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1. INTRODUCTION

When we discuss the service perfor-
mance of a ship, it should be borne in mind
that it is certainly different from

the trial performance which is usually
pertaining to the condition of a clean hull
in calm water without much wind. However,
ships are ordinarily operating on a sea
route which is not always calm, or more
generally in wind and waves with her hull
getting fouled after docking and further
with unavoidable surface deterioration.

Shipowners have been well aware of
this, and in defining service speed they
have been taking these effects into
account in terms of sea margin. The sea
margin generally addresses the difference
in propulsion power from that obtained at
the time of speed trial (power margin).
Further, it is generally known that the
propeller rate of rotation is decreased.
when compared at the same power i.e. power
identity (rpm margin). This also is called
the sea margin which is to be taken into
account for propeller design. These are
schematically described in Figs.l.l and
2 . .

Whilst the study on estimating and
analyzing the propulsive performance of
ships is progressed which has its basis on
analytical consideration, it has become
possible to describe such overall sea
margin as defined in terms of power and rpm
in a more analytical way. By 'analytical’
it is meznt in this paper that the .overall
power and rpm are calculated with indi-
vidval effects of fouling, wind and waves
This is an
aspect of great advantage for analytical
methods developed with wide applicability
due to its flexibility in mind.

assessed separately (Fig.3).
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The paper is intended for describing a
method for computing the sea margin for
these individual factors. Amongst a number
of analytical methods /1, 2, 3/, the ITTC
1978 Performance Prediction Method /4/ is
chosen as a proto.type, and some extensions
are attempted to adapt it to service
conditions with a rational basis. 1In so
doing, recent investigations on hull and
propeller roughness, wind and wave effects,
service performance prediction and analysis
are reviewed and incorporated as well as
those published in the past. Considering
the readers' convenience for reference,
figures illustrating the reviews are
summarized on a single page for each item
of description.

2, ITTC 1978 PERFORMANCE PREDICTION METHOD
Although the readers are presumed to
be acquainted with the ITTC 1978 performance
Prediction Method /4/, its essence is
explained briefly in Table 1 to facilitate
the understanding of the following

chapters.

3. EFFECT OF ROUGHNESS DUE TQO FOULING AND
SURFACE DETERIORATION

Of the causes of roughness of the
hull and propeller surface, fouling refers
in this paper to a transient phenomenon
which grows with time and can be removed at
docking, while surface deterioration is

a slow continuous process, called also
ageing, which occurs progressively
throughout the life of the ship and the
propeller /5/.

The important parameters determining
the effect of roughness are the height of
the roughness in relation to the boundary
layer thickness, and the dencity and the
general shape of the roughness.




Up to the present, most investigations
into the effect of roughness have been
based on measurements of the roughness in
terms of mean apparent amplitude for a
50 mm gauge length as defined by the BSRA
method /6/.
apparent amplitude have provided useful

Measurements of the mean

information, but Tecently several attempts
have been made to incorporate a more
precise definition of roughness.

In the following, these investigations
into roughness effect are reviewed in
regard to hull resistance, propeller
characteristics and propulsion factors
in connection with the recent strong
demand for fuel economy..

3.1. Efféet of Hull Roughfess of Ship
Resistance
The formula included in the ITTC 1978
method was derived from the full scale
thrust measurements conducted by NPL and
BSRA /7,8/.

resistances were estimated using thrust

In the analyses the ship

values measured during ship trials making
the assumption that the thrust deduction
fractions for model and ship are the same.
Although the accuracy of ship thrust
measurements is sometimes gquestionable
and the results showed a considerable
scatter, reasonable trends could be
established which indicated that.:

l: The curves of (Cp+ 4C) values run
parallel to, or apmnroach the ITTC
line as Reynolds number increases
(Fig.3.1).
from Nikuradse's sand roughness curves.
(Fig.3.2,/10/) which attain a constant
value with increasing Reynolds number.

The trends are different

2. For the same numerical values of
uniform sand roughness k/L and hull
roughness (ks/L (kS: MAA) , the
resistance increment for hull
roughness is much less than for
Nikuradse's sand roughness converted
to flat plate (Fig.3.3, /10/).

[N.BJ According to the notation of
ITTC 1978 Method, hull roughness is
denoted by ks to make difference
from propeller roughnes kp. There-~
fore Nikuradse's sand roughness
fusually expressed by ks) is denoted
by k in thils paper except for Figs.3.2
and 3.3 cited from reference /10/.
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3. 'The variation of ship resistance
increment may be estimated from
10sc,, - 105(k_/L)}/? - 0.64 (3.1)
as shown in Fig.3.4.

