A Statistical Analysis of FAO Resistance

Data for Fishing Craft

by D. J. Doust, J. G. Hayes, T. Tsuchiya

Analyse statistique des données FAO sur la résistance des carénes
des bateaux de péche

Analyse statistique détaillée des données rassemblées par la FAO
sur les batcaux de péche de nombreux pays. Les auteurs ont
développé, e¢n employant des méthodes statistiques d’analyse, une
série générale d’équations exprimant le critére de résistance des
carénes de ces bateaux pour une garmme étendue de nombres de
Froude. Les résistances sont caractérisées par neuf paramétres de
forme et de dimensions de cogue pour une série de rapposis vitesse/
longueur, ce qui permet destimer les effets d’une variation des
parametres. En prenant pour base un bateau de péche présentant
des valeurs meédianes des paramétres de forme, on a €élabli des
graphiques montrant T'influence quexercent sur le crittre de
résistance de Jégéres modifications apportées a chacun des para-
métres de forme de cogue. Tl est possible d’obienir des estimations
de la résistance des carénes des bateaux de péche en utilisant un
calculateur électroniqgue (KDF 9) avec un programme approprié.
Par Poptimisation des équations présentées, il sera possible de
cider de nouvelles formes de sogue amiliorées.

IV AO has for some time collected results of model
tests for fishing vessels in many countries (Traung,
1955 and 1959) and also sponsored a number of

such tests. The published model tests have since been
augmented by the results of further experiments from
various additional sources and a complete list of the
research organizations, foundation trusts, commercial
firms and ship research laboratories who provided data
is given at the end of this paper. FAO realized also that
such results required systematic evaluation to make them
of general value to all member governments, each with
their varying fishing conditions and types of fishing
craft. , -

Following an analysis of NPL data for trawlers made
by Doust and Hayes (1962a, 1963), the first author was
requested by FAO to prepare a report on the practic-
ability of performing a similar analysis for smaller
fishing vessels (Doust, 1962b). One of the main deterrents
to systematic progress in fishing vessel designs below
100 ft in length and the determination of their resistance
and propulsive qualities, has always been the relatively
high cost of a model test, in relation to the capital cost
of these smaller vessels. Another related consideration
is that vessels in this category vary tremendously in
main proportions and hull form characteristics, thereby
making the cost of conducting any systematic experi-
mental programme prohibitively large. The preliminary
assessment of the data made by Tsuchiya (1964) accord-
ing to the first author’s recommendations, showed that
large variations in resistance per ton of displacement
were obtained between the best and worst forms included

Andlisis estadistico de los datos de la FAQ sobre resistencia de las
embarcaciones de pesca

El trabajo analiza detalladamente los datos de Ja FAO para las
embarcaciones de pesca de muchos paises. Se ha desarrollado una
serie general de ecuaciones, émpleando los métodos estadisticos de
andalisis para expresar los criterios de resistencia de estas embar-
caciones con un amplio margen del nimero de Froude. La capaci-
dad de resistencia ha sido expresada en términos de nueve para-
metros de Ja forma y dimensiones del casco en una serie de razones
velocidad-eslora y, por consiguiente, se pueden calcular los efectos
de la variacion de los parametros. Se dan diagramas de una em-
barcacion pesquera basica con valores medios de los parametros de
forma, mostrando los efectos en los criterios de resistencia de la
realizacion de cambios discretos en cada pardmetro de la forma del
casco. Respecto a las embarcaciones de pesca, s€ puede actualmente
calcular su capacidad de resistencia empleando una calculadora
electrénica (KDF 9) y un programa para calculadoras preparado
con este fin. Se sugiere el desarrclio de nuevas formas de casco
mejoradas por eptimizacion de las ecuaciones presentadas.

in the analysis. The excesses in resistance for constant
displacement and Froude number (z'/\/gL) amount to
between 70 and 100 per cent of the minimum recorded
values over the range of speed-length ratio given by
VNL=070 to VAL=120. (F,=v/VgL=0209 to
0.359). In this situation, as with the NPL data for
larger deep-sea trawlers, the possibility of detecting the
quantitative effects of individual hull form parameters on
resistance becomes more attractive, whilst in addition
there exists the strong possibility that relatively large
gains in performance can be made relative to existing
design practice. It should be recalled, moreover, that in
some countries the hull dimensions or hull form para-
meters for fishing vessels can be restricted by local
geographical or climatic conditions, and it is vitally
important to have some means of assessing the penalties
in performance thereby incurred, so that a complete
technical and economic assessment of new fishing vessel
requirements can be made.

TREATMENT OF INPUT DATA

Assessment of basic data: Before making a detailed
statistical analysis of the data, it was necessary to decide
upon the parameters of these forms which should be used
to define their resistance performance. Previous experience
with the NPL trawler data had shown that length/
beam, beam/draft, maximum area coefficient, prismatic
coefficient, longitudinal position of centre of buoyancy .
and the half-angle of entrance of the designed waterline
were important parameters for such vessels. Other work
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for vessels of smaller length, tested at NPL, had shown
the importance of afterbody shape in certain cases,
particularly the penalties in performance tncurred with
high values of buttock slope. Before specifying the
parameters used to define afterbody shape we note that
as length between perpendiculars, commonly used In
larze vessels, became a rather meaningless dimension of
length for the smaller vessels being considered, it was
decided to use the FAO definition of absolute length on
the floating waterline. This definition of length therefore
includes that portion of the vessel incorporating the
stern and avoids making separate distinctions between
cruiser, transom and unorthodox sterns, although
obviously artificial overhangs were faired out and an
“equivalent” length determined. To cater for differences
in afterbody shape then, two additional angles were

evaluated for each design, viz., the maximum angle of

run of any waterline up to and including the designed
floating waterline (3«,°) and the maximum buttock
slope (2 45)- S

