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Resistance and Propulsion power — Full-scale Prediction

Introduction

To calculate the propulsion power for a ship, the resistance and the total propulsive efficiency have
to be determined with the highest possible accuracy. As empirical methods are normally used for
these calculations, it is worthwhile at least to know the accuracy of the different elements in the
calculation procedures such that the propulsive power can be predicted in combination with an
estimate of the uncertainty of the result. In the following the calculation procedures used for the
present project will be described in detall

Main Dimensions and other Definitions

Following parameters are used in calculation procedure of the ship resistance Ry:

Lo Length of waterline of ship
Lop Length between perpendiculars
B Breadth, moulded of ship
T Draught, moulded amidships (mean draught)
3 Lightship weight
Dy Deadweight of ship
A Displacement mass of ship (p - V= W;, + Dy)
% Displacement volume of ship
S The wetted surface of immersed hull
Ay Immersed midship section area
A Area of water plane at a given draught)
Dprop Propeller diameter
Vv Speed of ship
g gravitational constant (9.81 m/s?)

\
Fn Froude number (Fn =

( Vg 'Lpp
.. v
Ce Block coefficient (Cg = Lpp_B_T)
Cwm Midship section coefficient (Cy = %
Cp Prismatic coefficient (Cp = cc_;)
Cw Water plane area coefficient (C,, = %
M Length displacement ratio or slenderness ratio, M = —-
vi/3

p Mass density of water
t Water temperature
Rn Reynolds number
L The kinematic viscosity of water
Cr Total resistance coefficient



Cr Residuary resistance coefficient

Cr Frictional resistance coefficient
Ca Incremental resistance coefficient
Can Air resistance coefficient

Fixed values

Design values: L, B, T, 4, V

Calculated values (using design values): Cg, C,, M, Fn, Rn

Calculated values using approximations: S

Environmental constants: Water density, temperature, kinematic viscosity

Parameters assumed or calculated based on empirical methods/data

Cr Total resistance coefficient

Cr Residuary resistance coefficient
Cr Frictional resistance coefficient
Ca Incremental resistance coefficient
Can Air resistance coefficient

Dorop Propeller diameter

w Wake fraction

t Thrust deduction fraction

No Propeller efficiency,

R Relative rotative efficiency

Ns Transmission efficiency (shaft line and gearbox losses)
S Wetted surface

Total Resistance Coefficient

The total resistance coefficient, Ct, of a ship can be defined by:

R
CT:CF+CA+CAA+CR:§.‘T$

This is the originally ITTC1957 method from the International Towing Tank Committee (ITTC).

All parameters in the above equation will be described in the present section.



Wetted Surface

The wetted surface is normally calculated by hydrostatic programs. However for a quick and fairly
accurate estimation of the wetted surface many different methods and formulas exist based on
only few ship main dimensions, as example Mumford’s formula below:

\Y
S=1.025"Ly, (Cg-B+17-T) = 1.025- (1 + 1.7 Ly, - T)

In the present project an analysis of the wetted surface data of 125 different newer ships (of
different type as well as size) shows that the wetted surface according to the above mentioned
version of Mumford’s formula can be up to 7 % too small or too large for container ships, bulk
carriers and tankers and up to 15 % for Ro-Ro ships. Therefore it has been analysed if the formula
(i.e. the constants in the formula) can be adjusted in order to increase the accuracy. The results of
the analysis for the wetted surface for bulk carriers, tankers, container ships, Ro-Ro twin screw
ships and Ro-Ro twin skeg ships can be seen in Appendix B.

The equations for the wetted surface, which have been deducted from the present analysis, are
shown in the table below:

. v
Bulk carriers and tankers $=0.99- (7 +19-Ly, -T)
. . v
Container vessels (single screw) §$=0995"- (7 +19-Ly,;- T)
. . v
Single screw Ro-Ro ships $=10.87- (f + 2.7 Ly - T) (1.2 —-0.34 - Cgw)

Twin screw ships (Ro-Ro ships) with open shatft lines (and twin

v
rudders) S=121- (TJ’ 1.3 Ly T) - (1.2 - 0.34 - Cgy)

Twin skeg ships (Container ships and Ro-Ro ships with twin

v
rudders) S=1.13- (T+ 1.7 Ly - T) (1.2 = 031+ Cgw)

The formulas for calculation of the wetted surface include the area of rudder(s) skegs and shaft
lines. However any additional surfaces, S', from appendages such as bilge keels, stabilizers etc.
shall be taken into account by adding the area of these surfaces to the wetted surface of the main
hull.

If the wetted surface, S,, is given for a given draught, T,, the wetted surface, S,, for another
draught, T,, can be calculated by using following formulas, which have been deducted based on an
analysis of data for container ships, tankers, bulk carriers and Ro-Ro ships:

Container ships (single screw): S, =S5:-24(T,—T,)(Lw + B)
Tankers and bulk carriers: S;=S;-2.0(Ty = To)(Lw + B)
Single screw Ro-Ro ships: S;=S;-3.0(Ty = To) (L + B)

Conventional twin screw Ro-Ro ships: S, =S; —2.5(T; - T,)(Lw + B)



Twin-skeg container and Ro-Ro ships: S, =S; - 3.0-(T; = T2)(Ly + B)

Also based on a statistical analysis of container ships, tankers, bulk carriers and Ro-Ro ships
following empirical relations between L, and L, have been found:

Container ships: Lw=1.01-Lyp
Tankers and bulk carriers: Lw = 1.02:-L,p
Single screw Ro-Ro ships: Lw=1.01-Lyp

Conventional twin screw Ro-Ro ships: Lwl =1.035-L,

Twin-skeg Ro-Ro ships: Lw = 1.04-L,p

Frictional Resistance Coefficient

The frictional resistance coefficient, Cg, in accordance with the ITTC-57 formula is defined by:

0075 _  Rg
F™ (logRp-2)2 ~ % pS-V2

where the frictional resistance, Rg, is sum of tangential stresses along the wetted surface in the
direction of the motion.

R, is the Reynolds number: R,, = Vlwl

v is the kinematic viscosity of water: v = ((43.4233 — 31.38 - p) - (t + 20)172P=2202 4 47478 — 5.779 - p)
107°

t is water temperature in degrees Celcius.