The suitability of this equation was
shown by the analysis of correlation data
made by the 1l4th ITTC Performance Commi-
ttee. This equation with ks taken!

150 x 10"® m constant made an important
contribution in reducing the scatter of
the data from many of the tanks /11/. It
should be noted in this context that the
formula (3.1) included in the ITTC 1978
method is a function of L alone, and does
not depend on ks.

How about then to regard this equatiorn
as a functuion of the roughness ks? In
recent years a number of laboratory inves-
tigations have been carried out to deter-
mine the resistance of replicas of typical
hull surfaces or those similar to them,
using a floating element balance /12/,
transfer to the interior of pipe flow /13,
14/, towing a flat plate in a towing tank
/15/ or mounting it in a flume /16/.

- According to Clauser /17/, effect -of
roughness can be expressed by downward
velocity shift Au/u° in the velocity dis-
tribution in the boundary layer as shown
in Fig.3.5, where u is the local mean
velocity and ug is the shear velocity
defined by Y1/p. Once this su/u_ is
known as a function of roughness profile
and Reynolds number of the flow, is called
roughness function illustrated in Fig.3.6,
the local skin f-iction can be claculated

[z = {Z &y .
( CF-)rough ‘( CF-)sﬁooth ug A" 2

Model drag data of a roughened piate
can be extrapolated by Sasajima-Himeno's

formula
c 2 PO
8Cpg = OCFM(_C:;) 13.3)

with roughness Reynolds number Uk/u =
constant /18/.

FPig.3.7 shows the results from the.
above method of calculation and the extra-
polation of the model data applied to a
full ship form of 220m in length /15/.

. Both results are found to be in good

agreement with one another, and they can
be approximated by the line 1/4 or 1/5 of
Nikuradse's sand roughness.

I
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Evidently, however, these data are
much different from the ITTC 1978 corre-
Plotting the data points
comprising this formula, it can be seen
that they are confined to the range of
‘roughness not larger than 280 x 1076 m

lation formula.

and therefore may not be extrapolated to
such a range of roughness as found in
Fig.3.8 for general service conditions.
Another point to be noted with this
plotting is that the NPL-BSRA data give

generally large AC_ even in the small

roughness range. ;his may be due to that
the NPL-BSRA data include the effect of
structural roughness, difference between
actual and formulated ship's resistance
coefficients etc., whereas ACF's obtained
by calculation or model experiments are
concerned with incremental resistance due
to hull surface roughness.

Recently an empirical formula was
proposed for assessing power increase
resulting from roughness increase such as
719/,

AP/.P = 3.8[(k )13 - (xs")‘lﬂ] (3.4)
(%) Kg in microns

A sample calculation for the ship
shown in Fig.3.7 indicated that the power
increase estimated by this formula (3.4)
corresponds approximately to Nikuradse-
Schlichting's k = 1/4 k8 line.

Theory of the flow over a rough
surface is a topic attracting many
investigations, reflecting recent
economic demand for fuel saving. The
recent work by Grigson /20/ indicates that
the roughness function can be determined,
regardless of the details of the surface
topography, simply by

A log (1 + h, /m) (3.5)

where h, is a mean value of peak-to-trough
roughness height and m is a parameter
representing wave length found by experi-
ment (Fig.3.9).

Another important factor to be studied
in connection with surface roughness is the
effect of fouling. This is primarily due
to slime and barnacles which grow with time
after docking, and their effect on
propulsive performance has been known to be
significant. The problem is, however,
that it is difficult to define the surface
characteristics to the extent of quanti-
The slime is a highly
viscous liquid attached to the hull after
soaking in a dead water, and it is

tative presentation.

measureable only within a short period of
time after the surface has been lifted out
of water. Therefore only a few model data
are available at present as illustrated in
Figs.3.10 and 3.11 /21/ Barnacles as shown
in Fig.3.12 are so diverse with its kind,
the circumstances under which it grows, and
the operation patterns of a ship, and so it
is difficult to define the loss in the
propulsive performance for a specific type
and extent.

3.2. Effect of Roughness of Blade Surface

of a Propeller

In the ITTC 1978 method, the roughness
of the blade surface of a propeller is
assumed to be a constant value of 30 x 10
m. If this assumption is relieved to adapt
for an arbitrary value of roughness kp, its
effect 'is calculateéd according to the
formulae /23/,

t 0.044 5
- z(uz—)[ L ]
<:IJM ) (3 inneojﬁ h_mnco (3.6)
| 2.3
Cps = 2(1425) (1.89+1.62-1095)
€ % (3.7)
The difference in drag coefficient ACp is
Acn'- Con~Cps (3.8)
and’
8Ky = ~bc;,-0.3-F.558 (3.9)
- 3 .c.z .
8K, = 8Cy-0.25.52 (3.10)

The roughness term in the eqg. (3.7)
above was taken from éhe frictional
coefficient of a flat rough plate as
calculated by Prandtl and Schlichting /10/
on the basis of Nikuradse's pipe experi-
ments (Figs.3.2 and 3.3). Within the range
of Reynolds number and roughness con-
cerned, this is independent of Reynolds
number and is expressed as a function of
relative roughness alone.

