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well by the original formula:
g =0.9922 — 0.05908 Ay /A, +

+0.07424(C, — 0.0225 ich)

Because the formulae above apply to ships with a
conventional stern an attempt has been made to in-
dicate a tentative formulation for the propulsion fac-
tors of single-screw ships with an open stern as applied
sometimes on slender, fast sailing ships:

w=03Cy+10C,C, 0.1
£=0.10 and n, =098.

These values are based on only a very limited num-
ber of model data. The influence of the fullness and
the viscous resistance coefficient has been expressed
in a similar way as in the original prediction formulae
for twin-screw ships. These original formulae for twin-
screw ships are:

w=0.3095Cy +10C, Cy ~ 0.23 DA/ET

£=0.325 Cy — 0.1885 DA/BT

ng = 0.9737 + 0.111(Cp ~ 0.0225 ich) +
- 0.06325 P/D

4. Estimation of propeller efficiency

For the prediction of the required propuisive power
the efficiency of the propeller in open-water condition
has to be determined. It has appeared that the charac-
teristics of most propellers can be approximated well
by using the results of tests with systematic propeller
series. In [2] a polynomial representation is given of
the thrust and torque coefficients of the B-series
propellers. These polynomials are valid, however, for a
Reynolds number of 2.10° and need to be corrected
for the specific Reynolds number and the roughness
of the actual propeller. The presented statistical pre-
diction equations for the model-ship correlation al-
lowance and the propulsion factors are based on
Reynolds and roughness corrections according to the
ITTC-1978 method, [3]. According to this method
the propeller thrust and torque coefficients are cor-
rected according to:

PegysZ
Krahip = Kr.p.series +6Cp0.3 T

CosZ
= 975
K o™ K popries —5C 028228

Here AC), is the difference in drag coefficient of the
profile section, P is the pitch of the propeller and
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€q.75 is the chord length at a radius of 75 per cent and
Z is the number of blades.

8Cpy=(2+ 4(tfe)y 55) {0.003605 — (1.89 + 1.62
log(cy 75/k,))~ 283

In this formula #/c is the thickness—chordlength ratio
and kp is the propeller blade surface roughness.
For this roughness the value of k, = 0.00003 m is
used as a standard figure for new propellers.
The chord length and the thicknesschordlength ratio
can be estimated using the following empirical for-
mulae:

Cog5= 207345 /4,) DJZ
and

(1/)g.75= (0.0185 — 0.00125 Z) D/eg s .

The blade area ratio can be determined from eg.
Keller’s formula:

Apldp =K +(1.3+032) TAD*(p, +ogh - p,))

In this formula T is the propeller thrust, P, +pgh is
the static pressure at the shaft centre line, p, is the
vapour pressure and K is a constant to which the
following figures apply:
K =010 0.1 for twin-screw ships
K =0.2 for single-screw ships
For sea water of 15 degrees centigrade the value of
p, —p, is 99047 N/m?.
The given prediction equations are consistent with a
shafting efficiency of
ng =Pp/Pg=099
and reflect ideal trial conditions, implying:
— no wind, waves and swell,
— deep water with a density of 1025 kg/m3 and a
temperature of 15 degrees centigrade and
~ a clean hull and propeller with a surface roughness
according to modern standards.

The shaft power can now be determined from:

Py =By lingnyng 1=5)

§. Numerical example

The performance characteristics of a hypothetical
single-screw ship are calculated for a speed of 25 knots.
The calculations are made for the various resistance
components and the propulsion factors, successively.

The main ship particulars are listed in the Table
on the next page:
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Main ship characteristics

length on waterline L 205.00 m
length between perpendiculars L” 200.00 m
breadth moulded 32.00m
draught moulded on F.P. T 10.00 m
draught moulded on A.P. T, 10.00 m
displacement volume moulded ¢ 37500 m?
longitudinal centre of buoyancy ~ 2.02% aft of ‘ALP
transverse bulb area Agr 20.0 m’
centre of bulb area above keel line 40m
midship section coefficient Cy 0.980
waterplane area coefficient Cw » 0.750
transom area Ay 16.0 m?
wetted area appendages Sy 500m?
stern shape parameter Cmm 10.0
propeller diameter D 8.00m
number of propeller blades z 4
clearance propeller with keel line 0.20m
ship speed 14 25.0 knots
References

1. Holtrop, J. and Mennen, G.GJ., ‘A statistical power predic-
tion method”, Tnternational Shipbuilding Progress, Vol. 25,

Qctober 1978.

