
397

A POWER PREDICTION ME HOD AND ITS APPLICATION
TO SMALL SHIPS.

by

G. van Oortmerssen').

Abstract.

A mathematical model is derived by which it is possible to describe the resistance and propulsion

properties of ships as a function of the F roude number, the Reynolds number and the general form
and propeller parameters.

The coefficients ofthe mathematical model have been calculated for small ships such as trawlers
and tugs from random tank data, obtained from the N.S.M.B.-statistics.

With the present method it is possible to make an approximation of the resistance and required
power which is accurate enough for design purposes. The method is suitable for programming.

1. Introduction.

A lot of investigators have tried to give methods
to estimate the resistance and required power
for the preliminary design of ships.

Mostly these methods consist of a graphical
representation of the test results of random
models or model series on base of the most im
portant form parameters.

Since the electronic computer is used as an aid
in ship design, there is a growing need of a mathe
matical power prediction method.

On the other hand the computer facilitates the
analysis of vast amounts of experimental data.

Doust [1] was the first to use the computer for
a statistical analysis of resistance data. He
expressed the resistance and propulsive efficien

cy in polynomials in terms of the general form
parameters and calculated the coefficients with
the least squares method.

He did not make a distinction between viscous
and non -viscous resistance, nor did he include a

speed parameter in his analysis. Therefore he had
to calculate the values of the coefficients at dis
crete values of the Froude number and, conse

quently, obtained different polynomials for dif
ferent Froude numbers.

The reason why so few have tried to find a
mathematical description of the influence of the
velocity on the resistance is, that it seems to be
difficult to represent the humps and hollows in a
simple formula.

*) Netherlands Ship Model Basin, Wageningen, The Netherlands.

Some attempts were made, as for instance by
Hughes [2], who deliberately ignored the existence
of humps and hollows.

Havelock, however, has shown already in 1909
[3] that it is possible to express the wave re

sistance of a ship in a rather simple formula,
which also gives a good representation of the
humps and hollows.

Pursuing this study of Havelock a mathematical
model for the resistance of ships has been ob
tained. The coefficients of this model were cal
culated from random tank data.

Because the terms which express the influence
of the speed have a physical meaning, the total
number of coefficients to be calculated can be
restricted to 50, against 120 coefficients needed

by Doust to record the resistance at only four
values of the speed parameter. Also some extra
polation is possible beyond the speed range of the
input data, from which the coefficients were cal
culated.

A three dimensional extrapolation method is
usedfor the calculation of the full scale total re
sistance while an empirical formula is given for
the form coefficient.

The problem of the propulsive efficien,ey is
even more complicated.

Very little is known about the dependency of
the various efficiencies on the speed parameters

and no extrapolation method is available to obtain
prototype values from model tests.

Some empirical formulae are given for the
wake fraction and the thrust deduction factor as
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for instance by Ta~Tlor [6], Harvald [7] and Astrup
[8] , but none of these formulae take the influence
of the speed into account.

In the present paper the propulsive efficiencies
are expanded in polynomials in terms of form and
screw parameters and the Froude number.

principle, no attention is paid to the interaction
between the wave making resistance and the
viscous resistance.

2.1. Viscous resistance.

2. Resistance.

All data concerning the resistance of ships are
obtained from model tests.

Because of the impossibility of satisfying the
laws of similitude of Froude and Reynolds simul
taneously during a model test, a distinction must
be drawn between the wave -making resistance
and the resistance of viscous origin, according to
the principle of Froude.

So fOl" the model:

(1)

in which RT is the total resistance, RW the
m m

wavemaking and RV the viscous resistance of
m

the model. The subscript m designates model
values, while s will be used for full scale values.
F n is the Froude number, Rn the Reynolds number
and PI' .. Pn are general form parameters.

For the ship:

For the calculation of the viscous resistance
of ship and model use can be made of the results
of experiments with flat plates.

However, the viscous resistance of a ship does
not equal the resistance of a flat plate with the
same wetted surface. This is due to the fact that
the flow around a ship is three -dimensional, while
the condition of the flow around a flat plate is two
dimensional.

Therefore the streamlines along the ship are
no longer straight lines parallel to each other and
besides the frictional resistance there is also a
pressure resistance, the direction of which is
normal to the ship's hull. (The course of the
streamlines is also affected by the existence of
waves, but we cannot take into account this in
fluence. Because the principle of F roude is used,
it is assumed that the waves do not influence the
viscous resistance and vice versa).