Fig.3.13 shows a sample calculation
according to the formulae (3.7) - (3.10)
on a propeller of a tanker, in which the
roughness was varied up to 1000 x 10 m.
This was done by Meyne /23/. As indicated
by this figure, effect of roughness on Ky

is relatively smaller than on K In

order to look at a genenral tengency of
propeller efficiency as a function of the
surface roughness of the blades, appro-
ximate calculation was made based on the

above equations (3.7) - (3.10).
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By the definition of open-water

efficiency
Aﬂo AK AK 63.11})
o 1 5
0 Gy Q
and replacing AKT and KQ by CD'
we get
SN0 M0 3 By oISt =)
ng ( Kp D i Ké_) 7;-Z'ACD

Numerical calculation was performed on the
following conditons
D=7 5618 @0, o ls) - v

5
for a tanker
KT = 0.2, KQ = 0.02, p/D = 0.7
for a container ship
K, =0.2 K. = 0.04, P/D = 1.2

T o}

The results are shown in Fig.3.14,
where the base of efficiency 8ng = 0 was
taken at kp = 30 x 10~6m.

For practical application of these
results to service performance of shipsi,
it is desirable to compare them with
experimental results.

Meyne /23/ compared the calculated
efficiency with some of those published on
measurement data (Fig.3.15). Looking at
the difference, he attempted to find an
equivalent Nikuradse sand roughness as
shown in Fig.3.7. The results indicate
that, in contrast to the case of ship's
hull, the apparent roughness of the
measured data exhibits larger effect than
the sand roughness of equal figures.

There are some other publications
showing the effect of surface roughness on
propeller characteristics, but only
few data are available quantifying the
surface roughness of the tested propellers,
as shown in (Figs. 3.16 - 18, /24 = 27/).

To the author's knowledge, most
extensive investigation made up to the
present on this problem will be the one
made by BSRA based on the measurement
on over 130 propellers during the last 30
years. An approach similar to that for
hull roughness has been extended to
propeller roughness, but with numerical
values transformed to the bandwidth and
texture parameter appropriate for propeller
blade surface. Of the measurement results,
Rtm (2.5)---mean peak to valley height for
a cut-off length of 2.5 mm---is plotted
against age of propeller in Fig.3.19 /27/.

A texture parameter « is defined, as a
measure of wave number, by the first three

even moments of the spectrum of a profile
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m
mi (3,134,
2
or Q:(EE.
Dz

{3.13b)
where DE is the density of extrema and
DZ is that of zero-crossing.

The mean values of this texture
parameter increase, as shown in Fig.3.19.
With repolishing, @ increases in general,
‘viz., deteriorating texture, while
roughness decreases.

With thus defined roughness height and
texture parameter, the roughness function
can be obtained which describes the
velocity defect in the boundary layer due
to the roughness. According to Byrne et al
/27/, this is expressed by

Rtm(2.5)uqg/ v (3.14)
u 1 0
:6 X £n(1+ T )
where K = Karmangconstant
iy = frictional velocity

t = texture parameter re-
lating to Nikuradse's k

Fig.3.20 presents KT‘ KQ curves
for a smooth propeller and for several
values of Rtm (2.5) /t ranging from 1 to
100. Fig 3.21 shows the percentage
increase in power for range of Rtm
(2.5)/t values for a container ship
From this figure it may be seen that
at a service speed the power loss would be
within 3 % to 4 $ for most of the propelz
lers observed. ‘
Large penalty due to roughness
of a full scale propeller was reported by
Hundley /29/. This is a purely empirical
data obtained from service performance of
navy ships subject to scheduled cleaning.
According to this report, efficiency loss
of the propeller amounts to as high as 8 &
(Fig.3.22).
larger compared with the calculation such

This value is considerably
as shown in Fig.3.21. To correlate

both, more other factors such as fouling
with barnacles have td be taken into
consideration.

Though somewhat apart from roughness,
deformation of propeller blades due to
cavitation erosion alsoc has an appreciable
effect on propeller characteristics. This
is more so since most of the cavitation
damage occurs near the trailing edge of the
blades resulting in the bending. as
indicated in Fig.3.23 /30/, a slight




pending causes a change of effective pitch
whizh tends to decrease the rate of
rotation of the propeller at constant
power, though the power increase at the
constant speed is neglible.

