
by any ship J will be a function of the cubic number of the
superstructure of that ship. Assuming similar supersiructures
for all shirs, we can caleulate a coefficieant for the
aluninum weight from a basis ship, and express the quantity
of alumirum to be absorbed dy a ship J as a fuuction of
that ccefficient and the cublc number‘of superstructure of
the § ship. In faet, this breakdown could be used for steel

ships also, where more accuracy is desired.
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9.2 For the Jecond Imput, 8

Considering next the second inpubt, the hull outfitting
naterials, by definition we have:
Welght of hull outfitéing materials i

i ©

%25 ~ (16)

N
i

Total displacement
The welght of hull outfitting is assumed o be a function of
the cubic number and the total number of persons adoard the

ship, ox:
W, = CortBD , c. P, (17)
\o

where

Oo « outfitting weight coefficient, determined from a
basis ship.

Omoa an estimated coofficient giving the outfitting
weight per person, and

P% = total number of persons aboard the ship.

| The total number of persons aboard the ship includes
both passengers and crew, The number of passengers Nﬁ Tor
a particulor family of ships, can be expresssd in toras of
their diSplacement.(lo) By assigning a cervain nurier of
passengers to a prototyps ship, we can assume that ij Lox
any other ship of the same family will vavry in some fashion
with L, like lha, for instance. PFor a passenger-cargo
ship, the variatiom of the number of passengers with the
total displacement-l.ccA -will be similar to the one shown
in Fig. 1.(10) Since the relation will be linear, we can
N\o:\ = Cz (Ab)

write:
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FPig. 1 TNumber of passengers for passenger

and passenger-cargo vessels
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D8 S8enger-cargo shipa.(1°)
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By substitution, the previous equation becomes:

Vi = C, 3 Cui :
3S tqs ay
where 02 should be computed from the curve of Np versus A .
The number of crew N,» on the other hand, depends on the
S H P of the ship, the deck ares, and the number of passecngers
aboard. N, then inoludes, (a) engine hands N, (b) deck

hands N;, (¢) staff N,, and (4) stewards Ny, or

ch = Nea- + Ndd + NOJ + Nsd (18)

The number of hands of each department, in the form of an
equation, can be obtained as follows:
| - For the engine roomn,

For the deck,

Por the gtaff,

For the stewards,
Appropriate functions fl, r2, fB’ and f4 are found {iom data
on existing similar ships, and for passenger and passenger-
cargo vessels the corresponding graphs are shown in
Figuves 2, 3, 4, and 5.

Bor illustrative purposes, these graphs were programmiged

and fed into the IHM 704 computer of the University of
Miohigan, with the instructions that the computsr will derive

equations to £it each curve. The results are shown next.
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The equations which the computer produced are the following:

Ne =-123.48 « 58.3(8uP)"*° 2 55 (sue)™® (19)
N =-97.6 +23.3( B)o's)- 3.85 x10°(Lxp)"* | (20) |
N, =-22.73 + 127035 (Ng} - 436 (D) s Lae(0pY % (o1
Vs=- 518 x 34as]| (Np)'o's + 26.6 (Ms)ms (22)

Returning to equation (17), we can write:
&
\No = Co - L\oZ <+ C\QCDV * Mc)

or
Sy Ve +
e Co mmmm DR VIREE VIER V)
W, = Commopn + C Ve + Ve 4 )
Upon substitution, and for the J ship, this becomes:

Cs 2; Cug
Woz o td C |C, =3 b8 L B LB ) 4
"7 oo by by oLy Qﬁ (sweds » (L5 83)

C L C\as
v ({28 ) 4 £, ( )‘X
35 J Gy “as Y"\“"‘)

Pinally acoording %o eguation (16) 823 =—-Y-Q&°—, BExpressing A

in terms of dimensional characteristics and dividing cach

term separately, we obtain:

. _035C. ks, 35GL. by i Cvos) Gy Loy
Cqy = ¥ - 14 - §, (sue
@ Lei Coj gy Ce} QS"‘:&‘& \3; oy ( )3

oth Vay g“( cw“ti €.} . Q(C;_L; Cui )

B Coy By Cui 38 & Ly

C\otts | 29 c Ce Lg Cy,g »
3
Ly Cuy 3L, Uy (=3)
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Cancellation of equal characteristics in some of the
ahove terms, has been purposely omitted in order toc save
the generaiity of the equation, for C,, might not aluays be
a constant coefficient. Note also, that in some cases,of
ship design, some or all of the categories of crew hands
might be kept constamt without serious error. The terms,
then, of the final equation are somewhat simplified.

Bquation (23), thus, is the unit productivity 8y OF
the second input, that of the hull outfitting,materiala.

BREIREDEES S

9,5 For the Third Input, 8z

For the unit productivity of the third input, the hull
engineering materials, by definitlon we have:
Hull enginecering materials
333 = = .-\{-o-e— (24.)
Total displacement A
The welght of hull engineering materials is assumed to be
a function of the cubic number of the ship, or
1 |
We- = e * L;QQ

where G = hull engineering weight coefticient, determined
from a basis ship.

Subatituting the expressiona for the engineering weight and
the displacemnnt in equation (24), we obtain:

Oy = 235 Ce L B D5
LiBjdj Cuy

oY

o, : 0.35 Ce D1
a3 Cuy

v.



which becomes

C1 .- 0.35 C‘ kas
3 - sz_b Cbs
Bquation (25) gives the unit productivity of the third input,
the hull engineering weight.

BB RRG TR

(25)

9.4 For the Fourth Input, a“i.

For the machinery materials we define 343 a3 the total
machinery weight per tor of total displacement. This
machinery weight could include not only the main propulsion
units, but also all auxilliaries such as equipment for hotel
services, refrigeration, heating and ventilation, etc.

The latter group depends, of course, on the number of
persons aboard the ship and may be accounted for by the use
of a coefficient. Hence,
Welght of machinery
) Total displacement

84 + OyFy (26)

vhere 04, a coefficlent, is to be empirically determined,
gee TABLE 2,
Pf is the number of persons served.
The vieight of machinery is a function of the shaft
horsepower required for the propulsion of the ship. As
such, it is quite accurately given by:

SH P
WW\ = 242 J\oao 27)

VY P
100 & {28)

or

Ww\ = {6S « %\*



o - e {10
TABLE 2. Aversge Fuel Coonsumption Rataes " )

Passenger ships:

For propulsion purposes 0,48 1bs/8 B 2 ucur
For hotel services 1.29 1bs/3 H P hour

Passenser~cargo vessels:

propulsion purposes
hotel services
refrigeration

cargo handling in ports

T

General cargo ships:

For propulsion purpos .52 1bs/8 H P hous
For others uam@ 28 PASLENYRN-CATHo

O SR}
3nins

For propulsion purposes 0.5 1vs/3 H P roux

Ore carriers:

for propulsion purposes 8,52 1lbs/S H P houw

UMIT WAEIGHT OF MACHINERY FoR NOTEL-
seevces,

Cq = 0.185 ts D.1S3  ‘tomws /\-:&',»rso«-.