So to obtain the viscous resistance of a ship, an
allowance has to be made on the frictional 'flat
plate' resistance:

RV (Rn ,P1' .. Pn)=[1+K(P1··· Pn)]· RF(Rn) (5)

in which RF is the resistance of a flat plate, ac
cording to the 1. T. T. C. formula:

0.075 2
R F v,pV S

(0.43429 In (Rn) _2)2
(6)

(2)

Since Froude' s law of similitude is satisfied:

As a result of the application of the Froude

With (1) and (2) we find for the total resistance
of the ship:

where V is the speed and S the wetted surface.
The function K represents the form factor,

which depends on the general form parameters.
Nordstrom, Edstrand and Lindgren [9] have

performed a model test program in order to de
termine the magnitude of the form factor for vari
0us ship forms. They used as a correlation para-

meter L/V 1/3, in which L devotes the ship length

and V the displacement volume.
Granville [10] showed that use of the para

meter CB* B/L results in a better correlation.
With the least squares method he found the follow
ing empirical formula:

(3)

(4)

RW RWs m
F =F andso--=--

n m n s !J. !J.s m

RT RT RV RVs m m s
--=-----+--

!J. s !J. m !J. m l', s
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Figure 1.

This formula indeed gives a fairly good ap
proximation of the experimental results.
However, Granville's formula does not reflect
the influence of the draught.
The observation that the viscous resistance of

bodies of revolution varies with the diameter
length ratio and the fullness of form, rather
suggests the parameter

CB
K=18 7 (__) 2

. LIB (7)

2.2. Wave - making resistance.

According to Havelock [3], [4] , [5], the action of

the bow of a ship may be roughly compared to
that of a traveling pressure -point, and further,
the stern may be regarded in the same way as a
negative pressure-point.

Consequently, he replaced the ship form by a

traveling two-dimensional pressure disturbance

(see Figure 2a) and calculated the wave resistance
of such a pressure disturbance.

Moreover, the form factor must satisfy the
following requirements:

10 Interchanging of Band T may not affect the

value of the form factor.
20 lim K=lim K= 0

B->O T->O

30 The form factor must reach a maximum value
when B =T.

Hence the following formula for the form factor
is suggested:

In this formula C is a constant, which can be
determined from experiments, while the mean

ing of the angle \jJ is indicated in Figure 1.

x_

Figure 2a.

After some simplification he found

R -mgl/VZ -mgl/VZ Z
""i. = cl e + cZe cos (gl/v ) (9)

which can be regarded as the resistance due to
the transverse wave system of a ship.

In this formula cl' Cz and m are constants, de
pending on this form of the ship.

In addition to this wave system, a ship also
generates a diverging wave system. The resist
ance due to this diverging wave system is general

ly not very great, but becomes of importance in

the range of low values of the Froude number. It

can be taken into account by adding a term
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Hence the total wave resistance is:

In Appendix I the wave resistance of a two

dimensional pressure distribution with a similar
shape is calculated and appears to be

a

-mgl/9v2
+c3 e

With some numerical examples Havelock has
shown that it is possible to represent the wave
resistance of a ship by means of this formula.
However, the approximation of the surface dis
turbance of the ship by apressure distribution
consisting of one positive and one negative press
ure peak, is not very realistic.

Considering the streamlines around a ship it
is obvious, that there are regions of high press
ure at the bow and the stern, while there are
regions of low pressure near the shoulders.
This conception is confirmeq by the experiments

of Laute [11] and Eggert [12].
The pressure distribution along a ship is shown

in Figure 2b.

R - mgl/V2 - mgl/v2 2
-=q e + c2 e cos (gl/v )
/',.

(10)

R
2 -2 k 1'1 2 -2 k 1'2 2 -2 k 1'3

W= SI e + s2 e + s3 e

-k(r +1' )
-2 SI s2 e 1 2 coskl1

-k(r +1' )
- 2 sl s3 e 1 3 cos k12

-k(r2 + 1'3)
+ 2 s2 s3 e cos k( 11 + 12)

(11)

The value of the parameters 1', sand 1 depends

on the geometry of the surface disturbance, while
k is the wave number.
When this expression is regarded as the resist
ance due to the transverse wave system of a ship,
these parameters depend on the form of the ship.

In order to realize the possibility of calculating
the various coefficients for a certain ship form
from experimental results, the wave resistance
equation has to be simplified.
It is assumed that

Figure 2b.

For the present we shall confine ourselves to
small ships like tugs and trawlers. These ship
types can be characterized by the absence of a
parallel middle body, so the regions of low press
ure and the wave systems of fore and after
shoulder coincide and consequently the pressure
distribution is as indicated in Figure 2c.