3.3. Effect of Hull Roughness on Propul-
sion Factors
In view of the resistance increase
with hull roughness, it is intuitively
inferred that the wake fraction will also

_increase with hull roughness corresponding

to the momentum loss due to the hull
resistance.

Model propulsion tests on artificially
roughened hull have been carried out by
R.E. Froude and Gawn on a liner model
roughened with calico /36/, by Harvald et
al on a bulk carrier model roughened by a
sand strip /31/, and by Tokunaga on a VLCC
model with nylon mesh /32/.

The first two papers report increase
of model wake fraction with roughness as
shown in Fig.3.24 - 25. Tokunaga conducted
resistance test as well as the propulsion
test, and showed that thrust deduction and
relative rotative efficiency do not change
with hull roughness (Fig.3.26). He showed
further that the roughness in the after
quarter is dominant for the increase of
wake fraction. This is in agreement with
the results of velocity measurements in the
plane of propeller (Fig.3.27).

No data are available for wake
fraction of roughened full-scale ships.
There would be a possibility to estimate
this from the full-scale measurement such
as /8/ as a counterpart for Cp analysis,
but this will be subject to difficulty
arising from that AW = Wy -Wg may not
be a simple function of roughness but also
of hull form.

4. EFFECT OF WIND AND SEAS

4.1. Effect of Wind on Hull Resistance
Performance of ships is affected by
wind in terms of

(a) Wind resistance of the ship's above-
water parts, and

(b) Wind induced resistance on the ship's
under water hull. This is caused by
a rudder angle and a drift angle to
compensate the yawing moment due to
the wind effect on the above-water

parts.

It should be remembered further that
the added resistance increases propeller
loading and thus influences the propeller
efficiency, but these effects can be taken
into account by the ITTC 1978 method as
explained later.

Wind coefficients for the ship's
above-water parts, i.e, axial force,
transverse force and yawing moment
coefficients are in general obtained from
wind tunnel tests with scaled models such
as shown in Figs.4.1 and 4.2. Since wind
tunnel testing is not usually carried
out for every ship, data for ships with
similar above-water configuration or some
calculation method, such as Isherwood's
/34/, may be used. Several investigations
of wind coefficients have been published
and provide useful information for a
variety of ships, (cf. wWagner /35/, van
Berelkom /36/, Tsuji /37/ etc.)

Of the wind coefficients of an above-
water part, the axial component is of
primary concern for propulsive performance
of the ship. This is denoted usually by

(0, O S 05 ¢
X LpaVr?AT (4.1)

and plotted to the base of angle of
incidence as shown in Figs.4.2 /34/.
These coefficients are varied with type of
ships, but it would be noted that the
pattern of variation with the angle of
incidence is more or less similar to each
other. 1If this tendency is taken out by
the wind direction coefficient,

. Cx(8)

k(8) Cx(0) (4.2)

then the Cx at an arbitrary direction can
be estimated if only the ahead resistance
coefficient Cx(O) is known. The curve
of k(6) which has been in use long since
proposed by JTTC 738/ is shown in Fig.4.4.
This is a curve obtained as an average of
model test results on cargo ships and
tankers up to 1940's, but it would be
interesting to note that inclusion of
modern data collected by Wilson and Roddy
/39/ still yields much the same tendency as
shown in Fig.4.5.

According to Wagner /35/ and others,
typical values of the ahead resistance
coefficient may be taken as follows.




0.8-1.0
0.6-0.8 generally

Tanker
Cargo ship
smaller in light
condition than loaded
0.85-1.0

Passenger boat 0.3-0.4

Coasters

Isherwood /34/ analyzed the wind
resistance experiments carried out at
several different test establishments on
models covering a wide range of merchant
ships. As a result, he gave equations for
estimating t»e components of wind force and
moments on any merchant ship form for a
wind from any direction as functions of
geometrical particulars of a ship. For
example, wind resistance coefficient is
expressed by

2Ag Loa

2
= L
<x = A A —_— A
L 1 LOAZ | Az B2 * 3 B 34_1'.3)

where LOA = length Qverall
B = beam
AL = lateral projected area
AT = transverse projected aréa

For the ahead wind @ = 0, the coeffi-
cients A's are as follows.