VQ(:“MS w.\“a s\vzg o¥ \c\aMl’t
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depending on the type of machinery to be imstalled.
Bquation (27) gives the weight of a steam turbine installation,
whereas equation (28) gives that of a dilesel. For the moment,
let us say that

Wm = O x :S(S H P)
vwhore G! could be a coefficient for equation (27) or (28).

The S H P, next, is a function of the effective horse-
pover, E H P, and will vary for each hull. Uith an appropriate
propulsive coefficient, (P.C.) we can write:

SHP=(P,C.)EHRP
where (P.C.) will depcnd on the type and bull of the
analyzed ship.

The § E P should now be considered. The experimental
results of model tests are the only sources from which data
for the B H P calculations can be obtained. The two main
test data generally used ars those of Taylor for twin serew
vesgsels and those bf Series-60 for single screw hulls. Ior
each design problem the resistance data pertinent to the
design hull should be used. For either twin or single
screw vessels the E H P is given by:

EEP=C;x8xV)xCy (29)

where
“05 = 2 constant = 0.00438 x Py
S the vetted surface of the vessel, and
Oy

the totzl resistanoe'coéfficiant a8 determined
fron the model test data.

The wetted surface, using Taylor's expression is:

S = cs * JA'LW\. = CS v la@_-\.‘.) (50>

n
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winlre

Cg = the wetted surface coefficient, and

L' = (i, - 1), assumed constant for all ships.

Oa varies with the mid-ship section coefficientlcm and the

beam-draft ratio. For our analysis, however, without serious

error we can assume a value of G = 0,95, which is an

average for the hulls used for merchant ships, and express
ca as a function of the beam-draft ratio, Again for

‘illustrative purposes, the values for wetted surface coef-

ficients at Cy = 0.95 end different beam to draft
were read ort(la) and plotted as shown in PFig, 6.
faired points were then programmized accordinsg %o

stepwise regression method, and equation (31) wos
& a\~4
= 2.4S +0.0014( D 448 -—)
Ce (‘J) N (a

The calculation of C., on the other hand, 1s

ratios.,
The

the

ohtained.

(31)

one of the

most tedious steps of tiis anslysis, Since everything has
to be programmized for the computer in the form of equations,

C, must be expressed as & function of some variables for

each family of ships, so that the computer cem calculate

the appropriate value of Gt,for each ship of that

family.

The total resistance coefficlent Cys following Froude's
method, i the sum of the friction resistance coefficient
Cyy the residual reslstance coerfioienx,cr, and a flat

roughness allowances, or

Otu0£+0r+0“.

(323

C, is taken as 4 x 10™" in acoordemce with the ATIC 1947

recommsendations,
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fTa. G WE'\‘*eo\ Suv-(\a.ce. C.os,f—‘?'tc'iemlr C‘,
qt CV\'I - O- %502)

2.7

2.10f

2.68

q 2.664

2.64 ¢

2.62¢

(1

1

() 3 3 X 1 1.
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Cf in the form of am equation can be obtained by any
formulation, and for this work that of Prandtl and

von Kdrmdn has been chosen because of its simplicity. Hence,

\
C. = 0.072 (.':’..'.‘:!i‘.-.)-g
¥ v

or

N
hY
N
-

i
Cs = o.ovzﬁ-GSSVu(ug)]“‘é
f L > |

v = the speed of the g&p in feet per second,
Vk = the speed of the ship in knots,
LWL = the length of the load waterline in feet,

L' = an estimated difference between L., and I,
constant for all ships of a fatilly, and

VY" = the kinematic viscosity of either salt or
fresh water.

Now for the determination of cr, in order to be more

specific in our discussion, let us distingulsh two cases,
that of o simgle and

e.g.,kthat of a twin screw hull. iie shall carry our the
analysis for only twin screw vessels using Taylor's datsz,
with the understanding that the general stutements made aboub
twin screw ships hold tfue for single screw also., Cf ccufse,
Series - 60 resistance data have been plotted differently
than Taylor's, However, both systems are equivalent, and
therefore the difference in plotting does not prevent us from
deriving similar equations for both cases,

Hence, let us attempt to calculate Or for twin screw

vessels. Obviocusly, C, depends cn many variables, namely,
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the beam to draft ratio B/d, the block or the lengitudinal
coefficient Cl’ the speed to length ratio , and the
volunetyric coeffieient ¢ . Our answer must be in the for.
of an equation such as:

C‘- -?G(&ﬂ CQ.?"‘““C )
Unfortunately, up to the present time, no single equation
has been érived to give values of cr Por all possible
values of all the variables, even within the ranges covered
by tests. Nevertheless, this is not an impossibility. I:
fact, concurrently with this paper, this author has undartaken
the task of deriving such an equation. It is hoped thi the
result will be shortly available for use. Although, *.ib
problem is outslde the scope of this work, it 1s fel’ * &b
a brief description of the method used for the dewl t'oa
of the seid desired equation might be .of some henc 1 to
this analysis, and so a short outline is in order.

The equation is derived by a digital compute: with she
date programmized according to the steps of eiths: the
"gimulation” method or the "stepwise regressior with simple
learning” method, as outlined in reference 4, The data are
.first grouped as shown in TABLE 3. Then the; are transferred
t0 computer cards and fed into the computer with the proper
conﬁrolling-statemanta. The solution will e an equation
of the form of a polynomial involving a ce:rtain small per-
cenbage of error, which for our purposes will be entirely
insignificant. It should bs stated tha! simulation and
stepwise regression programs for problems involving up tvo
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TABLE 3 Data for Computer Caxds
X, X, pan X, A
PoinT
B C, N C, 2,
o [
00V Z2.25 0. 43 0.50 |0.00 1o Q.00024
002 - e - — - - - - o - e - o .- -
ORN| 3.00 ] o i e | - e e S
NMAAE] 3.7 | e | e e e e e o

60 variables have already hbeen set up.(A) It should be

further emphasized that the equation so ovtwined will be

valid for any value of any of the variables within the
linits used as data for TABLE 3,

If for any reason the method proposed above is not

accepted or desirable, a different method, the following,
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is suggested. For reasons to be explained in the nexy
section, a number of displacements will be known from the
computing work of the Design part, before the actual cal-
culations of the residual resistance will be necessary.
Enowing these displacements which will correspond to definite
sets of characteristics, we can follow the steps outilned
below.