As in the original resistance calculation method by Harvald (called “Ship Resistance”), it is here
decided to leave out a form factor in the Cg part, but include a correction for special hull forms
having U or V shape in the fore or after body, as suggested by Harvald. The influence of a bulbous
bow on the resistance is included in a bulb correction, see section regarding this topic.

Incremental Resistance Coefficient

The frictional resistance coefficient is related to the surface roughness of the hull. However the
surface roughness of the model will be different from the roughness of the ship hull. Therefore,
when extrapolating to ship size, an incremental resistance coefficient C, is added in order to
include the effect of the roughness of the surface of the ship. This incremental resistance
coefficient for model-ship has very often been fixed at C, = 0.0004. However experience has
shown that C, decreases with increasing ship size and following roughness correction coefficient is
proposed according to Harvald:



A = 1000t 10°.C,= 0.6
A = 10000t 10°C,= 0.4
A =100000t | 10°C,= 0.0
A = 1000000t | 10°.C,= -0.6

The C, values in the table can be estimated using the following expression by Harvald (1983):
1000 C, = 0.5 - log(A) — 0.1 (log(a))°*

Using the above mentioned correction formula results in too low resistance values for larger
vessels (displacement more than 160000 t). Therefore following revised equation is used for
calculation of Ca:

1000 - C4 = Maximum(—0.1; 0.5 -log(A) — 0.1+ (log(A))z)

The minimum C, value of -0.1 x 10° has been found by using the ‘trial and error’ principle until
reasonable correlations between empirical calculated propulsion power data and full scale power
values were obtained.

Air Resistance Coefficient

Air resistance caused by the movement of the ship through the air, shall be included in the
resistance calculation procedure. The air resistance X can be calculated by following formula:

1
Rair=X:§'Cx'Pair'AVT'V2

where:

Cx Wind resistance coefficient
Pair Density of air

Ayt Front area of ship

The air resistance coefficient Cp 4 is defined as follows:
X

C -
AA %.pw.vz.s

As the ratio between air and water density is 825 the air resistance coefficient becomes:

AVT
825-S

Caan = Cx -

See Appendix A for analysis of this factor. Based on this analysis the following air resistance
coefficient; Caa values, are recommended.



Tankers and Bulk Carriers

Caa-1000
Small tankers 0.07
Handysize tankers 0.07
Handymax tankers 0.07
Panamax tankers 0.05
Aframax tankers 0.05
Suezmax tankers 0.05
VLCC 0.04

Container Vessels

Caa -1000 = 0.28 -TEU %8 but newer less than 0.09

Steering Resistance

It is here decided not to include a correction for added steering resistance.

Residual Resistance Coefficient Cx— Harvald (1983)

The residual resistance coefficient, Cg, is defined as the total model resistance coefficient minus
the model friction resistance coefficient, i.e:

CRm = CTm - CFm

The residual resistance includes wave resistance, the viscous pressure resistance, and the
additional resistance due to the form or curvature of the hull.

As the residual resistance coefficient of the ship model is identical with the residual resistance
coefficient of the ship, Cr is normally determined by model tests, where the resistance in model
scale is measured and converted to full scale values according to methods agreed upon by the
International Towing Tank Committee (ITTC) as example by using the resistance correction
factors, C, and Caa as described earlier. Alternatively the residuary resistance can be predicted by
empirical calculation methods, which are based on analysis of many model tests results.

One of the most well known methods has been developed by Holtrop and Mennen [Holtrop and
Mennen, 1978] from the model tank in Holland (MARIN). This method is very flexible, but many
details are needed as input for the calculation procedure, and the calculation model by Holtrop and
Mennen is therefore not suitable when a quick calculation procedure is needed.

In 1965 - 1974 Guldhammer and Harvald developed an empirical method (“Ship Resistance”)
based on an extensive analysis of many published model tests. The method depends on relatively
few parameters and is used for residual resistance prediction in the present analyses. Harvald
presents curves (see Appendix H and I) for Cgr (Crpiagram) @s function of three parameters: 1) The
length-displacement ratio (M), 2) the prismatic coefficient (Cp) and finally 3) the Froude number
(Fn).



By an extensive regression analysis of the original Cr curves (shown in Appendix H) following
expressions have been developed by Guldhammer in 1978:

CR = f(M,Cp,Fn)
103-CR=E+G+H+K

where;

E = (Ao +15-Fn'®+ A, -FnM1)-(0.98+ ﬁ) + (M —5)*- (Fn — 0.1)*

A, =135-0.23-M+ 0.012- M?

A; =0.0011 - M°?

N, =2-M—37
B,-B

G = 1 2
B;

B, =7 —0.09-M?

B, = (5-Cp—2.5)?

B; = (600 (Fn — 0.315)% + 1)1

H = EXP(80 - (Fn — (0.04 + 0.59 - Cp) — 0.015 - (M — 5)))

K =180 Fn37 - EXP(20 - Cp — 16)

The formula for Cg is valid for Fn <= 0.33

The resistance coefficient Cg calculated according to the formulas above is given without correction

for hull form, bulbous bow or position of LCB. Harvald gives additional corrections for these
parameters.

The residual resistance coefficient curves must be corrected for
e Position of LCB (ACg 1.cB)
e Shape / hull form (ACR form)
e B/T deviation from 2.5 (Ck curves are all given a breadth-draft ratio equal 2.5) (ACg g/r+2.5)
e Bulbous bow shape and size (ACg puip)

Cr = Crpiagram T ACr /1225 + ACrLcB + ACR form + ACRbulb
A proposal for corrections for LCB not placed amidships in the vessel is given. Harvald allows only

LCB forward of amidships and the correction will always be positive, which gives an increased
resistance.
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=> In the present analysis the LCB correction will be ignored
The correction for both the hull form and the B/T correction are used as described by Harvald.
These factors are assumed not to have changed since the method was developed by Harvald; the
correction must be the same disregarding age of vessel.

= Correction of form and B/T is in the present project taken as Harvald recommends:
No correction for B/T equal 2.5, else ACg pyp = 0.16 - (% — 2.5) -1073

= Hullform
A hull shape correction to Cg is applied if the aft or fore body is either extremely U og V
shaped
Fore body Extreme U: - 0.1-10°  Extreme V: +0.1-10°
After body Extreme U: + 0.1 -10°  Extreme V:-0.1-10°

Bulbous bow forms have been optimised and bulbs developed in the recent years can reduce the
resistance quite considerably. Earlier non-projecting bulbous bows decreased resistance at best by
some 5 — 10 %. Modern bulbs can decrease resistance by up to 15 - 20% [Schneekluth and
Bertram 1998]

= New analyses and equations for bulbous bow corrections will be included in the present
analyses.