P(X}

Figure 2c.

further we have

l2=V,L+l ·L/100D cb D

in which FB is the distance from the centre of
buoyancy to the forward perpendicular and LD is
the displacement length.
Now (11) reduces to:

2 2 2 - m Fn -2 - m F -2
RW=(sl +s2 +s3)e -2s1s2e n

(12)

After adding the term for the resistance due to
diverging waves we can write this result as:
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3. Propulsion.

Once the effective power

(14)

is known, the total required power can be determ
ined from:
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The propulsive efficiency can be split up as
follows:

T,VA RTV Q'

llD 2 TT Q'n'T.V
A
'Q

1 -2

{
cb -2} -mF -2

cos ('I, +-) Fn + c5e n cos (Fn )
100

(13)

The dimensionless coefficients m and ci depend
only on the geometry of the ship and can be ex
pressed in terms of the general form parameters.

As an example the coefficients ci in formula
(13) were calculated from the tank test results

RW
of a fishing cutter. In Table I the values of--;;-

according to this approximation are compared

with values, obtained from the measurements,
using the 1. T. T. C. extrapolation method.

in which llD is the propulsive efficiency:

PE RTV
II =-=---

D PD 211Qn

(15)

(16 )

Table 1.

Rw was derived from test results
t:,

RI
~ was derived from equation (13) with:

t:,

m = 0.259 c3 = 0.292

Cl = 1. 375 c4 = 5.317
c2 =61. 593 c5 ==-10.036

R RI
The average difference between -.:Y::L and ..-..J'L is

0.39% t:, t:,

1-t Q I

(17)

In this equation llo is the efficiency of the pro
peller in open-water condition at that value of the
advance coefficient

VA
J ==- (18)

nD

for which the thrust equals the thrust of the pro
peller when operating behind the ship,

For this value of J the torque in the open-water

conditionQ' differs from the torque in the behind
condition Q.
The ratio:

is called the relative rotative efficiency,
The hull efficiency is

Rw Rw
I

Speed
- --

knots t:, t:,

6 0.924 0.929
6.5 1. 283 1. 287

7 1. 738 1.722

7.5 2.326 2.318

8 3.156 3.196

8.5 4.390 4.376
9 5.893 5.835

9.5 7.449 7.521
10 9.382 9.357

in which t is the thrust deduction factor:

T-R
T

t==--
T

(19)

(20)

(21)
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and w T is the wake fraction based on equality of
the thrust constant. {

I } -2cb -2 -mF
cos ('I, ---) F + c4 e n

100 n

11 D, T and n are known from model self-pro
pulsion tests. The open-water screw efficiency

11 0 can be calculated from the polynomials of the
Wageningen B - screw series [13]:

~ 0.M5
cos(Fn )+(1+c6)'

(0.43429ln(Rn)-2)2

V -JnD
wT=--

V
(22)

{
I } -2cb -2 -mF

cos ('I, +--) F + c5e n
100 n

(24)

KT =f (J, AEIAa, PaiD, Z)

K Q =f (J, AEIAa, PaiD, Z)

KT J

11 0 =K
Q

. z-:;

Now it is possible to calculate 11 R' wT and t for
the model.

Albeit His known that these quantities depend on

the Reynolds number as well as on the Froude

number, their values as obtained from model
tests are also used for the full scale.

Insufficient insight in the nature of the propulsive

coefficients is the cause of the lack of a reliable
extrapolation method.

The influence of the speed parameters on the

magnitude of the propulsive coefficients has been
investigated by means of a regression analysis.

The propulsive coefficients, as obtained from

model tests, were expanded in polynomials which

contained terms of F n and Rn up to the third

degree as well as Cl'os s -coupling terms of F n

and Rn'
The analysis showed that only terms with F n

and F n2 were significant:

The coefficients cl - - - c5 can be expressed in
polynomials in terms of the form parameters,
using regression analysis

ci (i =1 - - -5) =di, o+di,l' PI + di ,2 P1
2

+
(25)

d i , 3 P2 + - - -

and

(26)

The propulsive coefficients are also developed

in polynomials, in terms of the Froude number
and the form parameters:

2
t=e1 0+e1 1 P1 +e1 2 P1 +e1 3 P1 Fn+, , , ,

e1 4' P F n2 + - - -, 1
(27)

4., Correlation with the form parameters.

According to (4), (6) and (13) the total dimen

sionless resistance becomes

The coefficients a .. are functions of the ship
1, J

form and propeller parameters.

,--

The number of form parameters and the total

number of terms to be used in the polynomials

(25) and (27) depends on the amount of available
data.

In general, also cross -coupling terms of the dif
ferent variables are to be used.