It is recommended that the variation of C, with the
bean-draft ratio be neglected and all reslstance coefficients
be calculated at a chosen B/d ratio which will be an average
for the type and size of ships considered. This procedure
will, of course, add to the uncertainties of the prchlem,
but it is not easy to éalculate C!r for each B/d sinco both
the beam and the draft are variables. Teking the 3/¢
variation into consideration would result in a considerable
cuount of manual work which might not justify the accuracy
obtaiped by including this variation. The steps then
involved might be:

1. Make a table showing the feasible displace-
ments selected by the computer.

2. Assuming a constant mid-ship section coeffi-
cient, list the longitudinal coefficients
corresponding to each displacement.

3. FPor each displacemént'calculate the volumetrie
coefficient, Cy .

4, Trom the tables of Teylor's data(6)read off
the residual resistance coefficient for
each Cv and longitudinal coefficient C
at different speed~-length ratios.

5. Plot these C, versus speed-length =cilo ab
constant 6 and cl as »JL.O\"P‘ JY\ [" :; r;‘?»
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The maximum number of graphs necessary will
be equal to the number of feasible displace-
ments nmultiplied by the number of the as-
signed longitudinal coefficients 01‘

6. Use a digital computer to derive the equabtions
of all these curves and properly idsntify
each equation in order to be used sgain
as a computer's input. As an excuple of
this step, tissmswsempmeer Sl I
computer found that the eauatlon of the
curve of Fig. 7 is:

C, = 0.264 0. 8\34( )

Bither of these two steps can be used. However, it is

folt that the general equation derived or to be derived,
according to the first procedure, possesses definite advan-
tages, for instance, requires less work once derived, and as
such will be the one used in this paper.

Assuming that we have completed the derivetion of the
equation for C,» We can proceed with the derivation of the

expression for 343.

Thus )
¢ Fs(sye);
°~45 = SA(.H )"L & Cq. P-&S
k)
or
] 3
- P. - » N . H
gy = 25Cfe(PCCoSver G | o

E’Séicb.i

35 ¢ f6 (RC. Co SV CY) Wsly | ¢, p,
L?a Cb:‘:

11N
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Further substitution of the functions of the wetted
surface S, the total resistunce coefficient Ct’ and the

total number of persons served Pt’ yields:

e\l 35 Co; (mm (ess vm(w_,);
o as Clgﬂ [RC.:CS"{“(E)V Sy V (0 07?2 Ly g

v 2y Cey
' e TE;’C»',Q.;&) {‘ C e ]]
. 35 C .G;[P.C.ncs‘f(g)q 35 t‘; ks's V ¥¢, Q.) ?) -{-C .Y Y,
G:\ Cb';

C‘,[C L L f(s“‘,) *QQ- B) (C L Cuy ) .

3S kb .“ Wy g by

* &,(c L;_ :’:\;} ﬂ (34)

BEquation (34) gives the unit productivity of the
machinery material and applies to both steum turbines as well
as diesels, provided the proper value of C' and form of the
function fs will be used for each case. Also, equation (34)
has besen derived for twin screw ships, but as wes stated
sarlier, a similar equition can be easily derived for single

screw hulls, from data based on Series - €0.
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11, FINAL FORM OF THE INPUT-OUTPUT EQUATIONS

Having, thus, dexrived the expressions for the uniyv
productivities, we substitute them in system (11) and
obtain:

(1405 Co)Pi L/D)pi

N
Z(o.ss Cs Ly Groscaye ¥ (/p)e \ X, 5‘
/

W

Loy Ty

| .
3
c. E (9._.3..5...92.&9.2, ¥S C'L"-»s\’-ss)‘ L; Coi

. [ . - T
Otk o (su8); + C-Tm‘k“u“ .Y _‘:S) ¥
\ ! LS Couy by

(s)

3
4_C& i ¢y ,-Q(C,_Li Cog C Y.;,Vg, -CQ Ls G )) v

L?; Cu} Sy L Cos “3s \'-utsx

-\'87_ = Wo

(3s)
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3 (o.ss Ce V—ai) v 8, = We (35)

{=A Loy Coj

V

alLirt)
4, i?’s C“:s["c Cs‘c )J 3SCZtsL‘Z:3 \1 ( (‘ ww:"(L L) ]y'u' Y34

!;
Ly Cel

-+

RS

4 ‘E'Cbs Ls-}u) 5v 'E Y—!',C . O:E-}
L3 c'&E’-C-‘CJ (:fw 3 uﬁgisg Ny &‘(d’ct“ﬁ v).\ et lug iy .
3 L ]
Uy Qo

+Q[ L Coj 'C(S‘\(’) g( ) Q(C :Ss\f\::;ss)

k\g 35

. ;;*( Gy Cu )1 - W (35)

35 Y-“ kg;

System (35) is the final form of the equations of oux
input-output relations to be programmized for the compuber.
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12, BBASIC AND FEASIBLE SOLUTIONS

Our system (35) of the input constraint equations
obviously has no unigue solution, since the number of the
proposed ships is much greater than the number of our
equations, Nevertheless, from mathemetics we know that a
syatem of (m) equations in (n + m) unknowns will normally

have a nnmbar of unique solutions given by :
n+mn) _ (@+m!
(o) e
This number represents the possible combinations of (m)
unknowns left after we set arbitrarily any (n) number of
unknowns equal to zero. The solutions so obbtained are called
"basie" solutions, |
Some of the basic solutions might involve negative
values for the outputs A PP and/or the disposal process S 50
Not accepting these solutions leaves us with the so-called
"basic feasible” solutions, defined as solutions involving
no more than (m) unknowps and giving non-negative wvalues
for the output and ihe disposal process. We thus have one

constraint to be placed upon our solutions. Two more
conatraints follow.