Draft dependency (Tankers and bulk carriers):

Assuming Cy constant equals 0.995, the prismatic coefficient can approximately be set to Cg,
which is near constant for each vessels size. The coefficient, Cy, will for most vessels be constant
or slightly decrease for decreasing draft. As M is both length and displacement dependent, this
value will also be draft dependent. The Froude number is independent of the draft.

Bulbous Bow Correction for Bulk Carriers and Tankers

In the method by Harvald it is assumed that the ship has a standard non bulbous bow. The method
includes corrections for a bulbous bow having a cross section area of at least 10 % of the midship
section area of the ship. There has been written much about the influence of a bulbous bow on the
ship resistance. Many details have an influence, as example the transverse and longitudinal shape
of a bulbous bow including its height compared to the actual operational draught.

The bulb correction might, as Cg, be function of the of three parameters, 1) the length-
displacement ratio (M), 2) the prismatic coefficient (Cp) and 3) the Froude number (Fn).

In Appendix C it is shown that M and Cp vary within a limited range for tankers and bulk carriers as
follows:

M: 44-52
Cp: 0.78 -0.87

For a given condition/draught the wave pattern and therefore the residual resistance varies mainly
with the speed. The bulbous bow correction will therefore mainly be a function of the Froude
number.

11



ACR puib = ACR puip(Fn)

The bulb correction will also be draft and trim dependent, but this dependency can be very
complex. Therefore in this analysis for bulk carriers and tankers, the bulb correction has been
assumed to be independent of these two parameters and only dependent on the Froude number.

In the present project, the bulb correction is determined by analysis of several model tests results
for ships having bulbous bows. The total resistance coefficient of each individual ship has been
calculated by Harvalds method without any corrections for bulbous bow. Subtracting this value
from the total resistance coefficient found by model tests gives the bulbous bow correction which is
needed for updating of the method. See Appendix D.

For tankers and bulk carriers the correction thus found can be approximated by following formula:
ACR pulp = Max(—0.4; —0.1 — 1.6 - Fn)

For all ship sizes the bulb correction is calculated by both Harvalds method and the new proposal
for tankers and bulk carriers, see Figure 1.

0.0002 0.0002
N A Small Harvald
0.0001 ﬂ ¢ x Small New 0.0001 ﬂ
rq‘:% X Handysize Harvald ‘ Qih%‘f + Handymax Harvald
0 T . - . Y ©® Handysize New 0 . . + Y =Handymax New
a 0.05 0.1 0.3 +Handymax Harvald a 0.05 0.1 0.15 ‘%.2 0.25 PanamxHarvald
2 -0.0001 -Handymax New 2 -0.0001 # PanamaxNew
5 Panamx Harvald 5 H M Aframax Harvald
% -0.0002 ¢ Panamax New % -0.0002 Aframax New
° B Aframax Harvald © Suezmax Harvald
-0.0003 Aframax New -0.0003 Suezmax New
\ . Suezmax Harvald < 4 VLCC Harvald
-0.0004 2 S Suezmax New -0.0004 - BVLCC New
#VLCC Harvald
-0.0005 HVLCC New -0.0005
Fn Fn

Figure 1. The bulb correction calculated using Harvalds original bulb correction and the new
correction proposal. (Tankers — standard vessels).

For all vessels and for all values of Fn, the new bulb correction will be negative, meaning that the
bulb will decrease the total resistance on all vessel sizes. A relatively large scatter is seen for small
and handysize vessels for Harvalds method, this is due to the large standard deviation in Cp for
these vessels.
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Bulbous Bow Correction for Container Ships

The bulbous bow correction for container ships will also be a function of the Froude number. Also
for this ship type, the bulb correction is determined by analysis of several model tests results for
ships having bulbous bows and having a block coefficient in the range 0.5 — 0.7. The total
resistance coefficient of each individual ship has been calculated by Harvald’s method without any
corrections for bulbous bow. Subtracting this value from the total resistance coefficient found by
model tests gives the bulbous bow correction which is needed for updating of the method. See
Appendix E.

For container ships the correction found is different from the bulb correction found for tankers and
bulk carriers as it is expressed as a percentage of the residual resistance found by Harvald's
method without bulb correction (see Fig. 2). The correction is still a function of the Froude number
and it is still negative in the normal speed range. The new bulbous bow correction can be
approximated by following formula (detailed description is given in Appendix E):

R Harvald NO bulbous bow

C
ACR,bulb = (250 -Fn — 90) '

100
20
) Froude number /
0 pPoefPooo coeo o ° ol
0.15 ®(0.p0 h 0.80 0.85 0.0
° ° %, o o © ©
o o _ o® ®© o o 0l® ®
2 20 ® ﬂ' o Yo
£ o ° ) .' ‘ ® o )
_§ ° o seem "‘ oocn’o’.’
S -40 ® ° r—
5 ol ° 8s.° ® o ° o
et ) *|®°3 .'.’00.., o °
O -60 e e Poo-o-gpe
°e of % ®
° Q.J‘ °®
-80 ° o .' Cr correction in % = 250 Fn - 90
® e
-100

Fig. 2 Residual resistance coefficient correction due to the influence of a bulbous
bow found by model tests

Bulbous bow correction for twin-skeg container ships
Very few container ships are built as twin-skeg container ships (as example Maersk Line Triple E).
Model tests for some twin-skeg ships, mostly Ro-Ro ships but also for 3 twin-skeg ships, have

been analysed in order to obtain a correction factor for the residual resistance coefficient for twin-
skeg container Ro-Ro ships.
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The twin-skeg correction is still a function of the Froude number and it is still negative in the normal
speed range. The new bulbous bow Cr correction for twin-skeg container ships is -0.2 10-3 as can
be seen from Fig. 3

0.8 x i I
® Ro-Ro twin skeg ships
—O— Container twin-skeg ship No. 1 ®
—Oo— Container twin-skeg ship No. 2
—8— Container twin-skeg ship No. 3 °
O 0.4 71 —— Twin-skeg correction for container ships
5 . ° °
e o _o
5 ? ® e o ° % e
© o @ o © ® )
2 (]
= 0.0 o
o
S 0.15 b.18 TG :.M.O&o.}i: ° 9.27' ° o 0.80
o ° ® e o
-04 ® ®
®
® ® e
® o
@ o
-0.8 ®