2. Qosterveld, MW.C. and Oossanen, P. van, ‘Further computer
analyzed data of the Wageningen Bscrew series’, Internation-
al Shipbuilding Progress, July 1975.

3. Proccedings 15th ITTC, The Hague, 1978.

The calculations with the statistical method re-
sulted into the following coefficients and powering
characteristics listed in the next Table:

F,  =02868 F,. =5433

C,  =05833 Rpz  =0.00kN

Ly =81.385m A =0.04

Icb =-0.75% Getasiys oA =0.000352

ey =05102 R,  =221.98kN

¢y =1.030 Ry =179326kN

I+k, =1156 Py =23063 kW

s =17381.45 m? C,  =0001963

Cp =0.001390 ¢y =14.500

R,  =869.63kN ¢y =1250

1+k, =150 Cp  =0.5477

Rapp =883KN w =0.2584

& =0.1561 ¢ =0.15610

ig = 12.08 degrees t =0.1747

¢ =1.398 T =2172.75 kN

& =0.02119 Agld, =0.7393

[ =0.7595 TR =0.9931

5 =0.9592 Cops =3.065m

my ~2.1274 tfegss =003524

e =1.69385 ac,  =0.000956

m, —0.17087

X =0.6513 From the B-series

R, =557.11 kN polynomials:

P, =06261 Ky,  =0.18802

Fy 1.5084 n =1.6594 Hz

Ry =0.049 kN Koo =0.033275
N =0.6461

Py =32621kW
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A STATISTICAL RE-ANALYSIS OF RESISTANCE AND PROPULSION DATA

by

1. Holtrop*

1. Introduction

In a recent publication [1] a power prediction
method was presented which was based on a regression
analysis of random model and full-scale test data.
For several combinations of main dimensions and form
coefficients the method had been adjusted to test
results obtained in some specific cases. In spite of these
adaptations the accuracy of the method was found to
be insufficient for some classes of ships. Especially
for high speed craft at Froude numbers above 0.5 the
power predictions were often wrong, With the ob-
jective to improve the method the data sample was
extended covering wider ranges of the parameters of
interest. In this extension of the data sample the
published results of the Series 64 hull forms [2] have
been included. The regression analyses were now based
on the results of tests on 334 models. Beside these
analyses of resistance and propulsion properties a
method was devised by which the influence of the
propeller cavitation could be taken into account. In
addition some formulae are given by which the effect
of a partial propeller submergence can tentatively be
estimated, These formulae have been derived in a study
carried out in a MARIN Co-operative Research pro-
gramme. Permission to publish these results is grate-
fully acknowiedged.

2. Re-analysis of resistance test results

The results were analysed using the same sub-divis-
jon into components as used in [1]:

Ripow = Rp(1+k) + Rypp* Ryy + Ry +Ryp + R,

Total
where:
RF = frictional resistance according to the
ITTC-1957 formula
1+k, = form factor of the hull
RA” = appendage resistance
R;, = wave resistance
Ry = additional pressure resistance of bulbous
bow near the water surface
Ryp = additional pressure resistance due to
transom immersion
Ry = model-ship correlation resistance.

A regression analysis provided a new formula for
the form factor of the hull:

X Maritime Research Institute Netherlands, Wageningen, The Nether-
5.

+k, = 0.93+0.487118 ¢, (B/L)! 06806 (T/L)046106

(L/LR )04121563 (LS I )0.36486(1 _ Cp)f 0.604247

In this formula B and T are th¢ moulded breadth and
draught, respectively. L is the length on the waterline
and ¥ is the moulded displacement volume. G, is the
prismatic coefficient based on the waterline length.

Ly is defined as:

Ly =L(1 -G +0.06C, b [(4Cp, — 1))

where Ich is the longitudinal position of the centre of
buoyancy forward of 0.5 L as a percentage of L.