13, INTRODUCTION~-STATEUENT OF THE PROBLiM

Up wo this point, we have considered The theory of lincar
progrgmming and have dexived all the equations which will
enable us to design any ship J. ‘The meaning of the woxrd
"design", as used in this paper, should be clarified to
avoid any nmisunderstanding. By "design" we mean the pra-
diction of the optimum ship having a definitve set of chare
acteristics, The arrangements, accommodations and <« o> migor
details and items are nobt considered here, bub ave 1.0
entirely to the initiative of the architect. o lsulin
however, follow as closely as he cam the bhesis shiu o
vhich he will ﬁick all his different coefficieubs and oiher
data. In this part, we shall describe the procedure for thoe
development of a number of ships by assigning to each one
of them a different set of dimensions.

The essence of thiz step will be better wvnderstood if
we assupe that we are actually carrying out a real desiga
problem. Thus, suppose that a shipowner has specified, as is
usual, the amount and kind of deadweight %o be tramsported,
and the trade route. Hence, we kuow only the total dead-
weight and the maximum allowable operating draft, and wo now
venturs to design the mogt profitable ship to meet bthe.w
requircments., Furthermore, we assume teab specisl Do
bave been allotted for the project to be =ci . o o Hal

compuber,



In oxder o ceryy out this desiza, we deside to held
only the specified deadwelzn® constant and vary all the
other dimensions. Then, we break ths solution down ©o
logical steps tole programmized and fed into the compuion,
One of the possiblé arrangements of these steps foliloun
in TABLE 3,

PEXF AR DAY DR
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14, EYPLANATION OF TEE CONIROLLING §

The development of the ships ol each Femillr Ly venioud
cut according to the steps of TABLE 3. RFirst, we considoy
the deadweight svpecified by the owner. Ibs amount end
pature will give us a good idea what the length of the shis
will about be, plus o»r ninus, say 50 feet, If we cannot
gusss, we can analy:se a proup of similar ghips avd see whasl
the variatiom of lz2r:zuh with deadweight is foxr that type of
: Bhip¢(3) With this tentative length 28 a basis, we decids
to vary the length beihween psrpeadiculamrs of the ship
every & ; feet in the interval ¢k 2{(alpha) feet to@g+wnag);
The draft is then varisd as desired =zpd bthe L/d ratic is
calculated, To this satio, we inpose the coastraialb Lios
L/d shkould be neither less thaa ﬁ% nor groatior thew
where the limits (3 and % will depend on whe Covroninl
This tyoe of coatrolling stabementds iz used bhuoush s L
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Thug, for this constraint, we can write:

= Ai = bwBads Cey
S = 35

= Ajight + DWT

FV\ QU=
or

Ly Bqd, Cy DAL ‘
n ;s{- “oo Q“A.\ -¥&13A3+Q35A5 -\'Q{EAS + DWT (36)

Since the unit productivities in equation (36) must be
substituted by their expressions in terms of ship character-

istics, as we have explained, equation (36) becomes:

(1+o sc\;)m (Ldp
LuBqd; Cou _ 0.35 Cs ¥ai (170.5Ce)e - ¥ (Y1)b A X

35 2‘?-5 C\,)

3
s v CLy
0.35 G, 235 3s$ C('Cz_v.u Y y L 5 by
* 3 N H 35 \L‘. ts’b
Y’ms Cbs L3 Cb.s s

4

2

L.
V.'\L' Cv.ntss Q(__‘A)*
L:) Cbs

C LR N $(C i Cef >+

l:" L'bb 35 v‘\) K'SS

.C\ !.\3 Y—g,'; g C e& Cbs ) A'
b — -
B, Coy  "\Tsipig/l Y

COY\-\';MQEA ow 'V'\E:xA ?O'-S&
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0.35 Ce V-§5_ A.\ -+
Yoy Cuy

&

L
2, 1 Gy \._,+L) 3 &683\’55 (Lj-sl:) s]
338 C’&}[ Q?Q;’)J 35 b3 Ly \‘ti(“'on( v ' Ly Lay .

3
LS Cbs

35Cf;[ -C, )Yé?%i(\i:? Vs{g‘(g,q,;i,c,)vc“ﬂm by
Ly Cu

-\-C&[L%&‘% . Q(&\\P) QQ‘ ) g (C L; Cui )

38 L) Ly

*-.,,(c,, £3 Gos ﬂ AS 4 DWT

3 b by

Bquation (36) is the first constraint that all the feasible
ships should comply with.
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versus the cubic number, let us say, of each ship, into s
digital compubter which will give us the equation desired.
It should be pointed out that we must find the hold volume
8s @& function of the ship characteristics, and not the
total displacement.

Assuning that a satisfactory expression has been found,‘
the secon& output constraint will be of the form:

P52, Co)y = f2» Dwt (37)
Equation (37) is the second constraint that our remaining
ships should comply with.

This step ends our Design part, since by now we have
selected and stored the characteristics of all the feusible
ships and discarded the unsatisfactory ones. Anyone of
these ships could be built to satiafy the specifications of
the owner, bul the profitability of each ship has yet to be
tested. The comparison of the profitability of all the
ships 1s described inm the third part of this paper, the

Eoconomics, which follows.
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PART III
ECONOMIC ASPECTS

21, INTRODUCTION

After the completion of step 19, to be sure, we have
retained only the ships of displacement ij that will meet
satisfactorily both of the owner's requirements, MNow 1%
remains to see which one of these ships will dbe the most
profitable. In order to do that, we select an appropriate
criterion of profitability , and accordingly, we compare
all ships so that we can choose the one shich will meet our
criterion to the highest degree. The economic criterion
follows next.

(212 222 X ]

2, CRITERION OF FROFPITABILI

The criterion of profitalbility which is most suitabie
to a linear programming analysis, since it can be exprassed
in linear form, is the present worth criterion. In the
form of an equation, this criterion can be stated as follows:

Present worth of annual income

Initial investment + Present worth of annual
operating expenses.

PV, =

or

P.W, = Present worth of annual income - (Initial investment (38)
+ Present worth of annual operating expenses.)

Canly the second expression, vwhich is linear, will de used

in our analysis.



As can be seen, this method Jjudges profitability by
comparing the investment and the presemt worth of the average
future annval costs with the (as of now) value of all the
future income of the ship., It should be emphasized here
fhat the average annual incoms and operating expenses of
the ship are assumed to be constant for the whole life
expectancy of the ship.