The maximum angle of run is measured at a section
5 per cent of the waterline length forward of the after
end, whilst the maximum slope of the buttock line drawn
at 25 per cent of the full beam is measured relative to the
floating waterline. Although trim as such was not
considered to be an important variable, its influence
generally being reflected in a change of the remaining
form parameters, it was decided to investigate its effect
for these vessels as quite large variations in trim were
apparent in the data. Trim s defined as the change In
moulded draft at the forward and after ends of the
Hoating waterline, expressed as a fraction of the length
of the floating waterline. The following nine parameters
of the hull shape and dimensions were therefore used
to specify each vessel and evaluated up to the floating
waterline:

ViZ., [L/B, BT, Gt l.c.b.o, 4u,, Yo, Ags, trim |
See notnenclaiure.

As in the earlier NPL analyses, the resistance per-
formance criterion first proposed by Telfer (1933} was
used, viz., Cp=R-L/4V* and values of this criterion were
erived from the measured data for each model at
discrete values of speed-length ratio. The values of
speed-length ratio at which the data were scanne d run

from V/\/L--O 70 to T//x,/L-—l 20, at intervals of V/«H
0.03, making eleven values in all. We therefore aim m
express the resistance criterion, Cpg, as a function of the
nine hull shape and dimension parameters, t.e.,

Co = WLLIB, BT, Cyp © o 100, T, 300, 855, trim] (1)

in which ¥ will be estimated indcpendently for each

speed-length ratio considered. In order to make valid

comparisons of performance and subsequent estimates
of ship resistance, all the model data were standardized
to a basic model length of 16 ft (4.877 m) using the 1957

ITTC formulation given by:

Ry y
C,= = 0.075 |log Ry—2} " 2
1= 180 | log i (2)
Onginally it had been considered that the analysis might
be made retaining the Froude frictional coefficients,

since the bulk of the FAO data sheets had been calculated
on this basis. Subsequent re-examination however,
showed that 1t was necessary to refer back to the basic
model resistance-speed data in many cases, to achieve the
required accuracy ol resistance evaluation. [t was
therefore decided to use the basic model data throughout,
applying a relatively small correction to the model
results given by equation (2), in order to derive the
equivalent resistance of a model having a waterline
length of 16 ft (4.9 m). For subsequent extrapolation to
full size, the ITTC or any alternative formulation can

~ therefore be applied.

The resistance data for these VebSEIb 15 derived from
several sources, and inter-tank differences therefore

~ had to be eliminated as far as possible, so that the real

eftects on resistance of parametric changes in hull shape
and dimensions could be estimated. The following
effects were considered likely to be present and included
in the measured resistance data for each tank, and there-
fore should be quantitatively 1solated, as far as possible,
from the real effects being studied.

® Blockage effects on resistance due to changes in
model size and tank dimensions

@ Shallow water effects on resistance due to draft
of the models 1n relation to tank depths

® Differences in measured resistance due to stimu-
lated and unstimulated boundary-layer flows

® D:fferences In measured resistance due to modzl
surface finish and different materials

® Diflerences in measured resistance due fo dyna-
mometer accuracy B

® Effects on resistance of appendagess fitted to soms
models -

® Differences in measured resistance due to thermal
gradients 1n the tank water

® Personal errors of obsenvers recording the re-
sistance and speed data |

Blockage effects: The effects of tank blockage on
the measured resistances of the models included 1n the
analysis have been estimated using the type of correc-
tion proposed by Hughes (1961). This correction takes
the form of a speed correction ov,, which when added
to the speed of the model 1n the tank U, £ives the speed
of advance of the model in water of Infinite breadtn and
depth, having the same resistance as the model 1n the
tank. This correction 1s given by

Vi
OV | [-b-1 | )
[ = i {l v, Ehs B, say. . (3)
| l-b-h gh!

Since the change in the model speed of advance or,, 15
proportional to the slope of the resistance-speed curve,

we have defined the slope of the (Cx— V/</L) curve as
n at any point, 1n which case the change in C, due to a

corresponding change in ¥/ L is given by: )
Cr,, = ¢LB.n} . . s (4)

where ¢ Is an auxiliary function to be determined from
the subsequent analysis. Since Hughes’ work suggests that
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¢ may be a simple linear function, we have included
blockage terms in our expression for Cg, up to the
second order, without much risk of losing any imporiant
effects, viz., '

Cﬂ(b} — ar(Bi 3}:P) 53 a, . 1(‘81 ”)2‘ ¥ " (5)

It should be noted, therefore, that the appropriate
values of a, and a, , ; will be determined by the subsequent
statistical analysis, and it i1s only necessary to compute
the appropriate values of “B,” and “n” at each speed-
length ratio being considered. This procedure not only
reduces the magnitude of the already considerable
‘analysis involved, but also avoids the use of the rather
ill-defined values of a,, a,,, which would have to be
applied in the range of speed-length ratio with which we
are concerned for these vessels.

Shallow water effects: The exact solution, giving the
correction to model speed due to the influence of shailow
water on the resistance characteristics of a model being
towed at speed ¢, in a tank is given by Schuster (1955/56)

as.
Sv, \? gh
1 +—") =coth|-— . (6
( 1’}m >h = ((Um+ 5ﬁm)2> ( )

and this solution for (8¢ fv,), when h — oc gives 7ero
as one would expect. Hughes (1961) has given good
approximate values of the function [év,,/v,,], for various
values of (¢2/gh), so that the correction of each model
results to allow for these shallow water effects can be
readily obtained. Fortunately, this speed correction was
found by Tsuchiva to be negligibly small for the FAO
data and can therefore be ignored.