The coefficient ¢, accounts for the stern shape. It
depends on the stem shape coefficient C,,, , for which
the following tentative figures can be given:

Afterbody form Cyan
Pram with gondola -25
V-shaped sections -10 £14= 140011 Cyory
Normal section shape 0
U-shaped sections
with Hogner stern 10

As regards the appendage resistance no new analysis
was made. For prediction of the resistance of the ap-
pendages reference is made to (1].

A re-analysis was made of the wave resistance. A
new general formula was derived from the data sample
of 334 models but calculations showed that this new
prediction formula was not better in the speed range
up to Froude numbers of about F, = 0.5, The results
of these calculations indicated that probably a better
prediction formula for the wave resistance in the high
speed range could be devised when the low speed data
were left aside from the regression analysis.

By doing so, the following wave resistance formula
was derived for the speed range F, > 0.55.

Ry, 5=0176,65 V08 exp{m,Fé +m,cos\F;2)}

where:
cyp= 69193 Cyl M8 /I3 290577 (1 1p_2)140692

my = —7.2035(B/LYV326569 (T/BYPSOSS

The coefficients ¢, , &5, d and ) have the same definit-
jonasin (1]:
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¢ = exp(—1.8%c;)
¢ = (1-0.84,/(BTC,)

A = 1446C, - 0.03L/B
when L/B< 12

A = 1446C, - 0.36
when L/B > 12

d =-09

¢ = 0.56 433/ (BT031VA r+ Ty — hg)}
m = ¢, 0.4 exp(—0.034 F; 3%9)

¢ = —1.69385
when L*/v < §12
o5 = —1.69385+(L/v '3 — 8)/2.36
when 512 < L*/y < 1726.91
5= 0
when L*/7 > 172691

The midship section coefficient Gy and the trans-
verse immersed transom area at rest A, and the trans-
verse area of the bulbous bow Ag ., have the sams
meaning as in [1]. The vertical position of the centre
ofA" above the keel plane ishy.The value of hg
should not exceed the upper limit of 0.6 7.

Because attempts to derive prediction formulae for
the wave resistance at low and moderate speeds were
only partially successful it is suggested to use for the
estimation of the wave resistance up to a Froude num-
ber of 0.4 a formula which closely resembles the orig-
inal formula of [1]. The only modification consists
of an adaptation of the coefficient that causes the
humps and hollows on the resistance curves. This
formula, which is slightly more accurate than the
original one reads:

Ry,_,=c 605 Vpg exp{m F2 +m, cos(AF; %)}

with:

€ = 2223105 c}79613(T7B)107961 (901, )~ 137565

¢, = 0.229577(B/L)*¥33

when B/L < 0.11
¢ = B/L
when 0.11 < B/L < 0.25
¢, = 0.5-00625L/B
when B/L > 0.25
m, = 0.0140407L/T — 1.75254 V3 /L —

479323 B/L - ¢
¢y = 8.07981C, — 13.8673C} + 6.984388CF
when G, < 0.8

15 = 1.73014 — 0.7067C,
when Cp > 0.8

my : asin the Ry, formula for the high speed range.

For the speed range 0.40 < Fn < 0,55 it is suggested
to use the more or less arbitrary interpolation formula:

273

Ry =Ry_g, , + (10F, —O(Ryy_g, . ~Ry_g )15

is the wave resistance prediction for

~4g4
Here Ry, 04
F,=040andRy, _p .55 18 the wave resistance for 7, =

0.55 according to the respective formulae.

No attempts were made to derive new formulations
for the transom pressure resistance and the additional
wave resistance due to a bulb near the free surface.
The available material to develop such formulae is
rather scarce. As regards the height of the centre of
the transverse bulb area #, it is recommended to obey
the upper limit of 0.6 7, in the calculation of the ad-
ditional wave resistance due to the bulb.

3. Re-analysis of propulsion data

The model propulsion factors and the model-ship
correlation allowance were statistically re-analysed
using the extended datz sample. This data sample in-
cluded 168 data points of full-scale trials on new built
ships. In the analysis the same structure of the wake
prediction formulae in [1] was maintained. By the
regression analyses new constants were determined
which give a slightly more accurate prediction.

A point which has been improved in the wake predict-
ion formula is the effect of the midship section coef-
ficient C,, for full hutl forms with a single screw.