Froude number wi

Fig. 3 Residual resistance coefficient correction due to the influence of a bulbous bow found by
model tests for twin-skeg ships

Total Ship Resistance

RT=%'CT',0'5'V2

Effective Power
P =Rp-V
Service allowance
The service allowance is used for determination of the installed main engine power, which means

that it shall be determined based on the expected service area. Harvald suggests following service
allowances:
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North Atlanctic route, westbound 25-35%

North Atlantic, eastbound 20-25%
Europe Australia 20 -25%
Europe — Eastern Asia 20-25%
The Pacific routes 20-30%

The above figures are only rough figures, which can be used for guidance. For more accurate
predictions, the size of the ship shall be taken into account, as the service allowance will be
relatively higher for small ships compared to large ships. Furthermore the hull form will also have
an influence on the necessary service allowance. The more slender hull form, the less service
allowance is needed.

sercice allowance in %)
100

Pgservice = Rp-V-(1+

Propulsive Efficiencies

Total efficiency: ny = ny *ng "N Mg

u Hull efficiency

No Propeller in open water condition

R Relative rotative efficiency

Ns Transmission efficiency (shaft line and gearbox)

Hull efficiency

! The hull efficiency is a function of the wake fraction, w, and the thrust deduction

fraction, t, [Harvald 1983]

1t
v~ 1ow
. D ro
Wake fraction: W= w; (% CB) + w, (form, Cg) + wy (%)

. . D ro
Thrust deduction fraction: t = t; (% CB) + t,(form) + t5 (%)

For normal N-shaped hull forms, w, and t, will be equal 0, which means that both the
wake fraction and the thrust deduction is a function of the breadth-length ratio, the
ratio of the propeller diameter and the length and finally the block coefficient.

The form in the aft body (F,) can be described by factors: [-2, 0, +2], negative values
for U-shape, positive for V-shape and zero for N-shaped hull form.

The approximations given by Harvald are used in the present work. In [Harvald 1983]
are all values given in diagrams. These values are approximated by simple
regression formulas as follows.

15



The wake fraction:

w=w;+w,+ w;

b
c-(0.98—Cg)3 +1

w, =a+

B 0.025 - F,
"~ 100 (Cg —0.7)2 + 1

A

Wy = —0.18 + . 0.00756

> and ws < 0.1,
%w.ooz

a= $+ 0.149

°‘°L5'B +0.449

b=
5027'B

c=585— 5

+11700 - (%)2

Dyrop is the propeller diameter. If not known the following approximations can be
used to calculate Dgrp as function of the maximum draught (see Appendix F for
statistical analysis):

Tankers and bulk carriers: Dy, = 0.395 - max. draught + 1.30

Container ships: Dprop = 0.623* max. draught — 0.16

Ro Ro ships: Dprop = 0.713 - max. draught — 0.08

For trial trip conditions with clean hull the wake fraction shall be reduced by 30% for
single screw ships. For twin screw vessels no reduction is to be applied.

The trust deduction fraction:

t:t1+t2+t3

e
t, =d
1 +f-(0.98—CB)3+1

t2 = _001 - Fa

D
ty=2- ( Pme - 0.04)

0.625'B

d =222 40,08
e=0.165— 228

8060-B B\ 2
f=525 2024 20300-(5)

16



The wake fraction and thrust deduction fraction have been calculated by Harvalds
method for the same ships which have been used for deduction of the residual
resistance correction mentioned earlier. The results of the analysis are shown in
Appendix G, which show that the wake fraction according to Harvald is slightly higher
than obtained from model tests. The same is also valid for the thrust deduction
fraction.

| order to obtain more correct values of w and t (which corresponds with the model
test values), the difference between the values obtained by model tests and
calculated by Harvald’s method were plotted as function of the length displacement
ratio, M. These results are shown in Appendix G. It is seen that the difference
depends on the length displacement ratio such that the difference is highest for the
lowest length displacement ratios.

Based on the analysis in Appendix G, following corrected formulas for calculation of
the wake fraction and the thrust deduction fraction for tankers and bulk carriers have
been derived:

Weorrected = 0.7 * WHarvala — 045+ 0.08 - M

tcorrected = tHarvald — 0.26 +0.04-M

The updated values of the hull efficiency according to the new formulas are also
shown in Appendix G. The mean value of model test generated hull efficiencies is

identical with the mean value of the corresponding hull efficiency calculated by using
the corrected w and t formulas.

Propeller efficiency

Mo

In Breslin and Andersen [1994] are curves for efficiencies of various propulsion
devises given. The efficiency is presented as function of the thrust loading coefficient
Crh.

The trust loading coefficient:

T 8 R
Cop = ——— and Crp==- as
™ %'P'Adisk'VA2 ™ ™ n (1‘t)'p'(VA'Dpr0p)2
_8.Kr —Va - R
Crn = T J? J= n-D Ky = (1_t)'p'n2'D§rop
R=(1-1t)-T Va=(1-w)-V

Breslin and Andersen [1994] shows curves for approximated values of 7, for the
conventional Wageningen B — series propellers. The values taken from this curve will

here be denoted as 77, wag

As the propeller efficiency is primary a function of the thrust loading coefficient Cpy, it
is the intention is to determine a function, f, so Nowag = MNoideal f(Crp)

where n_ ;.. is the co-called ideal efficiency defined by:
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0.8

0.7

0.6

0.5

Efficiency

0.3

0.2

0.0

2 2
Mo ideal — T +1 T 1+ /Cptl

1+ T 2

AV
2P gisk VA

When dividing ﬂo,WagWith Ny idea) It is found that f(Cp,) can be expressed by a linear

function: f(Ct,) = 0.81 — 0.014 - Cy4, however not lower than 0.69 resulting in following
equation:

2

No,wag = 1+,/Crp+1

In Fig. 4 are shown comparisons between the Wageningen efficiency values form
Andersen and Breslin (Fig. 7) and the above mentioned approximate equation and
some additional results from Wageningen B-series calculations. These additional
calculated results were prepared to cover a larger Cr, range than obtained from
Andersen and Breslin.