The difference between the present worth of the annual
income and'tOtal investment and oxpenses becomes a dollar
measures of profitability. Thus a positive difference mee~
sures the shipis income potential over and above the cost of
capital and ship's operating expenses.

cne'disadvantage of this criterion, though, 18 the fact
that the dollar value of the difference betwsen present worth
of earnings and investment bears no direct relationship to
the wagnitude of the original investment. Therefore, it
should not be used for a comparison of two entirely differant
investments, that of & ship, for example, and an airplane.

In our analysis, however, where only ships are compared

and the difference im alternative investments is not
pronounced, it is felt that the present worth criterion will
produce satisfactory results.

LG RETORD

23, MAXTUTZATION OF THE CRITERION OF PROFITABILITY

Using the present worth method, the naval architect
should choose as optimum the ship which has the largest
poeitive present worth value. Our amalysis, therefore,
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consists in maximizing the expression for our criterion of
profitability, subject to the constraints of our four
inputs. The calculations of the terms imvolved and their

coéfficieﬁts are shown next,

SENALZEORBY

24, GAIOULATION OF THE INVESTHENT

The term investment as used here refera to the so-culled
shipyard bill, and is the sum of money which the owner will
pay a shipyard for the construction of a ship. Investment
ic synomymous with the initial cost of the ship; As such,
it includes the cost of the materials, the costs of direct
labor and overhead, miscellaneous expenses, as well as the
shipysrd's nominal profite and charges for insurance and
‘dryhocking. All these cost items can be grouped in differ-
ent ways. However, in order to simplify our equations, the
following form of the shipyard bill will be used as shown
in TABLE 4.

. DABLE 4. The Shipyard Bill

Item : Equation Units

3teel cost Myoyy Z;J $/long ton
Hull outfitting cost M8y £sd | $/iong ton
Hull engineering cost nBaBJ 455 $/long ton
Machinery cost Ny8y 183 $/long ton
iiiscellanecus costs Ng I&d

Sub-total = Mo A1 +M,054; + nanAi ym o Ay «ngAyg
Shipyard profits @ 10% of sub-total

| Imsurance @ 0,55 of sub-total
Ouner's extra
costs @ C% of sub-total

NvvedAnak Ne FAN
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Therefore, the total shipyard bill is:

(1.tes+c) (ﬂ,o.“.A-) + N8, A N Ay N,ead + V\sﬁg) 1\ PYANY
It should be pointed out that n, N,, Ty and M4, the cost

per long ton of input material includes the cost of the

respective material plus the appropriate charges for the
associated direct and overhead labor. The miscellaneous
~ e¢osts, which include launching, tricls and delivery, are
expressed as nsA_'s where ng is a suitable charge per ton of
total displacem_ent for each type of ship to be designsd.
The shipyard pvofits and insursnce are acoountéd for as a
flat. percentage of the sﬁb-total. Dry-docking is given by
Nq4j where N, is an estimated charge per ton of total dis-
placement, Lastly, the owner's extra costs, for chempagne,
are included as a percentage for the sub-total, C toc be
analytically determined,

In summary, accoxding to equation (3) and
our shipyard bill breakdown, the investment is:

J {Q.‘OS#C)(N‘Q‘S ¥ M, Oy F Ny Qi N,y + ﬂs)' + \'te] As (33)

* % % k%
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TABLE 5., Unit Costs(10)
F ——
Unit*costa in §/ton of material
Item ssenger Hassenger-
Tankers Ships Cargo Ships

Hull steel 608,00 700,00 525.00

Hull outfitting & | |
engineering 3,057.80 %,060.,00 3,060.00
Hachinary 3,856,50 | 3,865.50° | 3,806.00

* Unit costs for general cargo ships and ore caxriers are

the same as thoze for tankers.

®» Thisg figure applies to S H P up to 30,000 énd increases

to $6,4880,00 per ton at
reference 3, Fig. 30, pp.

400,000 8 H P.

808

‘Also see

The unit costs of the items above, include both the

cost of each material and the associated labor costs for

fabrication and erection,

Al) casts aré based on the 1957 value of the dollar.

Bee Fig. 8.
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Fig. 8 below shows the relative U. S. shipbuilding costs
since 1946, drawn from data supplied by the Maritime Ad-
ministration (m Fires).
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25, CAISULATION OF THE FRESENT WORTH
OF THE AVERABE ANNUAIL INCOME

If R be the average annual income and P its present

glyiyn-L 4-0
P:=R on)nxl (4©)

i = the annual rate of interest, and

worth, then

where

n = the life expectancy of the ship im years.
The interest rate and the life expectancy of the ship are
easily establish for each design problen.
The average snnual income R is given by:
R = 2-T»Cev [Nao « n,-u,] (ay)
where
U « the number of round trips of the ship per year,

C. = the cargo coefficient to be determined from the
type of ship and the owner's experience,

r\o = the average cargo rate dased only on the cargo
weight. In case a light cargo, say 40 f£t”/ton
or more is to be transported, its charge,
usually based on 1lts volume, should be con~
verted on the basis of its weight,

C « the cargo deadwéisht in long tons, the pay~load,

T\7 = the average price of all passenger tickets, and

Nb = thebazerase number of passengers carried on each
rip.

The number of round trips per year of each ship will not
be the same for all ships, since théeir speed will vary.
N everthelesé. we cun assume théb all ships of the group will
be out of service for an equal number of days, let us ssy
d s o3ch year and write: |
. (aes-d.)*24
zwﬁt + Y,

T

(42)



where

8 = the average distance in nauticul miles of the
~trade route, and

H? = an estimated average number of hours sprent in
each port.of call.

Furthermore, the cargo deadweight is equal to the total
displacement minus the light ship, fuel oil--including the
reserve fuel-~and also the weight of all persons aboard,
theilr effects, subsistence, stores, fresh water, swimming
pool and others,

In our problem, however, the total dsadweight is assumed
known, and therefore, the pay-load ¢ will be equal to that
deadweight minus the items nawed above and included in the
deadweight. Hence:

o = pwi- [ W - TEemd)|
where

Wy = tnef:gight of the fuel, including the reserve

(Items) = raefer to the weights of all persons aboard,

their effects, subsistence, fresh water,
swimning pool water and others.