When the magnitude of m in equation (24) is

known, all the coefficients d and e can be cal
culated from the results of resistance and pro

pulsion tests of a great number of ship models,

using the theory of minimal variance.

When the resistance of a ship model is known
for a number of values of the Froude number (at

least six), the value of m at which formula (24)

-11 =e + - --R 3,0

(23)

-2 -2
-mF -mF

"c e n + c3 e n2

-2

9

-mFn

= a1 , 0 +. a1 ,IFn + aI, 2 F n
2

= a2 0 + a2 1 F n + a2 2 F n2
" ,

_ 2
- a3 , 0 + a3 ,IFn + a3 , 2 F n

t



gives the best 'fit' for the model results can be
determined by means of an iteration method.

It seems that m depends mainly on the pris

matic coefficient Cp' A good correlation can be
obtained using the formula

(28)

When m has been determined for a number of

models, the constants b1 and b2 can be calculated
with the least squares method, after taking loga
rithms of equation (28).
A computer program in Algol 60 for use on the
N. S. M. B., C. D. C. 3300 has been evaluated to

calculate the values of the coefficients from test

results.
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of equation (24) were not significant.

Better results were obtained when these terms
were replaced by a term:

-2
-mF -2

e n sin (Fn )

The value of the coefficient d6 of the form factor

appeared to be 139. The form factor, calculated
with this coefficient, agreed reasonably well with

the values, given by Nordstrom [9].
However, use of the form factor did not improve
the reliability of the approximation.

Therefore, this term was omitted during the
further analysis.

The final form of the resistance equation for
small ships is as follows:

5. Practical application.

5.1. Results for small ships.

-2
-mFn

9
-2

-mF
+c2e n

-2
-mF

+c e n
3

For small ships polynomials were framed for
the coefficients in the resistance and propulsion

equations.
From the N. S. M. B. statistics 93 models of tugs
and trawlers were selected.
Histograms of the distribution of the different

form parameters of these models are given in

Figure 4 through 13.
The total number of resistance data points was

970. The difference in forms especially of the

stern was very great, because also stern trawlers
were included in the analysis.

Consequently it was difficult to define a measure

for the length of the submerged part of the ship
body.

The displacement length, which was used, is

defined as follows:

-2
. -2 -mFn -2

smFn +c4e . cosFn +

0.075 .'l,pV2S
(0. 434291n (Rn) _2)2 t:,

in which:

- 1 2c· -cl. +c1. I lcb + d . 2 b +d. 3 Cp +
1 1,0 1, 1, C 1,

and

(29)

(30)

LD = 'I, (LBP + LwL)

in which LBP is the length between perpend

iculars and LwL is the length of the design load
waterline. The other form parameters as well as
the speed parameters are based on this displace
mentlength. Of the available models, only those

of single screw ships without a nozzle, being a
number of 66, could be used for the propulsion

analysis. The total number of propulsion data
points was 688.

From the numerical analysis it appeared that,

at least for small ships, the third and fourth term

(31)

CWL is a parameter for the angle of the entrance

of the load water line:

It appeared that cross coupling terms of the
parameters were not significant.

The values of the different coefficients are given

in Table II.

The best results for the prediction ofthe pro

pulsive coefficients were obtainedwith the follow-
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Figure 4.
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I E IN DEGREES

Figure 10.
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Table n.
Coefficients ofthe resistance equation for small ships calculated

from 970 data points of 93 ship models.

2 2ci=(di O+d. 1. 1 b+di 2. 1 b +d. 3' Cp+di 4' Cp +, 1, C , C 1, ,

LD LD B
2 2+d. 5 - + cl. 6 (-) + cl. 7 CWL + d. 8 CWL + d. 9-+

1, B I, B 1, 1, 1, T

B 2 -3
+d1· 10 (-) +d. 11 CM)' 10, T 1,

2

m -2
--F

R 9 n
~=C1 p

.1.

l1

-2
-mF

+ c e n
2

-2
-mF

+c e n3
-2

sinFn +

-2
-mF

+c e n
4

-2 0.075
cos Fn +-------- ----

(0 .43429ln (Rn) _2)2

-2.1976
m=0.14347 Cp

i = 1 2 .,
4,)

d· 0 + 79.32134 + 6714.88397 - 908.44371 + 3012. 145491,

d· 1 - 0.09287 + 19.83000 + 2.52704 + 2.71437I,
d·" 2 - 0.00209 + 2.66997 - 0.35794 + 0.255211,