Max(0.69; (0.81 — 0.014 - Cyy,))

The efficiency calculated by the approximated propeller efficiency equation is
compared with some open water efficiencies found from model tests with different
ship types (Fig. 5). From this comparison it is observed that the model tests results
are 3 — 5 % lower than the approximated Wageningen efficiency.

Experience (by model tanks and propeller manufacturers) from comparisons of
efficiencies from model tests with full-scale efficiencies shows that model test values
are normally 3 — 5 % lower than full-scale values. This means that the propeller
efficiency obtained by the above mentioned expression represents the full scale
efficiency. In the efficiency diagram by Andersen and Breslin is also shown an
efficiency curve for a ducted propeller solution (denoted “Kort nozzle”). Using the
same principles as for the Wageningen propeller curves following equation has been
derived for the ducted propeller efficiency Nonozzle -

rlo,nozzle = 1/]0 ideal = g(CTh)

| | | | o 5
— Values from Andersen & Breslin diagram — 0.70 AN
— Efficiency by approximated equation \%% Andergen and Breslin

0.4

0.58

-O- Additional Wageningen calcualtions 0.66 © 3 X
—-@- Additional Wageningen calculations 0.62 %\%\“S

Efficiency

| N
N 0.54 %k\“

0.1

\§§ Regression curve
—0— 0.50 %
based on model tests \\
0.46
20 40 60 80 100 120 00 05 10 15 20 25 30 35

Cth Cth

Fig. 4 Efficiencies for a Wageningen B-series Fig. 5 Propeller Wageningen B series
propeller based on Andersen and Breslin and efficiencies from Andersen and Breslin
numerical approximation compared with efficiencies obtained from
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model tests
Up to a Cqy, value of 7 the function g(Cr,) can be approximated by a forth degree
polynomial of Cyy,, as shown below:

g =059+ 0.177 - Cry — 0.0462 - C2, + 0.00518 - C3, — 0.000205 - C2, for Cyy < 7

and for Cy, >7: g=0.85

In Fig. 6 are shown comparisons between the nozzle efficiency values from Andersen
and Breslin and the above mentioned approximate equation for a nozzle propeller.

0.65

055 /‘\ —Values from Andersen and Breslin diagram

[ \ — Efficiency by approximated equation
0.4 \\

Efficiency

0.35

\

\

0.25

0 5 10 Cth 15 20 25

Fig. 6 Efficiencies for a nozzle propeller based on Andersen and Breslin and
numerical approximation. Normally Cy, is less than 10, but the efficiency
approximation has been extended in order to cover more extreme bollard pull
conditions where Cqy is higher than 10.

By expressing the open water efficiency as function of the thrust loading coefficient, it is possible to
obtain a relatively accurate efficiency without a detailed propeller optimization procedure. As the
thrust loading depends on the propeller diameter and the resistance, these two parameters are

automatically included in the efficiency calculation.
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Fig. 7 Efficiencies of various propulsion devices and Cy, for different ship types
(Andersen and Breslin)

Relative rotative efficiency and shaft efficiency

No» MR Behind propeller efficiency ng; =n,-ng ~n, as the relative rotative efficiency in
average is close to one (it normally varies between 0.95 and 1.05)

Ns The size of this value depends of propeller shaft length, number of bearings and the

gearbox. For a shaft line with directly mounted propeller n is approximately 0.98,
while it is 0.96 — 0.97 for a shaft system including a gearbox solution.

Propulsion Power, Pp

Pp = Pg n;
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Appendix A — Air Resistance

The axial wind force coefficient:

The air resistance coefficient:

The relation between Caa and C,y:

The value of C, [Blendermann 1986]:

Wetted surface:

Tankers and Bulk Carriers

Estimation of front area Ayt:

X
Cx =1 2
3 Pair' V4 Ayt
X
Cap =7
AA %.pw.vz.s
Pair . Avt Ayt
Can =  Pair VT
AA T X, s X 8o0-s

Bulk carriers and tankers 0.85
Container vessels 0.8
Ro Ro ships (cargo and passenger) | 0.8

Se Appendix B.

Accommodation height: h

The accommodation height is defined by the number of
floors and floor height. Based on photo observations the
floor number is estimated. A floor height of 3 m is used. An
additional height of 2 m is added counting for equipment at

top of vessel.

Number of floors Caa(mean)-1000 | Caa(standard dev.)-1000
Small 3 0.074 0.010
Handysize 4 0.069 0.007
Handymax 5 0.069 0.003
PanaMax 5 0.049 0.002
Aframax 5 0.052 0.002
Suezmax 5 0.052 0.002
V.L.C.C. 5 0.040 0.002

From the above analyses are the following Caa Values recommended:

Caa-1000
Small 0.07
Handysize 0.07
Handymax 0.07
Panamax 0.05
Aframax 0.05
Suezmax 0.05
V.L.C.C. 0.04
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Fig. Al The air resistance coefficient as function DWT — all tankers and bulk carriers.

Container Vessels

Estimation of front area Ayr:

10

Accommodation height: h

The accommodation height is a function of the number
container tiers on deck as can be seen from Fig. A2,
showing the number tiers of containers (8.5 feet high) for
different vessel sizes. In addition to the container stack
some tiers of houses are extend above the containers as
shown in Fig. A3. The breadth of these houses is often
approximately a half ship breadth.

With the tiers shown in Fig. A2, a hatch height of 2 m and
with wheelhouse and equipment at top of vessel
(according to Fig. A3) following heights above the main
deck have been calculated:

Feeder vessels: 11-20.6m
Panamax vessels: 24.2 m
Post Panamax vessels: 24.2-26.8m
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Caa (wind resistance)
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Fig. A4 Air resistance coefficient for container ships as function of container capacity
(TEV)

In Fig. A4 are shown the calculated Caa value for the different container ship sizes. However in
order to obtain a continuous curve for all container ships a single curve has been deduced (Fig.
A5) which is given by following expression:

Caa -1000 = 0.28 -TEU**?® but newer less than 0.09

o
o
o
i
X
<
<
O
0.03 y = 028X
0.00
0 2000 4000 6000 8000 10000 12000
TEU

Fig. A5 Air resistance coefficient for container ships as function of container capacity
(TEV)
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Appendix B — Wetted surface

Tankers and bulk carriers

The equation used for calculation of the wetted surface in the present project is Mumfords formula
according to [Harvald 1983, p. 131]:

S=1.025Ly, (Cg-B+17-T) = 1.025- (T+ 1.7 Ly, - T)

An analysis of wetted surface data of nearly 125 different newer ships (of different type as well as
size) shows that the wetted surface according to the above mentioned version of Mumford’s
formula can be up to 7 % too small or too high for container ships, bulk carriers and tankers and up
to 15 % for Ro-Ro ships. Therefore it has been analysed if the formula can be adjusted slightly in
order to increase the accuracy.