Ao = 2.152
Al = =5.00
Az = 0.243
A3 = -0.164

In the ITTC 1978 method, the effect of
dir resistance is taken into account by

Can ° 0.001 AT/S (4.42)
Considering pair/ pwater = 1/836, this
corresponds to

C, = 0.85

VR = Vs
Wind speed equals ship speed, viz. ship
advancing in no wind. For arbitrary
wind force and direction, this is replaced
by

CAA*—%

<
]
~

Ar (4.4b9
=

<
~

=

When the relative wind is not on the
bow (8 = 0°) or stern (8 = 180°), the ship
will experience a lateral force and a
yawing moment. This force and moment must
be balanced by the hydrodynamic forces and
moments on the ship’s under-water hull. It
is first assumed that the wind is
steady and consequently the wind forces are
constant, so that the counteracting
hydrodynamic force and moment may be
obtained from a constant drift angle (or
constant sideslip)} and a constant ruddegr
angle.
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These are generally obtained by obli-
que tow test and rudder angle test, res-
pectively,.but there are nét many published
data awailable. According to Norrbim /404,
the resistance increase due to a drift
angles is insignificant for the range founc
in normal service conditions with a con-
stant heading while the other source of
resistance increase, viz. due to rudder is

to be taken into account for a tanker

4R 14 ..5a)
s 3«86R2

and for a high speed cargo liner
AR {4.5b)
T ° 3:06gp?

with 8g denoting the rudder angle in
radian. The rudder and drift angles to
balance a specified wind force can be
obtained from CY and CN data of wind
tunnel test results /34 -36/.

If the wind is not constant with time,
the ship is subject to yawing which can be
another cause of resistance increase.
Again according to Norrbin /39/, this is
estimated by

for a tanker

AR (4.6ay
— = .2

R 4.5y

and fof a high-speed cargo liner

AR (4.6b)

=2 sl

The resistance increase due to rudder
execution under yawing may be estimated
by reducing the factors in equations
§4.5a,b) to half, viz,r 1.9 and 1.5,

4.2. Effect of Waves on Ship Resistance
Ship resistance increase in a seaway

is estimated by either model resistance

test in waves or theoretical calculation.

Since it has been shown that the resistance

increase is in proportion to the square of

the wave height, the ship performance in
any waves can be estimated by the plot of
A - Raw (4.7)
Pgha(B/L)L
as a function of wave-length to ship-length
ratio, wave direction, and Froude number.
Since Maruo's poineering work for
development of linearized theory for resis-
tance increase in waves /41/, many attempts
have been made to adapt it for practical
use and extend it to the calculations for
oblique waves /42 - 45/. The agreement
between them has reached a 1&vel of




‘generally good', as shown in Figs.4.6 and

4.7 /46 - 47/ for those ships on which

slender body theory assumption is accept-
. able.

For ships with blunt bow, effect of
bow reflection should be considered as
well as the resistance increase due to

Especially in relatively
shorter wave length range, this contribu-
tion is large even though no discernible
ship motions are observed.

ship motion.

Fig.4.8 shows
an example of components of resistance
increase in waves.
I On this problem there have been a
I nﬁmber of investigations carried out and
they report similar findings. Fujii and
| Takahashi /48/ introduced a semi-empirical
! formula based on the drifting force
' formula given by Havelock and showed that
I the bluntpess coefficient is an improtant
parameter on the aded resistance in shorter
wave lengths. Kwon /49/ calculated the
drift force by Bessho's formula for a
cylinder with the same waterplane shape.
The effect of finite draft was corrected by
assuming an exponéntial decay of orbital
motion with depth. /50/
derived an asymptotic formula for shorter
wave lengths from the momentum equation
"defined by the incident and the diffraction
| potentials. Fujii /50'/ showed that the
expression for head waves, viz.,

Faltinsen et al.

20,V \
=

Rpaw = %oghAz(sinze + (4.8)

where 6 = average waterline slope to the
center line of the ship and 3
wg = circular frequency of the
incident wave
give good agreement with the available

experimental data. -

Some typical examples of are
)

Raw
shown in Fig.4.9 for full ships with
contribution of shib.motions Raw (0) and
that of bow reflection Raw (1) identi-
fied.
When the resistance increase in
| regular waves has been obtained by calcula-
tion or experiments, this can be extended

to the value in irregular waves through

— “Raw (w)
Raw = 2055 " [£0w) 200 (4.92) |
or aw = 2foopulu) [£(w) 240 - (4.9b)
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for a given spectrum of the irregular
waves.