IY 13 seen that the weight of all the iltems is a func-
tion of tﬁe number of persons aboard, and as such, we may
express it as a coustant 05, including all unit weights—
gee TABLE 6=, times the function which gives the total
nunber of persons, that 1s, equations of page 38,

The weight of total fuel W,, in tura is:

. Wy = (1 m)@z LEouswe) @
S

—2— » 1/5 2 (days at sea one way), an average
25V . “peserve fuel factor.
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For the J ship, substitution of equations (41), (42),
(43) and (44) into (40) yields:

P &::3*:1][2 Ce (n oy 40 MH) l
BUEV TN PO I (v T (arewd} ) +
= A+ 44 * L WNe DWT-{W;S - aw\s)}

3
Ly Cos
w0, C, b (er-do)= 24
35 k‘sts.\ 2 ‘_§__ *\“P
)

ov Lima “5 :

C iy’ <y
P (1+3)" + C Cf[“‘ {PNT - [(H":;Vq)(". 2.« -%: SHP 3) -Z(Hems)]} 4

3. \ %
+w,C, L3 Cui (Bes -do) 24 (44a)
3s t,s MSS 2. _\_Ig___\,\.\P
v}
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| TABLE 6., Average Deadweights

= ——
Iten Deadweight
Pagsengers and effects 250 pounds/person
Crew and effects 325 pounds/person
Baggage 200 pounds/passenger
Stores 10 pounds/person day
Fresh water 44 gallons/person day
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26, CALCULATION OF THE FRESENT WORTH
OF THE ANNUAL OPERATING COSTS

It is customary, in ship cost studies, to consider the
following groups of operating expenses:
I. Vessel expenses.
II. Cargo handling expenses.
III. Port charges.
IV, Iliiscellaneous expenses.
In more détail, each of these groups includes:
I. Vessel expenses:
1. Crew wages.
2. Fuel cost.
3. iaintenance and repairs.
4, Btores and supplies,
5.'Subsistenco.
6. Insurance
7. Capital costs.
8. Miscellaneous fosts,
II. Cargo handling expenses:
9. Wharfage 008t.
10. Receiving clerks and checkers,
1l. Stevedoring.
12, Watchmen.
13. Dunnage.
34, Insurance.

15. iiscellaneous costs.
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III. Port charges:

16. Pilotage.

17. Custonms.

18, Immigration fees.

19, Tonnage tax.

20, liscellaneous expenses.
IV, Miscellaneous costs:

All these expenses depend, of course, on many factors,
but all can be expressed in terms of the nnmbef of round
trips of the ship per year, and the size of the ship. Let
us consider sach item separately and derive the eQuations
whose sum will give the average annual expenses of the ship J.

t 2T ETRR Y

26,1 Item l--Orew Wages

This cost item includes the annual wages paid to all
the créw menbers, that is, to the staff, engine hands, deck
hands and stewards. Hence,

¢y = 12(ng N + ngle+n W + 1y, Ns) (45)

where

Ngs Mas Mo, My aTe average annual salaries of the officers,
engine and deck hands, and stewards, respectively.

The average nmonthly salary of each category will depend,
of course, oun the type snd slze of the vessel and the contracts
of each ahipdwner with the labor unions, and also his obli-
gations to the country of registry of the vessel. However,

a survey of current practices will easily yield the average

salaries. Besides, one can always find published data on
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the matter in the literature. Ffor instance, reference 10,
gives the following data:
Average monthly base wage for:
1. Deck und engine hands = 3353,00
2. B8taff and stewards = {$280.00
These wages are based on the 1957 value of the dollar.
For the j ship, by substitution equation (45) becomes:

3, .
< = ‘2[“3%&2 B?V..ct + Ty g\(S\-\P)J- *“wgt("i' BS) *

1

®; Cui
+ My s Co 35 Ly U (4-6)

w\‘\bﬂ. “‘\& Qov.c.}c;ov\s Q‘, f,_, ‘?3, amd $4 'wws‘\- be
dekermimed for each \?a«r\-icu\eu kype o sy @
belore. Aqetia, cuy ol Wese Lonchions way bt ‘
laken as é;ws&%%’ o ome fumotion way bt Comboim -

ed with awnotwer qccoféims 4c Yt A.s.s\'cy—\ or .‘Q \
Pais will siwmplify e calevlations withovk segeiously

a.@ﬂ:‘e.c%i'v\% Me a ccuvacy of ¥na vesull,
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26.2 Item 2--Fuel Cost

The fuel cost per year is a function of the round trips T
and the S K P of the ship, and for the j ship, it is obtained

from the relation:
egy = 2T 0, (NI RE SHP; )

nla = cost of fuel expressed in dollars per long ton.
T = number of round trips of the ship per year.
V.?. = voyage time (one way) in hours.
F.R. = Puel rate for both the main propulsion plant
.gng gp;e:uigz%%aries, in long tons per
In all cases where the speed of the vessel is not held
constant, the voyage time will be a variable of the problem
in the form s/Vk, where s, given in nautical miles, should be
the average one way distance of the trade route, and Vk
the speed of the vessel in knots. Hence:

0yy = 2, 265-da)2a o (.s. « F2.« SHe 47
23 .2 12 Vk-' )
| TN )
Note that the reserve fuel is not included in the above

equation, although if desirable, we could add the reserve
fuel factor as givem in equation (44),

LYY T L

26,3 Item 3-~Maintenance ggg Repair Costs

The total cost of this item can be broken down to that
of the machinery and that of the main bull. The cost of
maintenance and repairs of the machinery will be a function
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of the S H P , and that of the main hull, a function of the
total displacement. Appropriate functions c¢can be derived
from data on similar snips as furnished by ship operabing
cdmpanies;(5) Hence, for the j ship, the annual average
maintenance and repair cost over the whole life of the ship
will be:

055 = F(sup)y + felB)g (48)

where the funoctions £7 and ra must be derived,

On the other hamd, this cost item can be computed as
a percentage of the total investment., TABLE 7 gives the
cost for maintenance and repairs for the whole lifetime of
the ship, for different types of ships, as a percentage of
the initial investment. For our analysis, either formulation
can be used,

TABLE 7 Maintensncé and Repair Costs(l0)

Type of Ship . - Percent of Initial Investment
General cargo | | 21
Passengsr-cargo 24
Pagsenger 27
Dankesr 25
Ore carrier a2
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26,4 Item 4--Stores and Supplies

The cost of stores and supplies is usually calculated
as a funotion of the number of crew. Fig. Q shows the varia-
tion of this cost item with the total number of crew, for
paséenger and passenger-cargo combination vessels. Thus,
we can write:

ey = (N (49)

The function 19 must be derived. For the curve of fig. 9
for only the cost per day, the computer gave the following

equation: oS

-3 - kA
¢, =-516.3 479,42+ 1 Ne - 8143167 N, - 4.9v0° N » 623N

In the last equation, Né mast be substituted by the
functions glving the number of crew of each crew category
in terms of ship characteristicas, These functions for
passenger and passenger cargo vessels have been given on
page 28 and will not be repeated here.