Turbulence stimulation of boundary-layer flow: In
the previous NPL analyses for the large deep-sea trawlers,
a correction allowing for laminar flow was applied to
measured resistance values of models tested without
fully-developed turbulent flow conditions. In this
manner, the whole of the data was standardized to
turbulent flow conditions, prior to subsequent analysis.
Such corrections were relatively small and only for a
few cases was the magnitude of the corrections up to
3 per cent of the measured resistance. In this case, for
the FAQ data, not only are there considerably more
models involved, but the effects of turbulence stimulation
are less well defined, as these vessels are rather outside
the range of form parameters usually covered by studies
of boundary-layer flow conditions. It was therefore
decided to determine the effect of boundary-layer fiow
stimulation statistically, by including a term 1n the regres-
sion equation for Cy to estimate this effect. Smce
approximately half of the data were applicable to turbulent
flow conditions and the other half unstimulated fiow
conditions, there was sufficient coverage of the data
to make a first-order estimate of this effect at each
speed-length ratio considered.

Effects on resistance of hull appendages: A study of
the data showed that approximately 60 per cent of the
models were tested with wooden keel pieces, which could
be expected to produce an increase in resistance relative
to naked models built to the moulded lines and, excluding
the keel as an appendage. It was therefore necessary to

allow for the differences i measured resistance, relative

to a naked model, and an appropriate term was added
to the regression equation for Cy, to estimate the
influence of the wooden keel piece independently, at
cach speed-length ratio. o

Ffects of other factors on resistance: The eflects on
resistance measurement of model surface finish, materials
used in their manufacture, dynamometry, thermal
gradients and possible local currents induced in the
tank water and errors of the personnel conducting the
experiments cannot be quantitatively assessed without
independent examination, and must be regarded i our
analysis as random errors. The question arises as to the
possible magnitude of their combined effects, in relation
to the order of accuracy required in making realistic
estimates of ship performance. An error of &1 per cent in
speed estimation for the ship, considered to be sufficiently
realistic for most practical requirements, allows a
permissible variation in resistance estimation of between
+ 5 per cent and = 7 per cent in most cases with which we
will be concerned for fishing vessels (resistance varies
between (speed)® and (speed)”). Our aim therefore 1s to
formulate an equation for Cy,, in terms of the nine hull
parameters and the auxiliary functions expressing the
effects of blockage, wooden keels and turbulent flow
stimulation, such that the residual errors given by the
differences between measured and estimated values for
each model are of the order of 5-7 per cent or better,
in each case. '

THE HULL FORM PARAMETERS

Prior to the commencement of the computational work,
it was necessary to study the dependency of the data
values of each form parameter on those of all the others.
In the ideal situation, each. parameter will vary over
its full range for the whole range of values of each of the
other parameters and a rectangular distribution of data
points will be revealed by plotting each pair of parameters
on the usual Cartesian co-ordinates. Fig 1-36 show the
distributions of data points for all the models used 1n
this analysis, which are mainly derived from European or
American tanks. and comprise a total of 308 designs. A
larger amount of data is available from Japanese and
other sources, but, since these cover an even wider range
of parameter values, it was decided to make a separate
study of these data at a later stage when further ex-
perience of the use of the results of this first analysis has
been obtained. For the present data it was found that all

-

TABLE 1
Range within which
independence of

Extreme values _
paranielers 1§

Form parameter

applicable

L/B | 28 to 58 3.1 to 4.3
BT | 1.5 to 4.0 20 to 32
Cn 0.44 to  0.88 0.5 to 0.8
&5 - 0.48 to 0.73 0.55to  0.65
l.c.b%(— aft) —12.0 to +35 —6010 +1.0

1 g0 ' 6to 40 15t0 34

3 of . 22t0 80 — 30t0 60

0 g \1 10t0 57 o 16to0 34
trim (- by stern) —0.04 to -+0.13

—0.04 to -+0.13

P R A

(P T

L it

[1251




B8/T

L/8

2 3

4 3 6 7

8

Fig 1. Relation between BJT and LB of models analysed in the

computer study
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Fig 3. Relation between C, and LiB of models analysed in the

computer study
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Fig 5. Relation between L| B and Ya.(deg.) of models analysed

in the computer study
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Fig 7. Relation between LI B and azs{deg.) of models analysed

in the computer study
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Fig 2. Relation between Cy, and L|B of models analysed in the

computer study
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Fig 4. Relation between LB and l.c.b.(%) of models analysed
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Fig 9. Relation between BT and Cy of miodels analysed in the
computer study
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Fig 11. Relation between B|T and l.c.b.%;} of models analysed
in the computer study
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Fig 13. Relation between B|T and §a,(deg.) of models analysed
in the computer study
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Fig 15. Relation between B|T and 1rim of models analysed in
the computer study
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Fig 10. Relation berween Cy, and B{T of models analysed in the
computer study
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Fig 12. Relation between BIT and 3a.{deg.) of models analysed
in the computer study
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Fig 17. Relation between Cr, and 1.¢.b.(7}) of models analysed
in the computer study
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Fig 19. Relation between Cr, and $a.(deg.) of models analysed
in the computer study

Lo i
i 7
i Cm ! i
: ! !
; : | .
8| ‘ = =
1 ! £ e
! i : :
6 } — :
! 4
[T D .
| i
| | |
! ! ! ; ‘Tcﬁ]:TM“OQ
2 | ! : &)
- -5 0 5 0 5 20
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s
Cp
T
K -
5 " -
!
Fds {deg)!
4
o [ 20 30 40 50 60

Fig 23. Relation between C, and Ya.(deg.) of models analysed
in the computer stucy

-

[128]

io
Cm
8
6
Y
$ 5
v " -+ . .
-, .
4 2
_1cle (deg}
2 2
[} e 20 30 40 50 60

Fig 18. Relation between C., and Yx(deg.) of models analysed
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Fig 22. Relation between C, and Le.b (%) of models analysed
in the computer study
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Fig 25. Relation between Cy and ops(deg.) of models analysed
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Fig 35. Relation between Lu,(deg.) and trim of models analysed
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pairs of form parameters are reasonably independent of
each other, that is, a substantially rectangular distribu-
tion of data points is available for quite a wide range of
each parameter. The extreme values of each form
parameter, together with the ranges within which reason-
able independence of parameters is applicable are given
in table 1.