The improved formula for single screw ships with a
conventional stern reads:

L
W=l (0.050776 +0.93405 ¢, m)

B
+0.27915 ¢ VL(I—_C,,) +¢y9659

The coefficient ¢, depends on the coefficient ¢4
defined as:
cg = BS(LDT,)
when B/T, <5
or
cg = S(7B/T, - 25)/(LD(B/T; ~3))
when B/T"4 >5

€9 =€
when ¢ < 28
or
¢y = 32— 16/(cg —24)
when cg > 28
ey =T,/D
when 7, /D< 2
or
¢y = 0.0833333(T, /D)® + 133333
when 7, /D> 2
197 0.12997/(0.95 ~Cy) — 0.11056/(0.95 - G;)
or when G, < 0.7
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(3T
when Cp > 0.7
3= 140015C
Cpy= 145G, — 0.315—0.0225ich .

The coefficient C,, is the viscous resistance coef-
ficient with
Cy = (1+0G+C,

As regards the thrust deduction of single screw
ships a new formula was devised of comparable ac-
curacy:

£ = 0.25014(B/L)°%9% (/BT/D)* 24 |
((1 -G +00225 1cb)201762 40,0015 C

For the relativerotative efficiency an alternative
prediction formula was derived but because its ac-
curacy is not better than that of the original one it is
suggested to use the prediction formula of [ 13:

 =0.9922 — 0.05908 A /A, +
+0.07424(C, — 0.0225 Ieb)

For multiple-screw ships and open-stern single-screw
ships with open shafts the formulae of [1] were main-
tained.

The modelship correlation allowance was statis-
tically analysed. It appeared that for new ships under
ideal trial conditions a C, -value would be applicable
which is on the average 91 per cent of the C, -value
according to the statistical formula of [1]. Apparent-
Iy, the incorporation of more recent trial data has
reduced the average level of C, somewhat. It is sug-
gested, however, that for practical purposes the origin-
al formula is used.

4. The influence of propeller cavitation and partial
propeller submergence

Especially on high speed craft propeller cavitation
can effect the propulsive performance.

Tests on Beries propellers in uniform axial flow
under cavitating conditions were reported in [31, but
the representation of the results was confined to a
graphical form only.

The K.—-K,—J relationship of the 16 Beseries
propellers tested under cavitating conditions were
fed into the computer for a statistical analysis. The
data used consisted of the changes of K. and K, due
to cavitation at certain J-values. The unaffected K.
and K, values of the propellers were supposed to be
determined accurately by the polynomials given in
[4] and [5]. From preliminary analyses it appeared that
for each propeller the conditions where influence of
the suction-side cavitation begins can be represented

0.18567/(1.3571 —G;) — 0.71276 + 0.38648 G, well by a certain value of the speed-independent coef-

ficient:

Ky T

R S
J%o, 2D*(p,—p,+egh)

This coefficient is indicated as (Kp./(J%0,))g -

Here K is the thrust coefficient, J is the advance
coefficient and g, is the cavitation number defined as
P, =P, tpgh

YpV? ,
where p, is the vapour pressure, p, + pgh is the static
pressure in the undisturbed flow at the level of the
shaft centre line, p is the density of the water and ¥ is
the advance speed of the propeller.

From the data of the B-series (K;/(J%0,))p, Was
determined for each propeller and by means of mul-
tiple regression analysis these (Xp/(J 2g,))p; values
were correlated to the main propeller parameters.
This resulted into the following formula:

v

(Kpl(770,))p; = 006218 + 0.1194 45 /A, — 0.00249 2

Here AE/AU is the expanded blade area ratio and Z is
the number of blades.
The pitch ratio appeared to have no significant in-
fluence on the K;./(/2q, ) value where cavitation begins
to affect the propulsive performance. Of course, this
will not be true for the effect of the pitch setting of a
controllable-pitch propeller because then the radial
load distribution is changed.

1f Ky, /(J%0,) exceeds the value given by the predic-
tion equauon cavitation influence is present and
should be accounted for. This influence was represent-
ed in relation to the characteristics of the non-cavitat-
ing propeller because these are well defined by the
polynomial representation in [4] and [5]. This was

done by analysing the ratios
7= (/3 -
and

By = (Kpl7%),, (LN Yg, =

Coefficient F, is the factor by which the rotation rate
n should be increased, whereas F, is the factor by
which the propulsive power is increased due to cavitat-
ion. The factors F and F, were considered as a func-
tion of K /J? for each cavitation number because

K,/7% can be regarded the same for non-cavitating
condmons and for conditions in which the propulsive
properties are affected.