cl. 3 - 246.45896 - 19662.02400 + 755.18660 - 9198.80840
1,

d· 4 + 187.13664 + 14099.90400 - 48.93952 + 6886.604161,

d. 5 - 1. 42893 + 137.33613 - 9.86873 - 159.92694
1,

d. 6 + 0.11898 - 13.36938 - 0.77652 + 16.23621
1,

cl. 7 + 0.15727 - 4.49852 + 3.79020 - 0.82014
1,

d· 8 - O. 00064 + O. 02100 - 0.01879 + 0.00225
1,

d· 9 - 2.52862 + 216.44923 - 9.24399 + 236.37970
1,

di ,10 + 0.50619 - 35.07602 + 1. 28571 - 44.17820

di 11 + 1. 62851 - 128.72535 + 250.64910 + 207.25580,

ing polynomial:

t =e1, 0 +e1, 1 Cp +el, 2 Cp
2

+e1 , 3 Cp Fn +

e1 4 Cp Fn
2

+e1 5'Cp'lcb+e1 6 LD/ B +, , ,

(32)

11 R = e3, 0 + e3 ,1 Cp + - - -

The polynomials for the wake fraction and the

relative rotative coefficient have a similar form.

The values of the coefficients e .. are given in
I, J

Table Ill.

The distribution of the error in resistance and

power prediction is given in Figure 14.

The distribution of the error appears to be

normal. In Figure 15 the distribution of the mean

value per ship model of the absolute value of the

error is given.
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Figure 15. Distribution of the mean error per model.

5.2. Results for other ship types.

i = 1 2 3

e i • O - 0.93290 + 0.72681 + 0.03814

ei,l +3.94349 - 1. 74379 + 3.69241

ei,2 -2.98757 + 1.37241 - 2. 86213

ei,3 - 0.98059 + 0.26229 - 0.33299

ei ,4 + 1. 04860 - 0.22019 - 0.70954

ei,5 + 0.00490 + 0.01379 - 0.00204

ei,6 + 0.00228 - 0.00786 - 0.00336

ei,7 - 0.00152 + 0.00216 - 0.00350

TJR =e3 ,0+e3 •1 Cp +---

Fn , Cp and lcb are based on LD.

WT =e2 0 + e2 1 Cp + - - -. .

The degree of confidence, which was obtained in
the estimation ofthe resistance, is shown in Fig
ure 21. This figure also includes curves cor
responding to the Lap and Taylor methods [14J.
It may be expected, that this result can be im

proved, when the polynomials are attunE;lg to this
ship type.

It is clear, that in the approximation of the re
sistance for bigger ships a considerable higher
degree of accuracy can be obtained than for small
ships.

This can be explained by the following considera
tions:

Table Ill.

Coefficients of the propulsion polynomials for
small ships, calculated from 688 data points of

66 ship models.

161210

MEAN ERROR IN */.

MEAN NUMBER OF MEAN

ERROR IN: MOOELS VALUE

100 1 RESISTANCE 93 7.3 */.

2 TOTAL POWER 66 9 5 ./.

90
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70
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60

;;:;

~

W
:> SO
':i

40

30

20

10

In Figure 16 through 19 the wave resistance
curves according to formula (29) of some ship
models are compared with the measured values.
In Figure 20 an example is given of a prediction

of total required power and number of revolutions
of the propeller for a pilot boat.
The prediction agrees very well with the values,
measured during sea trials. The data of this ship
were not included in the data. used for the cal
culation of the coefficients of the polynomials.

In Appendix Il graphs are given of the terms
of equation (29) on a base of the Froude number.
The application is elucidated by an example.

A start was made with the analysis of resist
ance and propulsion data of other ship types with

the method described.
Preliminary calculations were performed for the

resistance coefficients of tankers.
Very good results were obtained using the same

formula which was developed especially for small
ships (equation 29).
Coefficients were calculated from the model test
results of 99 tankers.

- the part of the resistance which is due t.o wave
making is for small ships substantially greater
than for big ships. Consequently a certa~n error
in the approximation of the wave-making resist
ance results in a greater error in the total resist
ance for small ships than for big ships j

- characteristic of the input for small ships was
the dispersion in form, size and ship types, while

the difference in form and size was not so big for
the tanker input.

i

b
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TRAWLER

10
MEAN ERROR 7.7 %

Lx BxT = 23.00x6.00x2.25
20

MEAN ERROR 5.1 0/0

Lx B xT = 25.00 x 7. 50 x 3.60

5

15

B.I.
~

10

PREDICTED

MEASURED

12118 9 10
Vs IN KNOTS -----tIO_-

10..97 8
Vs IN KNOTS'

Figure 16. Comparison of resistance prediction with

model test results.

Figure 17. Comparison of resistance prediction with
model test results.