The main departure from a rectangular distribution is
in the plot of C, against §%¢, in which there is an absence
of data for high values of C, with small values of }«;.

By referring to fig 1-36, it can be seen that outside the
rectangular distribution of data points, there exists a
considerable number of vessels, often having form
parameters occurring in small groups. The importance of
these forms in making performance estimates for new
designs is referred to in the concluding remarks.

THE REGRESSION EQUATION FOR
RESISTANCE CRITERION Cg,
Having established that the parameters used to define
each vessel were reasonably independent over a wide
range of parameter values, it is now required to formulate
equation (1) in such a manner that it conforms as closely
as possible to the known or likely behaviour of each
design parameter, and provides a satisfactory approxi-
mation to the data. Fortunately, some guidance was given
by the earlier NPL analysis in formulating the regression
equation for larger fishing vessels. The equation derived
in that analysis was of polynomial type, that is, it con-
sisted of a sum of individual terms, 30 in number, each
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Fig 34. Relation between ogs(deg.) and %x(deg)) of models

analysed in the computer study
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Fig 36. Relation between xgs(deg.) and trim of models analysed
in the computer study

of which was a constant multiple of a power of a para-
meter or of a product of such powers. In this equation,
the parameters were cross-linked in pairs, though by no
means all possible pairs were cross-linked. Where a pair
of parameters, say X, and X,; were cross-linked, the
following 9 terms appeared in the equation:

X, X2
X, XX, XiX, Arraytype (i)
X2 X, X% Xix:

This array contains all the possible cross-products of
positive (or zero) powers of X and X, when the power
of each parameter is limited to a maximum of 2. It may
he described as a square array of degree 2. Physically, the
inclusion of this array in the equation allows for each of
the two parameters to have an optimum value within its
practical range, an optimum, if it exists, which is allowed
to vary both in position and in sharpness with the value
of the other parameter. Only six parameters (L/B, B/T,
C,, C, lcbh. and }ug) were included in this earlier
analysis and the pairs of parameters which were cross-
linked in the equation, in the way described (with one
minor variation which is not relevant to the present
discussion), were:

(C,,LiB), (C, B[T),
(C,poleb, (Cpied),
and (L/B,1«2).
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The only other term in the equation wasa simple linear
term in C,,.

" The parameters foy and o,y were introduced in the
subsequent NPL analysis of passenger-cargo vessels

1964 in order to take into account the shape of the after- .

body. Each of them was cross-linked with C, in the
regression equatjon for these vessels—the total number
of terms then being 44.

These 44 terms, together with five additional ones,
formed the starting point for building up the regression
equation for the present analysis. These extra five terms
were:—a simple linear term for trim, the two terms
(B,n) and (B n)*—see Section on Blockage Effects, aterm
to take into account the first-order effect on resistance
of a wooden keel, and a term to take into account the
Arst-order effect on resistance of omitting turbulence
<mulators. In these early stages also, an attempt was
made to take into account the variation of this latter
effect with changes in C,, by including an appropriate
term in the regression equation, but the results obtaimed
were unsatisfactory and the attempt was abandoned.
With regard to trim, it may be repeated in passing that
the effect of varying the trim of any particular hull form
will be largely taken into account by the consequent
modification of the other parameters, such as lc.b., and
that the pure effect of trim, i.e. with all other parameters
fixed, is likely to be small. This was confirmed by the
analysis.

It was, of course, clear that this initial equation of 49
terms would need considerable expansion before a
satisfactory fit to the data could be achieved: the ranges
of the parameters in the FAO data are substantially
wider than in the NPL data and so terms that were
negligible in the Jatter case could become effective in the
former case. Nevertheless, it was helpful to have a
nucleus of terms, known to be important, round which
to build. Fortunately, the much larger number of models
available in the FAO data (over 300), made it possible
to contemplate such a major expansion. On the other
hand, the total number of possible combinations of 8 or 9
parameters up to, say, degree 4, is also very large, and so
it was still necessary to be very selective in deciding which
terms to add to the initial equation.

The general procedure adopted was to add to the
equation, a few at a time, new terms which were con-
sidered likely to be effective, to fit the extended equation
to the data, and then to assess the effectiveness of the new
terms by considering the improvement in the closeness
of fit. The purpose of the fitting procedure is to determine
the best values of the constant multiples occurring in the
equation, the best values, that s, in the sense that they
minimize the sum of squares of the differences between
the data values of Cg and the values calculated from the
equation. (These differences are the “residuals”.) Thus
the fitting procedure was carried out using the usual least-
squares criterion. With equations of the size we are
considering, a great deal of computation is involved
and this was carried out on the ACE computer at NPL.
The improvement in the closeness of fit was assessed by
consideration of the residuals: if the addition of the new
terms to the equation resulted in a satisfactory reduction
in the sum of squares of the residuals, the new terms were

accepted as part of the final equation, otherwise they
were rejected.