EESRAREC RS

26.5 Item 5--Subsistence Qost

The subsistence costs depend entirely on the number of
pPexsons P gboard the ship. For sach type of saip, TAELE 8
gives the average coat per meal-day per person. Hence,
we oan write:

65-062:1’.'5
= Og (Np +5§,) 1in § per day.
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Assuming that the ship J will be operating g, days
each year, we obtain: '

053 = dld X 06 (Np + NO) 3 | (50)

In thg last equation, the appropriate func?ions of Np
and N c in terms of the characteristics of the ships should
be used. It should be stated that the subsistence costs
vary for different ship operators and types‘of vessels,

TABLE 8 8Subsistence Costs*

Type of ship §/meal-~day person
Passenger | 3.50
Paésengér-cargo 3.00
General -cargo 2.00
Panker 2.00-

Ore carrier 2.00

* Figures are based on the 1957 value of the'dollar.(lo)

SEERERNRED

26,6 Item 6-«Insurance

The average annual insurance for each ship, whether
American or foreign built, can be expressed in terms of the
initial inveastment, or:

%3 = f10 (I)J (51)
where flo should be empirically determined for current
insurance rates for similar ships. The expression for I,
as given by equation (39), should be substituted in equation
(51).
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Professor Benford in reference 3, suggests the fol-
lowing equations for tankers:
a, For American built vesaels:
Cg = 5,000 + 0.012 (I)
b. For foreign buillt vessels:
6, = 4,000 + 0.015 (I)

Any formulation can be used.

BRESEABRKRO KRS

26,7 Item 7: Capital Costs

This cost item includes depreciation (based on nominal
20 year life} taken as 5% of the initial investment, and
interest taken as about 3% of the inwestment, or

o= 0.08 (D)y (52)
where IJ should be substituted dy its value as given by
equation (39).

SESER LRGSR ER

8 It : Miscellaneous Costs

This item might include medical exasmination, expense
accounts, transportation, postage and other incidentals.
For our purpose, we can assumeé that this cost will be the
same for all ships being analyrzed, and assign an appropri-
ate constant value to it. Hence,

Qe & 07 (53)
where C,is to be empirically determined.



26.9 Group IT, Cajgo Handling Expenses

All cost items of this group, item 9 to 15 inclusive,
are functions of the deadweight to be carried. Since we
assume that the deadweight is the same for all ships .e

include all bhese cost items as a lump sum. Hence,

C@-\ﬁ)s =2 Ty M, Co v DWT (54)

Uhere n,, is to be approrriate for the kind of carjo and
C. is the capacity coefficient. For < § equation (42)
should be substituted into (54)

BREBRER RO RN

26,10 Group III. Cost Item 16: Pilobtage

Since the pilotaze charge depends on the draft of the
ship, assuming that the j ship saills always "full and down",
we can write:

Crei =2 Ti* Tha 8] (55)
wvhere N, is to be assigned for each type of ship. Again
equation (42) should be used for <X y

SERA NN ERON

26,11, JItems 17, 18 and 20,

These ocosts are functions of either the deadweight or
the number of passengers or both, depending on the type of
ship.

For a cargo ship J:

Sy, 18,293 F 21 ny Cor WT (56
Por a passenger ship J:

Cnezy = 2T Me Ves o)



where 0, and N, are appropriate charges, and T i
and Npj in both equations should be substituted by their

respective expressions,

FARLARBSARE

26,12 TItem 19, T e Tax,

This item is bagsed on the tonnage of each ship and
will vary both with the size of the ship and the canals of
the trade route. This cost might be expressed in terms of
the total displacement of each ship J » O

C\Q.’) = Z'T.-; 11%) A.} (58)

where 0\, is to be determined.
For example, port charges for tankers and ore carriers
can be given in terms of port-days per year., For a tanker

this variation is given in Fig. 10.(10)
For this ocurve the computer gave the following equation:

C = -22.68+ 3*\0 °da -4%\0 d,

where d, is the number of port~days.
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FIG, 10. Port Charges for Tankersgu)
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Having, thus, computed the average operating costs c.
their present worth P,W., will be:

(1+1) (59)
Pw. |4l ]

Equation (59) then should be substituted in the expression

of our economic criterion, equation (38).

REBEEG KR RER



27. THE FROPITABILITY BQUATION,

Substituting equations (39), (44a), and (59) into
equation (38) we obtain:

PW - (l'\'"t')“'-l 2C.\n DWT"EQ‘!""S"")(FE ..§_.qu.)-
A TR b s R G 51

-Z(I'\'e.ms)]} +n,C, G Cus ]@Gs'd°)24 -

Blyty | 2 = 4y
\Iy_s
( (s L3 Co}
- {1,105+ C “Q‘*ﬂ o & Q +0L, QL & S -
[ JEet +fo 4,0, e, o Ng)ene 35 Ly by
20
A"
(\-\-‘L') -1 Z Cx (60),

- (Lei)™ +4

X=1

All the terms of this equation are either coefficients
determined empirically or variables to be assigned and
handled by the digital computer, as instructed. Therefore,
care must be taken to express all terms of equation (60)
only as functions of the ship characteristics used in the
Design part as shown in TABLE 3.
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28, OBTAINING THE OPTIMUN SHIP,

The optimum ship is determined as follows:
The system of equations (35) will have four equations with
a number of terms which will be equal to the retained dis-
placements all of definite characteristics. Iach ship will
be identifiable by a working subscript Jj. Application of
the criterion of profitability, equation (60), will single
out the term j which will be the optimum ship having
characteristics designated by the subscripts f,n,a,u,z.
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29, FEVALUATION OF THE METHOD,

If this method is to have any value and be of any
practical usefulness, it must have at least the following

distinctions:
1. It must be satisfactorily accurate.

2. It must be easy to apply, and
3. It must be comparatively inexpensive.

In order to svaluate the method with respect to the
first requirement, we consider the two possible sources of
errors, the computer, and the naval architect.