The wetted surface for tankers and bulk carriers (based on analysis of 35 vessels) can be
calculated according to following formula (Fig. B1):

Y
S:0.99-(T+1.9-LW1-T)

The analysis shows (Fig. B1) that for 89 % of the ships the wetted surface is calculated with an
uncertainty of less than 2 % when using the new proposal for the wetted surface. The uncertainty
is less than 1 % for 49 % of the ships in the analysis which is a considerable improvement of the
original Mumford formula.

1.10 4 °®
3 [ ]
1.05 .
c
° R 5 2 . S
1.00 ol —©° ¢ % e oo 2, [e .o o
¥ '_'& o ° = °l®°
8 0 L @ .‘ . :
) 5 100 12 140 160 180 200 €220 240
[K =0.99 = S/(Displ.vol./T + 1.9 T Lwi) g, 6 .
0.90 e b : e °
2 ® ®
085 b b b L 3
21 26 31 36 41 46 51 56 Length pp (m)

Breadth/Draught

Fig. B1 Wetted surface coefficient for tankers and Fig. B2  Difference between actual and
bulker carriers calculated wetted surface for tankers and bulk
carriers
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Container ships

The wetted surface for container ships (based on analysis of 38 vessels) can be calculated
according to following formula (Fig. B3):

v
S =0.995 - (T+ 1.9 Ly, -T)

The analysis shows (Fig. B4) that for more than 87 % of the ships the wetted surface is calculated
with an uncertainty of less than 2 % when using the new proposal for the wetted surface. The
uncertainty is less than 1 % for 47 % of the ships in the analysis which is a considerable

improvement of the original Mumford formula.

110 [
1.05 |
1.00 |

095 |

0.90

0.85 L

[/
[ ]
B LY S o> © e P ®
el o J 6% _ o ®
[ o Y
° o ® ® [ ]
[ |K =0.995 = S/(Displ.vol./T + 1.9 T Lw)|
2.3 2.8 33 3.8 43 48

Breadth/Draught

5.3

Fig. B3 Wetted surface coefficient for container

ships
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Fig. B7
conventional 2 propeller Ro-Ro ships

Wetted surface of Ro-Ro ships

An analysis of wetted surface data of 52 different Ro-Ro ships (of different type as well as size)
shows that the wetted surface according to the above mentioned version of Mumford’s formula can
be up to 15 % too small or too high (Fig. B6 and B7). Therefore it has been analysed if the formula

can be adjusted to increase the accuracy.

Analysis of ship geometry data has shown that the wetted surface can be calculated according to

following modified Mumford formulas:
v , :
S=X- (? + 2.7 Ly T) for single screw Ro-Ro ships
v , .
S=X- (; + 1.3 Ly T) for twin screw Ro-Ro ships
v , :
S=X- (? + 1.7 Ly - T) for twin-skeg Ro-Ro ships
The X- value for the three different ships types are show in Fig. B8
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Fig. B8 Constant X is the modified Mumford formula

Using the modified Mumford formulas increases the accuracy of calculation of the wetted surface.
However a further analysis reveals that the block coefficient also has an influence on the wetted
surface, which can be seen by comparing the actual wetted surface with the wetted surface
calculated according to the revised Mumford formula.

The results of this comparison are shown on Fig. B9 — B11. Based on the correction factors
following equations for calculation of the wetted surface have been deducted:

. . \Y
Single screw Ro-Ro ships S=0.87- (T +27 Ly T) (1.2 -0.34- Cgw)

Twin screw ship Ro-Ro ships with open

v
shaft lines and twin rudders $=121: (_ + 13 L T) ~(1.2 - 034~ Cpw)

T

Twin-skeg Ro-Ro ships with two
propellers and twin rudders

\Y
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Wetted surface correction

Wetted surface correction
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Fig. B9 Wetted surface correction for single screw Ro-Ro ships
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Fig. B10 Wetted surface correction for twin screw Ro-Ro ships
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Fig. B11 Wetted surface correction for twin-skeg Ro-Ro ships

Comparisons of the wetted surface using the different formulas with the actual wetted surface are
shown in Fig. B12 — B14. It is seen that the modified versions of Mumfords formula increases the
accuracy considerable — with the smallest difference using the formula with block coefficient
correction. It is seen that the difference is less than 3 % for 86 % of the single screw ships and 69
% of the conventional twin screw ships. For the twin-skeg ships the accuracy is even better as the
difference is below 2 % for 79 % of these ships.
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Table B1  Average difference in % between the wetted surface according to different versions of

Mumfords formula and the actual wetted surface for Ro-Ro ships

. . Modified Mumford
Ship type Original Mumford Modified Mumford formula with block
formula formula L .
coefficient correction
Single screw ship 4.94 1.86 1.34
Conventlona! twin 5 80 2 80 253
screw ship
Twin-skeg ship 10.68 2.15 1.65
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Appendix C - Comments on M and Cp

Assuming Cy constant equals 0.990 - 0.995, the prismatic coefficient, Cp, can approximately be set
to Cg, which is nearly constant for each vessel size. From an overall perspective the prismatic
coefficient will for most vessels be constant or slightly decrease for decreasing draft.

The length-displacement ratio, M, varies dependent on the vessel size as shown in Fig. C1. For
small and handysize vessels a large scatter is seen.

8
% 7 Mean St. dev.
=6 Small 4.88 0.34
2 o Handysize 5.13 0.44
: ii o il M Handymax | 4.66 012
o N Panamax 5.05 0.07
© Aframax 4.78 0.10
g 2 Suezmax 4.77 0.06
E, 1 VLCC 4.65 0.06

0 T T T 1

0 100000 200000 300000 400000

Displacement [tons]

Figure C1. Length displacement ratio for tankers (standard vessels).
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Appendix D — Bulbous Bow Resistance Correction for Tankers and
Bulk Carriers

For the present project several model tests results for ships having bulbous bows have been
analysed in order to find a suitable bulbous bow resistance correction. The total resistance
coefficient of each individual ship has been calculated by Harvald’s method without any corrections
for bulbous bow. Subtracting this value from the total resistance coefficient found by model tests
gives the bulbous bow correction which is needed for updating of the resistance calculation
method.