In considering ways of expanding the regression
equation, there were three main directions we could
contemplate:

@ Pairs of parameters could be cross-linked which
were not already cross-linked

@ Products containing more than two parameters
could be introduced

@ Pairs of parameters which were already cross-
linked could be taken to a higher power, e.g., the
square array of type (i) could be increased from
degree 2 to degree 3

Each of these three ways had to be considered. In the
first category, the parameter which stood out as re-
quiring further attention was the maximum area co-
efficient C,,. In the original NPL analysis, this parameter
was found to be relatively unimportant, but in the
present data C,, varies between 0.44 and 0.88, a very
wide range which represents very substantial differences
in the character of the hull forms. Consequently Cn
was introduced into the equation cross-linked with
both L/B and B/T, and this was found to be beneficial.
In the second category, four major parameters, L/B,
B/T, C, and 3}o,, were considered and the four triple
products obtained by multiplying these parameters
together three at a time were introduced into the equation.
The result was unsatisfactory and so it was decided to
consider only terms containing not more than two
parameters.

At about this stage in the analysis, it was decided that,
instead of the basic square array of type (1), which limits
the power of each parameter separately, it would be more
logical to use an array which placed a limit on the com-
bined powers of the two parameters concerned. Conse-
quently, the regression equation was modified so that,
for each cross-linked pair of parameters, €.g., X; and X,
the equation contained the following 10 terms:—

1 X, X2 x3

X, XX, XiX, ) .
X2 X, X2 Array type (ii)

This array contains all the possible cross-products of
positive (or zero) powers of X, and X, when the sum
of the powers of the two parameters is limited to a maxi-
mum of 3. It may therefore be described as a triangular
array of degree 3. In effect, it removes the term X31X3
from the square array of degree 2 and adds the two
terms X3 and X3. Physically, as before, this array allows
for each of the two parameters to have an optimum
value which varies both in position and in sharpness
with the value of the other parameter, and at the same
time allows for some departure from the purely quadratic
form of the previous array.

At this point the equation was still some way from
giving a satisfactory fit to the data, and so we undertook
an extensive investigation into possible additional terms
in categories above. As a result of this, the following
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new pairs of parameters, cross-linked to degree 3 were
added to the equation:

(BT, %), (leb., 30,
(L/B’ aZS)’ (Bfo a;s)r (I.C. b': a%S)‘

Also, the fourth degree terms of the following pairs of
parameters, already cross-linked to degree 3, were added
to the equation so that these pairs became cross-linked
to degree 4;

(BIT,C,), (L[B,3z), (CpL/B).

The fourth degree terms of the following pairs were
similary tested, but rejected as unnecessary:

(L/B,C,), (CpBIT), (Cplcb),
(Cp’ %C(:), (Cp’ %C(:), (Cps a;s)'

These pairs were therefore kept in the equation cross-
linked to degree 3. Finally, three terms in the block
coefficient Cp=(C,xC,) were tested but rejected,
namely: Cp, C3 and C}.

At this stage, the standard error (root mean square) of
the residuals for the data at ¥/v/L=1.0 was down to 0.74
corresponding to a basic scatter about the fitted expres-
sion of approximately +34 per cent of the average Cy
value. Consequently, the equation was accepted as
satisfactory. The final form of the regression equation
contains 86 terms and is given in full in the Appendix.

All the above work of building up the regression equa-
tion was carried out on the data for ¥/v/L=1.0. Once
the final form of equation was settled, it was fitted to the

data for each of the other values of V/+/L for which
there was a sufficient number of models to yield a
satisfactory result, namely V/\/L=0.85 and then at
intervals of 0.05 up to 1.20. There was an insufficient
number of models at ¥/</L=0.7, 0.75 and 0.80.

During the work of building up the equation for
V/\/f=1.0, a check was kept on models which per-
sistently gave high residuals. These could be genuine
departures from the regression equation, since a number
of larger residuals must be expected simply because of
random variations, but it was also possible that there was
some extraneous reason why the equation could not be
expected to fit a particular model, possibly because it
contained some unusual feature which was not taken into
account, and in this case its inclusion in the fitting
process might unnecessarily distort the fit. Consequently,
all the models with persistently high residuals were
referred back to FAO for investigation into the detailed
records, and where there was a satisfactory reason to
explain a poor result, the model was rejected from the
analysis. The rejected models included, for example,
cases where the bar keel had been carried up to the water-
line forward, and had not been tapered off, cases where
the running trim differed abnormally from the static trim,
so that the parameters used were not applicable to
running conditions, and cases which squatted an ab-
normal amount. There were also six models with bulbous
bows, which, as in the previous NPL work, were not
fitted satisfactorily by the equation. Then, of course,
there were the definite human err®s which are bound to

occur in a collection of data of this magnitude. These
were picked out by their gross inconsistency with other
data, either with the same model at other speeds or with
other models having almost identical parameters. In all

_ 32 models were rejected for one such reason or another.

The total number of models remaining after rejecting
these 32 is given for each value of V/\/L in table 2,
together with the root-mean-square of residuals.

TABLE 2

VIVL 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20

Number of models 184 222 245 249 245 240 229 196

Standard error 0.55 0.64 0.68 0.74 0.75 0.83 0.94 1.05
(root mean square)
of residuals of

CEu

ESTIMATION OF PERFORMANCE FOR
PARTICULAR HULL FORMS

Having determined the regression equations for Cg,, at a
series of values of speed-length ratio from V/\/L=O.85
to V/\/—L—= 1.20, an auxiliary computer program was
prepared to evaluate resistance performance for any
required combination of hull form parameters. This
program was written for the KDF 9 Computer in Mathe-
matics Division, NPL, and requires as input data the
regression coefficients a, aj 4, ... ags together with the
numerical specification of parameters [X; X, X, ... X
and the individaal terms such as X X, X§, X3X;, etc,,
of which the regression equation is composed. The pro-
gram can be used if required to evaluate other re-
gression equations of this type up to the ninth power in
13 variables, including the constant term a,.