The digital computer, as far as the solution of the
equations is concerned, is exact to more decimal points that
we can use. In contrast, when the computer is used to derive
equations, as suggested, from either "raw" or faired points,
is erratic. The percentage‘of error introduced by the
computer will depend on the amount of data supplied for each
curve and also the nature of each curve, its continuity,
sharp changes of slope etc, However, since all our curves
are continuous, the very small percentage of error that can
be introduced at this point is negligible and the results
quite satisfactory. Besides, the amount of this error can de
controlled and kept to a minimum by the naval architect, if
he supplies sufficient amount of data.

Aotually, it is the naval architect who controls the
accuracy not only of the computer but of the whole method.
In particular, it is not the amount of data that will intro-
duce the error as is the accuracy of these data. Since most
of our coefficients are obtained from amalyses of empirical

information supplied by ship-operating companies and ship-
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yards, the accuracy and the handling of this information by
the naval architect will be the main source of the errors.
Obviously, thea, care and persistance will improve the »a~
sults and produce dependable amswers, Therefore, tizis
method is as accurate as the data supplied ond, in jsozral,
is as or more accurate than any otiner relative method of
long~-hand calculations, since the coapuber elinivates She
probability and possibility of human errors involved in the
other methods,

With respect to the second requirements, that of the
ease to apply the method, some comforting remarks can and
should be made, because the method is not really as compli-
cated as it may appear. True, there are many steps and long
equations involved, but the use of the computer can make this
method the easiest ome to apply for the design of a new ship,
even easier than the artistic one of pointing the thunb.

Most of the work is handled by the computer ard all of it

can be programmized step by step, once and for all. Numely,
the resistance calculations can be programmized and the zqua-
tion of the residual resistance coefficient derived und stered
for fubture use, Then the controlling statements for a very
general problem including any design, can again be crogrammized
both for the design and the economics parts, so that this
program can be permanently ready to use for any particular
problem,

Moresover, no curves have to be drawn for the derivation

of any function or computation of any coefficient. This



¢an he done by the computer 1T we direchiy feed Lo qne
ennivical data, vaw poinbts. Against the argumeny §2aT souns
of bhe points so obtained mighs capry more welght in decloidi
making. why net use two or more poinis of lesser wueight ab
one place instead of cong point carrying the votal walghitl
Use Judgment bo decide on the laporbtance of informavion

represented by each peint, and the aurher of equ

that can be used instead of that singlie point, and let the
computer plot the curve, if desired, and derive its eguation
simultaneously. Therefore, the only work required on fHug
naval architect's part will be the careful collechion ol
nalysie of a group of similar ships supplying depsaise's
information, and the decision which he has bto wiie

values and limits invelved in the conbtroliipg coruvoing

the Design part.

Laastly, the cost for carrying out & design according e
this method can favorably be compared with that of any obthew

method of carrying out an ecoromic analysis of fthe sawme desiomn
starting from scrateh., In the first place, the use of «
digital compuber vrovides this mebthod with the big assed

thit all possible combinaticns of the variable ship characicr-
istics can be considersd, and that for the optinum shiyp eaca
one of these charactcristics will be the opfimum one, obtner-
wigse the saip would nct be called optimum. Furtiermore, the
optimum ship as determined by this method is not baed o3 taz

.

profivability or performance of any other

m

s e
nip in axiostoace

which ship itself might very well nobt be tns opuiai oo

-



for its deelgo suecificatlions., Phe empivical dabe ussd un
3 e ity AT -~ . v s} E n ), ~
this pro: EEne , apviied %o all shive oi the 3¢

type, and reflect ox azse inverpretaiions of the w»uiss fow
building and menning those ships, and indlicate practic Retis
current trends and laws common ©o all these shivg for bheir
operation. It is believed that these advantages cover factons
wiich should not be overlooked in the design of a saip. and
should be taken into consideration when a com romice L oo bha

made bebucen the result and the cost of & degi

N

AfGer all, the cost of a design cacricd oue by lino.an
progronning, is not that hish., It includes the rov-houss
oi the maval architect for selectingz the impubs and prosiiin.
izing the steps, and the machine-hours of the coapuber. iz
far as the architect's work is concerned, once a geperal
program is sebt up the design of any silw can be carried oub
within cne month. I o program is not already available, onc
man's hours of each werkiaz day for two months will be nois
than sufficient to deternine the cpbimum shir. 0On bhe othew
hand, an IBM 704 computer whese cosbt is 5350.00 an hour coun
bandle all the werk of a usual design problem within thre
hours., Of course, @s stated previously there will always
be a compromise to be made between the desired depenl:biili:
of the rosulis and the costs required, but for tho uvas
results this method is far less expensive then avy o oo

ethod,
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Although this metacd is accurate, exsv to epply &
gxpensive, 1t does have some limitations. In the first
yliace, for ifis coxecubionn it generally requires tnat a nan

know both Haval Arcaitocture and coapuber fecnniques. Thea,

Jall don

the optimum snip is desermined to the as-of-now concept of
the money value. Or could it be otherwise? Could the casnro
of the money value constitute a great advantaze for s pro-
gramnized design while belng a limication Go all the otha:
design methods? Could a computer store past and currsui
buginess treunds and, alter projecting them into Tthe Duvi.-
any desirved date, incorporate the results of whody

in the prediction of the optimum ship? Whis = o200 fo roee

ble ard could easily be done. As a step, ni Lo o

©

in Lhis paper since it is a programmiziag sten, lylng onig o w
¢L the scope of this work. However, it should not be Hhovuw
of as an imrossibility because it really is aa =dvantaze o

the use of the coapubter in ship design.
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30, _ SUMMARY OF THE APPLICATION STHES.

In summary, for carrying out a desigm request, gener-

ally the following procedure may be used.

Consider the specifications thoroughly.

Collect carefully a number of sihips to which the vessel
to be designed will be similar. Analyze these ships and
along with other relative information tabulate the data
necessary for the compubation of the various coefficients
énd functions of the operations of the ships,

Jelect one ship, the basis ship, out of this group,
and determine the structural coefficients.

According to the demanded accuracy of the result and
the information gathered thus far, decide on the number and
ranze of the wvariable dimensions to be used in the Design
part.

Programmize:

1. Data dﬁ'ooefficienta and functions.
2. Unit productivity.

3. The Design steps.

4. Input-out equations, and

5. Criterion of profitability.

EBEREBRAOAD
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Generally, for a paper of this nature, it is important
that an example be included as worked out sccording to the
method proposed in the work, Due to school work, nowsver,
and other time limitations this has not been possible for
this paper, but it is planned that such an example be ine

cluded in another complementary psper which is to follow
shortly.

BNeRBEChEERReR
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