TUNA FISHING VESSEL STERN TRAWLER

20
MEAN ERROR 13.4"10

LxBxT= 51.20x11.60x 6.25

20
MEAN ERROR 3.4 "10

Lx Bx T = 41.00x 1O.60x 4.25

15
PREDICTED

15

RT
t::.

10

PREDICTED t
I

/
~

5 5

MEASURED

141310 11 12

Vs IN KNOTS

Ol..--I.----'_--l-.----l..._L--l-----L_..L.----L_"-_

161512 13 14
Vs IN KNOTS

OL--L----.JL..--l----L_-L--..L_.L---L._L-..-l---..l._

11

Figure 18. Comparison of resistance prediction with

model test reslllts.

Figure 19. Comparison of resistance prediction with

model test results.
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PREDICTED WITH 13 °/0 ALLOWANCE ON EHP
<THiS ALLOWANCE WAS OERIVED FROM CORRELATION OF THE
MODEL TEST WITH TRIAL RESULTS I

o TRIAL RESULTS

I SOD

2000
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100 1000

;: 0
50w

~
w n. -t-i: :z:

u. '"
0 "= 40
w ...
=> soo wz >'> w.. .... 30
i:' w

'" u
z Z
0 W

" Cl3 "- 20
0

~
z
0
u

S ,S
SPEEC OF SHIP IN KNOTS

'0

300

200

Figure 20. Trial results single screw diesel electric

pilot boat. o~0--~--...J.4---6!---L....--1J..0---1J.2---1.J4

ERROR IN °1.

Figure 21. Accuracy of resistance prediction of different
methods.

6. Conclusions.

1. With the method, presented in this paper, it
is possible to predict the required power of tugs,
fishing boats, stern trawlers, pilot boats etc ..
At a confidence level of 95%, the mean error in
the power prediction over a certain speed range

is less than 18%.
2. The method is also suitable for the prediction
of resistance and power of other ship types, but
further analysis is required in order to determine
the optimal form of the polynomials for different

types of ships.

b
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Appendix 1.

The wave-making resistance of a traveling

two-dimensional pressure disturbance.

In [1] Havelock has deduced the wave resistance
of a two-dimensional pressure distribution.

His train of thought will be summarized below.

The direction of motion is Ox, while r; is the
surface elevation.

The pressure distribution is given by

Thus the wave -making resistance per unit breadth
becomes

(I -1 0)

(1-11)

k
2

2 2R=-(Cll +\jJ )
pg

The resistance can be calculated by evaluating
the complex integral

(I-I)p=f(x)

The fuction f(x) has fhe following properties:

lim f(x) = 0 and lim f(x) = 0

The value of this integral can be found with
Cauchy's theorem:

and thElintegral pressure P is finite. where

x-) CX} X -)_00

(I -12)

P= J f(x) dx .
L A is the sum of the resi dues of the integrand at

(I -2) the poles of f (~) situated above the real axis.

If ~ = a is a pole. then
The disturbance travels along the surface with

constant velocity Y. Then the regular wave train
behind the pressure distribution is given by

ik ~
A=[(~-a)f(~)e ]~=a (I -13)

2k 00

r; =--, J f(Osink(x-~) d~pg_oo

2k
= --(Cll sinkx -\jJcoskx).

pg

where

The function f ( ~ ) has to satisfy the following con-
(I -3) ditions:

- there are no critical points other than simple
(I -4) poles in the semi -infinite plane situated above

the real axis for ~.

- lim f (~ ) = 0 and lim f ( ~ ) = 0
~ -+ <>0 ~ ->_<>0

Cll = _ 00 J f ( ~ ) cos k ~ d ~ .

and

(1-5)
Now Havelock's theory will be applied to the

following pressure distribution:

.rOOf(~)sink~d~. (1-6)

-ql q2
p=f(O= +-----+

~2+rI2 (~-11)2+r2 2

The length of the waves is

2TT 2TTy2
x=-=--

k g
(1-7)

(I-l~)

(1-8)

(I -9)

The mean energ'y per unit area of the wave motion
equals

,2
2k 2 2
-(Cll +\.jJ )
Pg

The group velocity of the waves amounts to 'I, Y,

hence the rate of gain of energy per unit area is

2
2k 2 ?