In addition to evaluating the values of Cg,, for each
speed-length ratio, the program also determines the
values of Cg at any required ship length (L) together with
the corresponding values of EHP using the ITTC formula-
tion, i.e.,

S-INT/ v -2
Cror,=Capn— 0.212847<—Z—> Klog 88—=- 103>
Y,

7

1 1')834p L%-103>—2] @
—(og o \/f

where S=wetted hull surface area (ft*)
L=Length on waterline (ft)
A=ship displacement (moulded) in tons
(35 ft3/ton)
V=ship speed (knots)

and

3 : CR(L).A. v?
EHP (using ITTC formulation) = —5-————.

8
325.7L ®

To illustrate the use of the computer program and the
types of Cp,, curves which are obtained for particular
combinations of parameters, estimates of performance
have been made for seven forms covering a fair range of
each parameter, and are plotted against V/\/ L in fig 37
to 43. In the case of Model Nos 40 and 43 (fig 37 and 38),
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estimates have been made for the case where no turbu-
lence stimulators were fitted, corresponding to the
actnal test conditions for these models. Although the
measured results are less stable than those obtained with
turbulence stimulators fitted to the model, it can be seen

Ls [B/r | Cm | Cp fiEBHI%5 Yoo 5| TRIM
’
419 |321/0.692|0 598, +05100}45 520511004 s

Crit
v
18 WITH TURBULENCE P
~
-~
© ——— MEASURED
16 X ——— CALCULATED

i s 1 1, N |
OBS__ 09 595 310 +05 110 1-15 120 V/VL

s 300 325 380 © VAGL

Fig 41. Model No. 193

e |87 | Cm | Cp ceayfteog Vool |og | TRIM

3.256] 263410-631] 0-609-230130-0 | 43-5 123-0 (+0-0487)

Crue | e
22 s

sob WITH TURBULENCE

er z © ——— MEASURED
- 7~ X CALCULATED
16 |
o
|~
14 1 ' 1 I J 1 PR -
c8s 09 o095 10 105 11¢ 118 120 VAV
v . ; :
275 300 225 350 VAT
Fig 42. Model No. 2021
g By [Cm|Cp |-CBR oo |bo o (e g | TRIM P4
24 laaishb2s5l0623{0640-18535°5 1535 25 5 +00457
CRie | -
22 F
<24
= WiTH TURBULENCE
—
20 (/
.
F -
7
iL € ——— MEASURED
L X ——— CALCULATED
16
= 1 s 1 5} : s )
085 09 095 10 108 110 115 120 VAT
: .
275 300 325 3% VIVEL

Fig 43. Model No. 2004

that the estimates obtained using the regression equation
are in good agreement. It should also be noted that each
estimate of Cg,, is independently derived and that even
so the general character of the resistance curve in terms
of speed-length ratio is reasonably well simulated.
Models 199 and 203 (figs 39 and 40), both having turbu-
lence stimulators fitted, again show good general agree-
ment between the measured and calculated resistance-
speed curves, although the “hump” at V, /\/ L=1.00 has
been somewhat suppressed in the case of Model 203.
Model 193 (fig 41) shows the largest differences between
the measured and calculated results, although the two
curves agree at V/\/"’L=1.00. There is some evidence to
suggest that the measured results below V/\/L=1.00,
which show a rising characteristic as speed reduces,
may be suspect due to over-stimulation, and the estimated
curve of Cj,, is certainly more in keeping with practical
experience. Models 2021 and 2004 (fig 42 and 43) are
derived from a separate Tank and are again reasonably
well fitted by the regression equation.
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SOME EFFECTS ON RESISTANCE CRITERION

OF INDIVIDUAL PARAMETERS

The effects on resistance criterion Cpg,, due to changes in
individual hull form parameters are rather complex and
vary both with speed-length ratio and the values of the
other parameters. In order to give some guidance to
designers of the smaller fishing vessels, fig 44 to 51 have
been prepared to show several effects of individual
parameters on resistance criterion for central values of
the remainder at V'/</ L= 1.10. 1t was therefore considered
a basic form having the following hull form parameters
and discrete changes were made in each parameter.

The hull form parameters of the basic form are:
[L/B=3.75, B/T=275, C,=0.65 C,=0.61, lc.b.; =
—2.0, $05=25.0, Jo; =45.0, o 55=25.0, trim = +0.05].

(a) L/ B ratio The effect of length-beam ratio has been

30

CRryg

~
o

2C

studied between 3.1 to 4.2 at various values
of prismatic coefficient between C,=0.55
to C,=0.65, for fixed values of the re-
maining parameters of the basic form.
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;

FINED

@—— Cp 355
STANDARD G - G S-87
VALLE . — Ccp o3I
X Cp 06!
@—-~— Cp 353
¥y —-— Cp Q63
L ! i | i !
32 34 36 38 43 2
3
VAL =110

Fig 44. The effects of variations in LB ratio from the standard

value of 3.73 for various prismatic coefficients

Fig 44 shows that reduction in L/B ratio
down to a value of approximately 3.40 1s
generally beneficial for all prismatic co-
efficients. Below values of C,=0.59 how-
ever there appears to be some penalty in
resistance criterion for L/B ratios less than
3.40. -

(b) B/T ratio The effect of beam-draft ratio for fixed

values of the remaining parameters has
been studied for B/T ratios between 2.0
and 3.2 and for C, values between 0.55 to
0.65. Fig 45 shows that increase in B/7T ratio
always results in a penalty in resistance
criterion for all values of prismatic co-
efficient. With the exception of C,=0.65,
which is on the edge of the rectangular
range of data points included in the analysis,
the penalty change in resistance criterion
due to changes in B/T ratio is generally the
same for all prismatic coefficients.