The results of this analysis for 277 model test values for ships with a bulbous bow are shown in
figure D1. The figure shows positive influence of the bow for increasing Froude number.

The model tests:
Sixteen different vessels some of them in different loading condition giving 27 test vessels in total.
All vessels are tested at various speeds giving 277 results in total.

The vessels: 6 bulk carriers and 9 tankers, 1 small, 3 handysize, 4 handymax, 6 Panamax and 1
Aframax.

For tankers and bulk carriers the correction can be approximated by a linear function, see Fig. D1:
ACR puip = max(—0.4; —0.1 — 1.6 - Fn)
Standard deviation: 0.15 - 10

0.10

I I I I I I I
J L Bulker carriers and tankers|

ops 0D9 00 Of1 O0f2 0f3 0fi4 0f5 O0fi6 007 008 O0f9 0p0O 0R1 0p2 0p3 O0p4
L4 Froude Number ®

-0.10

-0.20

-0.30

o
’N
S

o
I3y
o

Cr porrectiop x 1000

-0.60

-0.70

Fig. D1 Bulbous Cr correction from model tests
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Appendix E — Bulb Bow Resistance Correction for Container
Vessels and other Ships with low Block Coefficient

For the present project several model tests results for ships having a bulbous bow have been
analysed in order to find a suitable bulbous bow resistance correction for ships having a block
coefficient in the range from 0.5 to 0.7, i.e. the range for container ships, general cargo ships and
Ro-Ro ships.

The total resistance coefficient of each individual ship has been calculated by Harvald’s method
without any corrections for bulbous bow. Subtracting this value from the total resistance coefficient
found by model tests (with the influence of the bulbous bow) gives the bulbous bow
correction/influence which is needed for updating of the resistance calculation method.

After several investigations it was decided to calculate the correction due to the bulbous influence
in per cent of the residual resistance as shown in Fig. E1, showing the results for 229 model test
values for 21 different vessels (13 Ro-Ro ships and 8 cargo ships). By using different approaches
following bulbous bow correction has obtained:

R NO bulbous bow

C
ACR,bulb = (250 -Fn — 90) '

100
20 |
@
Froude number /
0 Poede o ° eeo © ® g
015 o ©0.20 N 3%,' 0.80 0.85 L oo
] °

20 °0® L [ e o o0’
X - C]|
< I Ty .8 ° ® oo
§ e o ’:O‘.‘:Q'~'.’.O
8 40 ® o ° ® 0
= B o0 [ o0 o

) ®
§ ° z’.:".b’"{" o °
O -60 ® e o—0—q {0
°8 of° '$” o‘
® .OJ‘ °®
@
-80 e - Cr correction in % = 250 Fn - 90
L)
-100

Fig. E1 Residual resistance coefficient correction due to the influence of a bulbous bow
found by model tests

The percentage correction could be determined by making a regression analysis of the results in
Fig. E1. This was tried, but resulted in Ct values which were generally too optimistic compared with
the model test results. The bulbous bow correction was therefore slightly modified until the results
in Fig. E2 were obtained.
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The validity of the proposed bulbous bow residual resistance correction has been tested by
applying the new bulbous bow correction on the ships which have been model tested. The ratio
between the total resistance coefficient based on the new proposal and the total resistance
coefficient found by model tests are shown in Fig. E2. It is seen that the revised Harvald method
predicts approximately 0 - 10 % higher resistance coefficients than the model tests, which shows
that the proposed Cr correction is slightly pessimistic compared with the actual model test values.

16

5 1.2
g
©
©
o
S
Q 0.8
©
g
5 | @ WITH bulbous bow correction for the method by Harvald
T
— 04
© L — Lineger (WITH bulbous bow correction for the method by Harvald)
0.0
0.14 0.18 0.22 0.26 0.30 0.34

Froude number

Fig. E2 Ratio between total resistance coefficients found by the revised method by Harvald and
resistance coefficient found by model tests.

The total resistance coefficients with no bulbous bow correction have also been compared with the
model test values and the results of this comparison is shown in Fig. E3. It is seen that the total
resistance coefficient with no correction is approximately 15 - 21 % higher than the model test
values. Together with the results in Fig. E2, this shows that the bulbous bow in average reduces
the resistance with approximately 12 %, which is in line with tests with 3 ship models which have
been tested without and with a bulbous bow. The results of these tests are shown in Fig. E4, which
shows a reduction of the resistance of 10 — 20 % due to the influence of a bulbous bow.
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Fig. E3 Ratio between total resistance coefficients found using Harvalds method without bulbous
bow correction and total resistance coefficient found by model tests.
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Fig. E4 Reduction of total resistance due to the influence of a bulbous bow. Found by model
tests for three ships which were tested with and without a bulbous bow.
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Appendix F - Propeller diameter

The propeller diameter shall be as large as possible to obtain the highest efficiency. But in order to
avoid cavitation and air suction, the diameter is restricted by the draught. In this appendix
expressions for the propeller diameter as function of the maximum draught are given and
documented by relevant statistical data, Significant Ships (1990 — 2010).

Bulk carriers and tankers (Fig. F1 and F2)
Dprop = 0.395- max. draught + 1.30

It is seen that the diameter to draught ratio decreases with increasing draught from 0.6 to 0.4
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Eo - .’ 06 L ssd s, 00 °
5 T ey e o
E °© =} '.. ....?T‘? ®
IS © o o° ©F ° AT - -
S 7 2 04 " —vpe * . S
[ o °
5 5
] 8
° 5 2 02
o
‘Diameter =0.395 draught + 1.30‘
3 A N A I 0.0
5 9 13 17 21 25 5 9 13 17 21 25
Maximum draught (m) Maximum draught (m)
Fig. F1 Propeller diameter for tankers and bulk  Fig. F2 Propeller diameter to draught ratio for
carriers tankers and bulk carriers

Container ships (Fig. F3 and F4)

Dprop = 0.623 - max. draught — 0.16

It is seen that the diameter to draught ratio is in average nearly constant around 0.6 however with
some variation from 0.5 to 0.7
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Twin screw Ro-Ro ships (Fig. F5 and F6)