According to the ITTC 1978 method, the
total resistance coefficient is expressed
with the hull wetted surface area with
denominator. Therefore added resistance

due to waves may be expresed by

CT = Cp (14K) + ACF + CR + CAA + Caw

(4.10)
where

Caw = __Eﬁﬂ_

1 2

=pV
3P's"s
ZghAsz/L

or =
v2s

AW
Fig.4.10 is an example of this (but note
that the R, is divided by v2/3? instead of
of S) correlating with the trial data of
full ships /51/. a

4.3. Effect of Waves on Open-Water
Characteristics

In discussing the performance of a
effect of orbital
velocities of the waves is to be primarily
considered which causes fluctuations of

propeller in waves,

the advance coefficient and corresponding
fluctuations of the thrust and torque
coefficients (Figs.4.11 and 4.12 /52/).
To this end open-water tests in waves were
carried out in several institutes. The
results indicate, as illustrated in
Figs.4.13 /52/ - 4.14 /53/ that time
average thrust and torque coefficients are
in good agreement with still water uniform
flow characteristics. The fluctuating
thrust and torqgue of the propeller
operating below wave crests and troughs
also agreé with the still water character-
istics when plotted to a base of the
instantaneous advance coefficients
calculated using the mean orbital veloci-
ties of the waves in way of the propeller
disc from trochoidal wave theory.

Another factor to be considered is the
effect of motion of a propeller due to ship
motions in waves. This was investigated
experimentally by forced oscillation of
propeller boat which accommodated a
propeller dynamometer. Of the three modes
of oscillation---pitch, heave and surge-=--,
fluctuations of thrust and torque appear in
surging motion alone, except for the effect
of weight of the propeller and its shafting
appearing in pitching motion. The results

!

1
1
|




of the measurement made during the forced
oscillation are shown in Figs.4.15,

as well as the test set-up in Fig.4.16
/54/.

that the mean thrust and torgue of a

From these figures it is evident

surging propeller are almost the same as
those when running steadily in open-water
and that the fluctuating terms are in
fairly good agreement with those calculated
by a guasi-steady mothod.

These e.pcrimental results may be
endorsed by the: consideration for

example when a propeller advances in
w0
Vg
apd accordingly effect of

waves of the reduced frequency
order of 1/100,

unsteadiness is negligible when correction

is

for unsteadiness is applied /53/.
4.4. Effect of Waves ©on Self-Propulsion
Factors

Self-propulsion factors in waves are
obtained by analysis of the results from
the self-propulsion tests conducted in
waves. Open-water characteristics of a
propeller for analysis of wake fraction
Wy and relative rotative efficiency ng
can be those in still water instead of
‘those in waves, thanks to the conclusion
described in the previous section 4.3.

Figs. 4.17 - 4.18 ilustrate W, and ng

thus analyzed for a cargo shig and a tanker
783/

The data points scatter to a consider-
able extent due to the difficulty in the
measurement in waves, but the mean lines
can be regarded as those in still water.

For analysis of thrust deduction
fraction, resistance data should be
available in addition to the self-propul-
sion test results. Figs.4.19 - 4.21 are
the results obtained from such pairs of
tests /53, 54/,

said that the mean line of the data points

and from them it can be

in waves can be taken as that in still
water.

Lcoking at these figures closély it
may be recognized that the wake fraction at
the tuning point of ship's vertical motions
A/L tends to be smaller (1-W larger).

This may be interpreted as an effect of
partial emergence of the propeller due to
heavy ship motions. There is a proposal to
explain this as a result from alteration of
pressure distribution /50/ over the hull

in waves and in motion, and this is

correlated with the wake vedocity measured

53

by vane wheels /55/ on a model runnirg
waves, but further investigation will e
neccesary to identity this effect.
Summarizing, self-propulsien feactors
in waves can be regarded as equal t¢ these
in still water within the consideraple tans
of resolution of measurements, unless the
effects of propeller immersion are not

critical;

ANALYSIS OF SERVICE PERFORMANCE-~VOVAGE
DATA
With the method and the materials.

5.

presented above, it is possible to estimate
the propulsive performance if the service
conditions and the environmental conditions
are known /57/. “'Possible' means =
possibility in principle, but as a matter
of course in some fields there are varied
data and views among which it is difficult
to choose a definitely recommendable one,
or in others quantitative data are lacking
as is the case with fouling effects.

Under such circumstances, needs for
collecting more data and improving their
but it would be

worth while to approach this through a

reliability are evident,

different way, i.e. by ahalysis of service
performance.

Those values which can be obtained by
a log book are ship speed, rotational
speed of the propeller and the factars
corrésponding to the output of the engine.
These factors are different with the type
of engine, of which the followings are
commonly employed to estimate the power
delivered to the propeller.
(1) Deisel Engine

load indicator reading

rpm of supercharger

fuel o0il consumption

{2.) Steam ‘Turbine

first stage steam pressure
fuel oil consumption

The quantities which can be read out
of .an abstract log book are such three
values together with the environmental
conditions during the navigation. 'This
indicates that only two independent
variables can be determined as a function
of ship speed, although so many factors are
involved in the service performance
estimation (Fig.1.3) and analysis (Fig.