R.Y='I,Y·--(Cll +'fJ~)
pg

This function is represented in a graphical way
in Figure 3.
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The poles of f ( ~ ) are: With (1-10) we find the wave resistance:

I ~cc~ir1

II ~=11~ir2

HI ~ cc -12 ~ i 1'3

(1-17)

2n
2

q q
2 3 -k (1' + l' )

---e 2 3coskl1 cosk12

po-r. 2
'" 1

and the expression for R can be simplified into

-2 k l' -2 k 1'2 -2 k 1'3
R=s 2 e l+ s 2 e +s 2 e +

1 2 3

-k(rl + 1'2)
-2 SI s2 e cos k 11 +

-k(r1 + 1'3)
-2s1 s 3 e cosk12 +

-k(r2 + 1'3)
+2 s2 s3 e cos k(ll +12)

1'21'3

sinkll sink12 } (1-16)

According to Havelock the variable qi may be

regarded proportional to thE) square of the speed

of propagation, hence,

ik (11 + i 1'2)
qze

2 i 1'2

2 i 1'1

[

(~ -11 - i 1'2) q2eik ~ ]

I(~ -11)- ir2! l(~ -11)+ ir2\ 1 .
- ~ = 1 + 11'2

_[ (~ - i 1'1) (- q1e ik ~ )]
Al - ------"'----=---

( ~ - i 1'1) (~+ i 1'1) >= .'
• . c, cc 11'1

-kr1
- q1 e

Only the poles situated above the real axis are of

importance, so from (I-13) we find the following

residues:

According to (1-11) and (1-12) we find:

n q2 n n"

{
-kr 'J -kr }

+i -e 2 sinkll +-e 3 sinklZ1'2 - 1'3

(1-15)

h
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Resistance estimate for small ships.

Appendix 2.

-7
-m Fn ~ 2

fe, o=e . sinF -
o n

&

According·to equation (29) the total resistance

of small ships can be written as:

(H-l)

in which:

-m -2
f1 e - F9 n

-2
-m Fnf2 =e

-m F -2 _7
f4 =e n. cosF ~

n

The values of f1 through f4 are given in Figure

22 through 25 on a base of the Froucle number

v
Fn =---

for different values of the prismatic coefficient.

The values of Cl through c4 can be calculated by

means of formula (30) with the coefficients given

in Table H. CF is the flat plate frictional resist-

Table N.

Frictional resistance coefficient CF * 10-3 =. 103 according to 1. T. T. C.

Length of ship in meters

Vs V
30 40 60 70 80

m/sec
10 20 50

knots

1 O. 51 3.463 3.055 2.849 2.715 2.617 2. 542 2.480 2.429

2 1. 03 3.055 2.715 2.542 2.429 2.346 2.282 2.229 2.186

3 1. 54 2.849 2.542 2.385 2.282 2.207 2.148 2.100 2.060

4 2.06 2.715 2.429 2.282 2.186 2.115 2.060 2.015 1. 977

5 2.57 2.617 2.346 2.207 2.115 2.048 1. 995 1. 952 1.916

6 3.09 2.542 2.282 2.148 2.060 1.995 1. 945 1. 903 1. 869

7 3.. 60 2.480 2.229 2.100 2.015 1. 952 1. 903 1. 863 1. 830

8 4.12 2.429 2.186 2.060 1. 977 1. 916 1. 869 1. 830 1. 797

9 L1. 63 2.385 2.158 1. 025 1. 945 1. 885 1. 839 1. 801 1. 769

10 5.14 2.346 2.115 1. 995 1. 916 1. 858 1. 813 1. 776 1.744

11 5.66 2.312 2.086 1.969 1. 891 1. 834 1. 790 1.753 1. 723

12 6.17 2.282 2.060 1. 945 1. 869 1. 813 1. 769 1. 733 1.703
13 6.69 2.254 2.036 1.923 1. 848 1.793 1. 750 1. 715 1. 685

14 7.20 2.229 2.015 1. 903 1.830 1. 776 1. 733 1. 698 1. 669
15 7.72 2.207 1. 995 1. 885 1.813 1. 759 1. 718 1. 683 1.654
16 8.23 2.186 1. 977 1. 869 1. 797 1.744 1. 703 1. 669 1. 641
17 8.74 2.166 1. 960 1. 853 1. 783 1. 730 1. 690 1. 656 1. 628

18 9.26 2.148 1.945 1. 839 1. 769 1. 718 1. 677 1.644 1. 616
19 9.77 2.131 1.930 1.825 1. 756 1. 705 1. 665 1. 633 1. 605
20 10.29 2.115 1. 916 1. 813 1. 744 1. 694 1. 654 1.622 1.595
21 10.80 2.100 1. 903 1. 801 1. 733 1. 683 1. 644 1. 612 1. 585
22 11.32 2.086 1. 891 1. 790 1. 723 1.673 1. 634 1.602 1. 576
23 11. 83 2.072 1. 880 1. 779 1.713 1. 663 1.625 1. 593 1. 567
24 12.35 2.060 1. 869 1. 769 1. 703 1.654 1. 616 1. 585 1. 558
25 12.86 2.048 1. 858 1. 759 1. 694 1,646 1,608 1. 577 1. 551
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Table V.