Dprop = 0.713 - max. draught — 0.08

It is seen that the diameter to draught ratio is in average nearly constant around 0.7 however with
quite large variations from 0.4 to 0.95.
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Fig. F5 Propeller diameter for twin screw Ro-Ro  Fig. F6 Propeller diameter to draught ratio for
ships twin screw Ro-Ro ships
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Appendix G — Wake fraction and thrust deduction fraction for
tankers and bulk carriers

Wake fraction

For 26 single screw tankers and bulk carriers, the wake fraction has been calculated using
Harvald’s formulas. The calculated wake fraction is the trial wake fraction (i.e. clean hull
conditions) which has been compared with the values found from model tests for a sample of full
load and ballast conditions. In fig. G1 is shown a comparison between the calculated and the
measured wake fraction from model tests. For 38 % of the values the difference between the
measured and calculated value is less than 10 % and for 73 % less than 25 %. The calculated
wake fraction seems to be slightly higher than the measured values obtained from model tests.

Thrust deduction fraction

For the same 26 single screw tankers and bulk carriers the thrust deduction fraction has also been
calculated using Harvald's formulas. The calculated thrust deduction fraction has been compared
with the values found from the model tests. In Fig. G2 is shown a comparison between the
calculated and the measured thrust deduction. For 38 % of the values the difference between the
measured and calculated value is less than 10 % and for 65 % less than 25 % In general the
calculated thrust deduction fraction seems to be higher than the measured values obtained from
model tests.
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Thrust deduction fraction - model tests

Fig. G1 Comparison of measured and Fig. G2 Comparison of measured and calculated
calculated wake fraction. thrust deduction fraction.

Hull efficiency

The resulting hull efficiency has also been analyzed (Fig. G3). A relatively good agreement
between the calculated efficiency and the measured hull efficiency is seen. For 62 % of the values
the difference between the measured and calculated value is less than 10 % and for more than 90
% the difference is less than 15 % The value obtained from model tests is in average 3 % higher
than the hull efficiency obtained by using Harvald’s method, which means that Harvald’s method is
slightly pessimistic.
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Fig. G3 Comparison of measured and calculated hull efficiency.

Correction of wake fraction and thrust deduction fraction

| order to obtain more correct values of w and t (which corresponds better with the model test
values), the difference between the values obtained by model tests and calculated by Harvald’s
formulas has been plotted as function of the length displacement ratio M (Fig. G4 and G5). It is
seen that the difference depends on the length displacement ratio such that the difference is
highest for the lowest length displacement ratios.
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Fig. G4 Difference between calculated (Harvald) Fig. G5 Difference between calculated
and measured (model tests) wake fraction (Harvald) and measured (model tests) thrust
deduction fraction

Based on the regression analysis in Fig. G4 and G5, following corrected formulas for calculation of
the wake fraction and the thrust deduction fraction for tankers and bulk carriers have been derived:

Weorrected = 0.7 * WHarvald — 045+ 0.08 - M
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tCorrected = tHarVald — 0.26+0.04-M

The updated values of w and t and the hull efficiency according to the new formulas are shown in
Fig. G6 - G8. The mean value of hull efficiencies from model tests is identical with the mean value
of the corresponding hull efficiencies calculated by using the corrected w and t formulas.

For 42 % of the tests, the difference between the measured and calculated wake fraction is less
than 10 % and for 88 % less than 25 %. For 38 % of the test results, the difference between the
measured and calculated thrust deduction fraction is less than 10 % and for 96 % less than 25 %.
For 73 % of the test results the difference between the measured and calculated hull efficiency is
less than 10 % and for 96 % the difference is less than 15 %.
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Appendix H — Wake fraction and thrust deduction fraction for twin-
screw ships including twin-skeg ships

For conventional twin screw ships the wake fraction and thrust deduction fraction are calculated
according to formulas based on Harvald [Harvald 1983, Figure 6.5.8]:

w = 1.133 - C3 — 0.797 - Cg + 0.215

t=0.0665 + 0.62833 - w
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Figure 6.5.8. Relationship among the thrust deduction fraction,
the wake fraction, and the hull efficiency for twin-screw ships
having normal form and D/L = 0.03.

For twin-skeg ships the wake fraction will be higher due to the skeg in front of each propeller.
Based on analysis of 15 model test results with twin-skeg Ro-Ro ships and twin skeg container
ships (Fig. H1 and H2) following equations have been established for calculation of the wake

fraction and the thrust deduction fraction of twin-skeg vessels as function of the water line block
coefficient Cg for the wake fraction:

w=07-Cy —0.2

t=0.19
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Fig. H1 Wake fraction, w, found by model tests for twin-skeg ships
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Fig. H2 Thrust deduction fraction, t, found by model tests for twin-skeg ships
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Hull efficiency

The resulting hull efficiency has also been analyzed (Fig. H3). A relatively good agreement
between the calculated efficiency and the measured hull efficiency is seen with a maximum
deviation of approximately plus/minus 5 %
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Fig. H3 Hull efficiency found by model tests for twin-skeg ships compared with the values
calculated by developed empirical formulas for wake fraction and thrust deduction
fraction
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Appendix J — Cr equations found from regression analysis of
Cr curves from “Ship Resistance” for bulky ships, i.e.

prismatic coefficient larger than 0.70

® Cp=075 @ Cp=0.80 ® Cp=0.85 @ Cp=0,70
—— Poly. (Cp =0.75) —— Poly. (Cp = 0.80) —— Poly. (Cp =0.85) —— Poly. (Cp =0,70)
;
\ \ \ \ \ \ \ \ \ \ \
y = -183277.76453%° + 217604.57034x" - 91711.55920x° + 18157.61937x - 1715.03079x + 63.08
\ \ \ \ \ \ \ \ \ \
6 | | | | | | | | | |
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4 \ \ \ \ \ \ \ \ \ \ / /
o \ \ \ \ \ \ \ \ \ -
/
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/
— 7 yd
O3 — < — -
Ship Resistance - Cr analysis /T / -
-
2 L/volume™ =45
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Crx 10°

® Cp-=

0.75

—— Poly. (Cp=0.75)

@ Cp=0.80
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Cr x1000

Cr x1000
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Cr x1000

Cr x 1000
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