5.1). By properly processing the service




performance data, however, many factors can
be analyzed if the environmental conditons
are taken into account. Fig.5.2 is an ex-
ample of daily data of power and rpm
obtained from an abstract log book. Of
them, only those data for the days of
Beaufort scale equal to or less than 4 and
propelling 24 hours will be extracted and
reduced to mean values per voyage. For
ships with specified mission such as tanker
serving between Persian Gulf and Japan,
the méan values per voyage are plotted to
the time after entering service, for home-
ward (fully loaded) condition alone
(Fig.5.3). These saw-tooth like curves
can be divided into
(1) fouling effects which increase with
the elapse of time after docking and
(2) ageing effects which, mostly due to
deterioration of hull and propeller
can not be recovered by docking
Fig.5.4 shows the fouling effect derived
from Fig.5.3 /58/.

More generally, the load conditons are
different with the voyage. This can be
taken into account by analyzing the service
performance data in terms of ACFC and
AWC. To do this, the resistance and
propulsion test results are interpolated to
match the actual service conditon, and
open-water characteristics are estimated
either considering surface deterioration or
assuming them to be unchanged from those
of the newly propeller. Fig.5.5 and 5.6
show examples obtained by Kawaguchi et al
/59/. In this case, Hughes' friction line
.with form factor is used for ACF and the
full-scale wake fration is expressed by

egey B SN (5.1)
I - WTS

but this method can be applied to ITTC
ACFC and AWC without any alteration of
the principle. .

Yamazaki analyzed further the resis-
tance increase due to fouling in a similar
manner, and showed that the results can be
collapsed to a band of curves as shown in
Fig.5.7 /60/, if the resistance increase is
divided by average fouled surface area, in
this case practically taken as that of side
shells.

Effect of rough weather and seas can
be analyzed from the difference of data
between those less than Beaufort 4 (used in
the analysis above) and those higher than
that. An example of the analysis results,
is shown in Fig.5.8 /59/.

(%3]
[

With the various factors obtained
tprough the analyses mentioned above,
service margin can be predicted in terms
of power and rpm as a function of speed.
Further, if ship motiong and other factors
critical of ship operation are incorpo-
rated, the prediction can be made on
voluntary speed 1loss in rough seas. Recent
studies indicate this possibility /60, 61/,
of which a comparison of actual angd i
predicted speeds (including both involun-
tary and voluntary speed loss) is in
illustrated in Fig.5.9.

6. CONCLUDING REMARKS

In the above, it can be seen that
practically all the aspects concerning
service performance prediction and analysis
have been covered by many investigations
carried out up to the present. Thanks to
those, it is now possible to appiy the
ITTC 1978 analytical method to service per-
formance.problems to quantify a number of
factors involved in them.

At the same time, the reader may have
noted lack of data and reliability in many
respects. These should be supplemented
by model experiments and full-scale
measurement.

It is hoped therefore that the coniri-
butions from both ship builders' and ship
owners' sides are directed to a comhon
objective i.e. economical operatioﬁ-of
ships based on scientific considerations.
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Nomenclature

Apg,Aj,Ay,A3 Coefficients fgr:Isher-
wood's formula for estimation of wind
resistance coefficient

AT Transverse area of above-water part

of a ship

B Breadth of a ship

C Chord length of a propeller

Caa Wind resistance coefficient

RAA/%°VSZS

Caw Non-dimensional resistance increase
in waves RAW/%DVS 2g

Cp Frictional coefficient
ACy Roughness allowance for Cp

ACp. Model-ship correlation factor
applied to (Cp + ACp), cf. Table 1

§acp 1Increase of ACp under service condition

Cy Model-ship correlation factor for
number of revolutions of a propeller,
cf. Table 1 )

Cnp Do. Based on power identity, cf.
Table 1

Cp Model-ship corxrelation for delivered
horsepower, cf. Table 1

Cr Residual resistance coefficient

Cps Total resistance coefficient of a ship

Cx Wind resistance coéfgzezent relating to
AT: Rap/5eairVRIAT

D Diameter of a propeller

Dg Number of extreme values

Dz Number of zero-crossings

ej Model-ship correlation factor for
wake fraction ’
Fn  Froude number
g Acceleration of gravity
J Advance coefficient of a propeller
ha Wave amplitude )
h; Mean value of peak-to-trough roughness
height
K Karman's constant for boundary layer
flow
Kp Thrust coefficient of a propeller
Kg Torque coefficient of a propeller
k Form factor relating to frictional
resistance of a ship,
Nikuradse's sand roughness,
Wind direction coefficient, Cy(©)/Cy(0)

kp Roughness of a propeller blade
kg Roughness of a hull
Niduradse's sand roughness (Figs.3.2
and 3.3)
L. Length of a ship
Ly, Length of water line
M Suffix indicating model values
‘m Roughness texture parameter according to
Grigson
mg, my, my Moments of roughness profile
ng Number of revolutions of a propeller
np Do. for trial condition