Allowances for the trial condition.

Allowances for: L, CF

Roughness all-welded hull 0.00035

Steering resistance 0.00004

Bilge keel resistance O. 00004

Air resistance 0.00008

in which \l is the volume of displacement.

The coefficients in this formula were calculated

for small ships by means of the least squares

method.

Example of resistance estimate.

The resistance at a speed of 13 knots is es

timated for an ocean going tug. having the follow

ing dimensions:

ance accordingtothe 1. T. T. C. -formula. Values

of CF for different ship lengths and speeds are

given in Table N.

2: L, C
F

is the sum of the allowances for hull

roughness, bilge keel resistance, additional re

sistance due to steering and air resistance, as

given in Table V.
The wetted surface S can, if unknown, be ap

proximated by means of the formula:
cl = 2.03 * 10-3

-3
C2 =253. 64 * 10

-3
c3 = 33.68 * 10

-3
q=-79.30 * 10

0.817LD "'29.00 m CM =

LD/B 3. L15 i E
B/T = 2.85 S

lcb = -2. 55% of LD \l

Cp = 0.609 V

23 degrees

=284 m 2

"'376 m3

= 13knots =

6.69 m/sec
From Table II it is calculated that:

(II -2)
2/3 1/3

S =3.223 \l + 0.5402 LD \l

1.0
0,40

0.9
Cp

0.75

0.8

0.7

0.6

0.5

1 0.4

N
'c
1L 0.3

8'",
Q)

n
.::: 0.2

0.1

0.2
Fn

0.3 0.4- 0.5

Cp
0.75

10.20

N
I
C
1L

E
I

Q)

"N.....

0.10

Figure 22. Figure 23.

6
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o
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..:::

-0.05
0.50

I 0.55

-0.10
0.60

- 0.15
0.65

0.70
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"...
"- 0.05

0.10

0.15

0.20
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0 0.1 0.2 0.3 0.4 0.5
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Figure 24.

Figure 25.

From Figure 22 through 25 it follows that for

Cp = 0.609 and F = 0.396:
n

f1 =0. 74 so cl f1 = 1. 502 * 10-;)

f2=0.07 c2 f2=17.755*10-
3

f3 =0.05 c3 f3 = 1.685*10-3

f4 = 0 c4 . f4 = 0

2. =20.942 * 10-3

From Table N and V it follows that

CF = 0.002025

6. CF = 0.00051

C
F

-I-6.CF =0. 002535

So we obtain for the total resistance in salt

water:

RT = 0.020942 * 1025 * 376 -I
0.002535 * 52.25 * 6.692 * 284

RT =8071 -I- 1684 =9755kg.
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List of symbols.

D

FB

J

KT
KQ
K

L

LBP
LD
LwL

= expanded blade area in m2 .

= area of the propeller disc in m2 .

= moulded breadth in m.

= flat plate frictional resistance coeffi-

cient
= midship section coefficient
= longitudinal prismatic coefficient
= coefficient for the entrance of the load

water line
= propeller diameter in m.

= longitudinal centre of buoyancy from

forward perpendicular in m.

= Froude number
= acceleration due to gravity in m/sec 2.

= half angle of entrance of the load water-
line in degrees

= advance coefficient
= thrust constant

= torque constant

= form factor

= ship length in m.

= length between perpendiculars in m.
= displacement length in m.

= lenght of the load water line in m.

------ * 100%

n

Po
PD
PE
PI --p n

Q
R

Rn
RF
RT

RV
RW
S

T

t

V

VA
Vs
wT
Z

V

(',

k

P

11D

'lH

11R

110

= number of revolutions per second

= pitch of the propeller blades in m.
= delivered power in kgm/sec.
= effective power in kgm/sec.
= general form parameters
= propeller torque in kgm.
= resistance in kg.

= Reynolds number

= flat plate frictional resistance in kg.

= total resistance in kg.
= viscous resistance in kg.

= wave resistance in kg.

= area of the wetted surface in m 2 .

= propeller thrust in kg.; draught in m.
thrust deduction factor

= ship speed in m/sec.

= speed of advance in m/sec.
= ship speed in knots

= wake fraction
= number of propeller blades

= displacement volume in m 3.

displacement weight in kg.

= wave number
,= specific density

== propulsive efficiency
= hull efficiency

= relative rotative efficiency

=- open water propeller efficiency