[
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Fig 45. The effects of variations in B[T ratio from the standard
value of 2.75 for various prismatic coefficients
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The effects of variations in maximum area
coefficient C,, have been calculated over
the range C,=0.50 to C,=0.80. This large
range covers a wide variety of hull forms
from the yacht-shaped hulls with fine
midship sections up to the fuller-sectioned
and generally larger fishing vessels around
100 ft in length. As can be seen from fig 46
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Fig 46. The effects of variations in maxinuun section area
coefficient from the standard value of Cp=0.63

@c,
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there is a penalty in resistance criterion as -
C,, is reduced and this penalty is the same

for all values of prismatic coefficient

within the range C,=0.55 to C,=0.65.

The slope of the Cy ~C,, curve, howsaver,

is rather less for values of C,, in the region

of C,=0.75 to C,=0.80, suggesting that

for these fuller sections the benefits of

further increase in maximum section area

are not so great.

The effects on resistance criterion of
changes in prismatic coefficient from the
standard value of C,=0.61 have been
calculated for fixed values of the remaining
parameters of the basic form. It can be
seen from fig 47 that a prismatic coefficient
of 0.61 is about the worst value for the basic
form and that both higher and lower
values are advantageous.
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The effects on resistance criterion of
changes in position of the longitudinal
centre of buoyancy can be seen in fig 48 for
values of prismatic coeflicient between
C,=0.55 to C,=0.65. It can be seen that
there is generally a benefit in locating the
position of the /.c.b. up to 6.0 per cent aft
of amidships, although for C, values in
excess of 0.63 the optimum position
appears tq be at or near amidships.
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Fig 48. The effects of variations in position of longitudinal

centre of buoyancy from the standard value of — 2.0 per cent
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for various prismatic coefficients

The effects onresistance criterion of changes
in the half-angle of entrance of the load
waterline are very marked as can be seen
infig49. Generally speaking, the advantages
of adopting a low value of }o; are apparent
at all values of prismatic coeficient,
although for C, values of 0.55 and 0.57 it
appears that almost equally good per-
formance can be obtained for values of
102 between 30° and 35° as for values of
142 between 15° and 20°. Both of these
ranges of 4of are better than the standard
value of 25° for the basic form.

The effects on resistance  criterion of
variations in half-angle of run from the
standard value of Zof=45° for various
prismatic coefficients, are of secondary
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Fig 49. The cffects of variations in half-angle of enirance of

the floating waterline from the stundard value of Yog = 25°

=
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or various prismatic coefficients

importance in relation to the remaining
form parameters (see fig 50). For the
ranges of hull form parameters with which
we are concerned in our analysis, therefore,
it is generally permissible in design work to
allow the run angles of the form to increase
if required to make the buttock angles less
steep.

Ce B¢ G | Cp | LcEY% Vexe Vemp ixgg’ TR

BASIC | Z75275068 061 ~20 260 (450 250 +CO%

FORM ) 1
FIXED (v  FIXED  WRING FIRED

S

—
STANDARD
VALLE

1 1 I H ] o

40 45
1Yo xy*
VAT =110

Fig 50. The effects of variations in half-angle of run from
the standard value of 1ol = 45° for various prismatic coeffi-
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@) trim

cients

The effects on resistance criterion of
variations in buttock slope are generally
significant for all values of prismatic
coefficient and show a benefit in Cg,, as
buttock slope is reduced down to 15° (the
lower limit of the data). These effects can
be seen in fig 51.

The effect on resistance criterion of changes
in trim from the design value of +0.05 are
not significant.

It is emphasized that the independent changes in
L/B, B/T, C,, and C, discussed above will all affect
displacement. In practice, if changes are investigated
which keep Jength and displacement constant, a change in
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any one of these four parameters will necessitate ap-
propriate changes in one or more of the other three,
and the several resulting effects on Cy will counteract or
reinforce one another, thus modifying the above con-
clusions in particular cases.

CONCLUSION

Similar trends showing the influence of hull form para-
meters at all speed-length ratios between V/\/ L=0.85 to

V/\/L=1.20 can be derived from the computer pro-
gram. As we have demonstrated however, the effects
on resistance criterion are quite complex. Estimates for
individual vessels and suggestions for improvement in
performance should therefore be made using the com-
puter program as a design tool.

This analysis covers a wide range of hull form para-
meters and fishing vessel types. As more data sheets for
new vessels are included in the FAO store of information
however, it should be possible to extend the coverage of
the present analysis even further. The process is therefore
seen as one of continuous appraisal, modification and
improvement in the design of fishing vessels.

The expressions in the regression equations derived
from this analysis can be explored in order to seek
combinations of hull form parameters which will give
improved performance. This exploration can be carried
out either by some form of systematic evaluation of the
expressions or by using one of the methods of mathe-
matical optimization which are currently available. Four
different sets of hull form parameters have been derived
by these methods and forms having these parameters
have been designed by FAO and Chalmers Technical
University, Goteborg, and models have been tested at NPL
and Chalmers. This work is presented on page 139.