P Pitch of a propeller
Ppg Delivered horse-power

Ppr Do. for trial condition
Raw Resistance jincrease in waves
Rn Reynolds number

S Wetted surface area of a ship
Suffix indicating full-scale values
t Roughness texture parameter
Thrust deduction fraction
u Velocity in the direction of general flow
ug Shear velocity,vT/p
Ay Velocity defect due to roughness in a
boundary layer
VR Wind speed relative to ship
Vg Ship speed
Wp Taylor's wake fraction

M Model-ship correlation for wake
fraction

Z Number of propeller blades

@ Roughness texture parameter

SR Rudder angle

ta Wave amplitude, ha

ng Relative rotative efficiency

® Angle of incidence of wind

A Wave length

u Direction of incident waves

v Kinematic viscosity of a fluid

p Density of water -~

P, Density of air

dsw Non-dimensional resistance increase in
waves, Raw/pgha(L*/B)

T Wall-shear stress of turbulent flow

¥ Yawing amplitude

@9 Circular frequency of incident wave
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Table 1 ITTC 1978 Performance Prediction £
Method 'S
(1) Vg (m/s) given g
v
2l By - LL‘"”_E§.
(3) P = Vs/ng;Ls
(4) Cg from resistance test results é‘
(3) k do. //E
0.075 3
(6) Cpy = Tog Re - 2)° -
(7) oscp = { 105 (ks/L)Y/3 - 0.64 } x 10°3 & i
o
with kg = 150 x 107 6m 7
4
(8) Cap = 0.001 Aq/S 7 :
re
t9) Cps = (14K) Cpg + 4Cp + CR + Cpp Fig.1.1 Power and RPM Curves
(10) ¢ under Trial and Service Cond1t1wons
(11) WrM > from propulsion test results z‘ i
(12) mg ? 5}.‘ = |
g 5 TN~ S
(13) Wpg = (t + 0.04) + (wTM -t - 0.08)x é ;:E ~ ‘\\/’\ﬁ’J\/\
(l1+k).Cpg + &Cp ’ { i
= 3 !
(1+k) CPM 2 )
® 8o
ST T Crs P ! l
J2  2p2  (1-t)-(1-Wrg)2 et
t15) Jpg from the open-water character- s 4ot \
istics of the full scale propeller.. é 20|_ 1 ' v\/
(16) Kors do. 1 ' | l “\
o |
1 2 3 q 5
ta) CP i CN corrections Yeors cfter Entering Service
(1-w Y Fig.1.2 Example of Power and RPM Margins
(17} ng = T’;S%__S (rps) after Entering Service
(18) np = Cy'ng {rps)
K
(19) P = 2%pD5n_3 QTS'10-3 K —
DS $ ng S I'}‘rial Conditions | IServic_e_gqrg_i_.;_i;o;il
120) ¢ = CyP (kw) \ =
¥ P Thodel Hull Resistance Coefficient|
{b) 6&Cpc - AW¢ corrections [—-]sule et <___:ﬁiiiﬁ“ﬁi:iiiogﬁiiﬁﬁ
K Standard Hull] and Pouling
(14)° —Z = sz. Cys + &Cpc !Roughness ) t
J D (1 t)(l—wTs-ch)z -'———[Fin-d_i i
(15) (16) the same as above <—waved |
(18)° np = L];:‘.‘J'—:%:ig)& {(rps) run Scale Hull Reaiatance COert—l '
% "‘Model Propulaion F;ctorj[
{20)° Ppp = Sm 3~QTS 44 -3 b |
DT 2npD nq "R 10 (kw) @ect e
[Full scale Propulsion Factors|
t¢c) Cp - C correcti I - .
'z EORA [Mode1 Propeller Characteristica|
{17) (20) the same as above 3 il D =7
IScale Effect = Propeller Roughness
t21)" (K—Q- = MENEREDs .. [Gawttation Ezpsion :
73 7 2'°D2V83(1'WTS) E] Standard PropellerF Efifect of Waves =
Roughnees = | ] Partial Emergence
" K 0 K T 1
(22) F;L = (J—%)T nR ﬁll Scale Propeller Characteristics
(23" J .
- (1-Wpg) [ Full Scale Power & RPM
(28) ng = —S--_"TS7
8~ Ipg-D .
(25) Ppy = Cp-Ppg (kw) Fig.1.3 Prediction of Propulsive Performance
under Trial and Service Conditions
(26) ap = CNp-ns (!‘DS)
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