As already noted, there are a considerable number of
vessels included in the present analysis having hull form
parameters outside the ranges given in table I. For new
vessels which have hull form parameters in these regions
of existing data, satisfactory estimates of performance can
usually be made using the regression equation given in
the Appendix.
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NOMENCLATURE
L length on the floating waterline. Obvious

long stems, etc., are faired out and the
appropriate length determined. In some
cases L is determined from drawings, as
length between perpendiculars is sometimes
the only length given in reports

B beam, maximum, usually at the midicagth
of dimension L, measured at the floating
waterline WL

Tose draft at the aft end of L to an elongation
of the centre bottom line of a steel hull
(excluding a possible bar keel) or to the
elongated rabbet line of a straight keel of a
wood hull

T draft moulded at 1L

draft at the fore end of L to an elongation

of the centre bottom line of a steel hull

(excluding a possible bar keel) or to the

elongated rabbet line of a straight keel of a

wood hull
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maximum immersed section area (the area
of the vertical transverse underwater section
of the mode] which has the greatest section
area)

volume of displacement of the model up to
the floating waterline ({t®)

metric displacement volume of the under-
water body of the vessel, including keel
and appendages to waterline WL in (m)>
displacement of ship in salt water, floating
at waterline WL, based on 35 ft® of salt
water per ton, corresponding to a specific

E gravity of 1.026 in long tons of 2,240 ib

Cy=C,.C,

L/B
BT
leb. %

(1,016 kg)

wetted area of the underwater body of the
model to waterline WL. This includes the
wetted surface of all appendages in the
appendage list at the top of the FAO data
sheets, excluding struts and open shafts
ship speed in knots

ship speed in ft/sec

coefficient of kinematic viscosity; assumed
to be 1.2285x10-° for model at 59°F in
fresh water and 1.316x 10> for ship at
59°F (15:C) in salt water

Reynolds number = (2L/v)

Froude number

speed-length ratio

maximum area coefficient evaluated to
waterline WL (C,,=A4,/BT)

prismatic coeflicient based on the maximum
section area and-the moulded displacement
including stern (C,=35A/L.A,,)

block coefficient: the volume of the under-
water body of the ship divided by the
volume of a rectangular block having
dimensions L, B, T as the ship
length-beam ratio

beam-draft ratio

position of the longitudinal centre of

=
13
2

h
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buoyancy in relation to the midlength of the
dimension L, expressed as a percentage of
the length L

<+ indicates the position forward of L
and

— indicates the position aft of it
the angle which the waterline WL makes
with the centreline of the model at the
stem. Normally this is the average angle for
the first o5 of the length L, but when
measuring, care is taken to disregard
excessive rounding or hollowing near the
stenu.
the maximum angle of yun up to end in-
cluding the designed floating waterline WL.
This angle is measured at a section 5 per
cent of the waterline length forward of the
after end of L, except where this section cuts
the deadwood, when the maximum water-
line slope at the intersection with the
forward end of the deadwood is taken.
the maximum buttock slope of the } beam
buttock measured relative to the floating
waterline WL. This angle is evaluated
exclusive of the slope of the stern contour
in the case of vessels with transom sterns
ship resistance in Ib

resistance criterion proposed by Telfer

resistance criterion when L=16 ft (4.9 m)
three-dimensional frictional resistance com-
ponent given by ITTC Formulation
relative density or specific gravity

model speed of advance in ft/sec

Jength of model in ft corresponding to ship
length L

breadth of model in ft corresponding to
ship breadth B or breadth of water in
tank (Formula 3)

depth of water in Tank (ft)
acceleration due to gravity (ft/sec?)



APPENDIX
Final Regression Equation

CRls~ao+ apX + a; X, + a3X3+ a X+ asXs+ agXe+ a; X;+ agXg+as Xy
ol g Xty XE e X3 +a13X4+a14X5+a15X6+a16X7+a17X8
+a,5 X3 +a19X2+a,0X3+a21X4+a27X +a23Xs+a24X7+a23X8
+a, X5 +a27X2+a28X3+a29X4+a30X5
+a31X2X3+a3,X2X +az X, X3+034X2X3+335X2X3+‘136X2X3
+a37 X Xg+ays X Xe+a30X, X6+a4oX1X6+a41X1X6+a42X X3
+a, X Xatan XX, +a5X, X¢+a46X Xytag X7 X4+a48X X3
+a49X2X4+a30X2X4 Las 1X2X*
tas, Xy Xs+as3 X3 Xs +a34X4X5
+a3,X4X6+a36X4X5+a57X4X
+a58X4X7+a39X4X7+a60X4X7'
+a51X4X3+a6,X4X8+a53X4X8
+agy X X3+ags X1 Xs+ag6 X, Xz
+a67X2X6+a68X2X6+a69X2X5
+itg Xis X +a71X5X5+a72X X2
+a;3 X Xg+a, X3 Xg+a:5X, X
+a,6X, Xeg+a,,X3Xg+a; stXg
+a79 X5 Xg+ag0 X3 Xg+ag, Xs X:
+agy(Byn)+ags(B n)’ +ags0, +ass50;

where X, =L/B

X,=B|T

X3 = Cm

Xy=C,

Xs=1lcbh

X =}

X7 =13x

Xg = aps

X, = trim

5 = {0, if there is no wooden keel
71, if there is a wooden keel

5. = {O, if turbulence stimulators are fitted N
2= %1, if turbulence stimulators are not fitted

ag, 41,84, ..,0g5 Ar€ CONstants determined by the least-squares fitting, a different

set for each value of V/\/f.

@ = Qechon area 8‘&4 G o wooden }Leé/{ m%

Amox 2 Me.x immersed S ees cchon ag f/tl

oo
po= b
< = %
\/23 \/)Mo'
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