It appesred that the influence of the cavitation num-
ber could be expressed well by using

K;i(%,)
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as an independent variable.

By means of selective regression analysis the propor-
tionality was correlated with the main propeller par-
ticulars, and the following prediction equations were
derived:

Fy, = 1+46.4301 (4;/4,)" 1714 (10 - Z)~2283

(5 t))"
ﬂvn J’au B
and

F, =1+ 151845 (Ag/A, ) 2110 - 2Z)~ 14478
X 12
(e ~{3z), o)
szo

2
e, 't

It should be noted, however, that the scatter in the
data was fairly large. It is suggested that the para-
meters A /Ay, and Z are not used outside the ranges of

0.75< Ag/A, < 1.05 and 4<Z<5
The formula for F, is valid for

LY

2
Ja,

—_— >

2
Jie, BI

whereas the formula for £ is valid only for

.f:.;(’:" ) +0.01
J20, ‘%o, 'y

In all other cases £, and ;, are 1.0,

In the optimization of the performance of ships
in ballast conditions the behaviour of not fully im-
mersed propellers can be of importance.

For practical use the following equations were
derived from model experiments on the assumption
that by introducing a fictitious increase G of the en-
trance velocity the influence of the partial emergence
can be accounted for over the range of propeller
loadings of interest:

¥, = V(1 -w)G

V; is the resultant entrance velocity of the propeller.
This increase-factor G was related to coefficients
describing the emergence of the propeller and the
propeller loading.

As a parameter indicating the emergence the variable
Uis used with:

_D+ h, =T —w,

—_—

Where D is the diameter, /, is the vertical distance
from the keel plane to the blade tip in its lowest
position, 7, is the draught aft and w), is a measure for
thie wave height at the location of the propeller, ap-
proximated by:

275

w, =06C,B ey,

where:
cy= F2 when F, < 0.3
¢y = 0.09 when £, > 03

From experiments it appeared that the speed in-
crease factor G could be expressed as a linear function
of the emergence coefficient U and the propeller
loading K72 = T/(pD*(1 —w)?¥'2). Hence, for pos-
itive values of U the factor G can be determined
from:

G=1+3 z/( S )

D1 —wRV?
where the coefficient 3 is an empirical constant.

When the propeller emergence is not excessive the
thrust deduction and the relative-rotative efficiency
can be regarded to be unaffected.

5. Numerical example

For the following hypothetical twin-screw ship
the still-water powering performance is calculated
over the speed range from 25 to 35 knots.

Main particulars

L = 5000 m Agr = 0O

B = 1200 m ig = 25 degrees

T = 310 m O = 018

I, = 33 m b = 4SBHLaftof%l
v =900 m dr = 10 m?
Spp = 50 m? Itk = 3

Com = O Cep = 080

Related coefficients

G = 06009 046875

ILg = 141728 m 5849 m?
T+k, = 1297 0.00064

ey = 14133 es = 0739

my = —2,0298 A = 0.7440

c = 10 cs = —1 69385
Results resistance calculation

Speed mycos(NFD) mFf Ry Ryp Rpp R
(knots) &N &N &N) @)
25 03279 —33100 475 21 25 662
27 0.1820 —30883 512 24 16 715
29 0.0409 —2.8962 539 28 2 756
31 —0.0834 —27274 564 31 0 807
33 -0.1876 5780 590 35 0 864
35 -02730 —24453 618 39 0 925

Results propeller design and calculation of propuision factors

¢ =004 D = 323lm 1, = 0705 (30kots)
w =009 PD = 1136
ng = 0980 Ag/dg = 0763
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Results performance calculation
Speed total  N*
thrust

(knots)
25
27
29
31
33
35

&N)

699
756
799
853
913
978

(RFM)
2593
2757
911
3071
3262
3402

L%

&W)

12670
14707
16617
18915
21508
24406

£y

1.000
1.000
1.000-
1.008
1019
1,033

* without effect of propeller cavitation.

** including effect prapeller cavitation,

1.000
1.000
1.000
1.000
1011
1027

Fa

(RPM)
2593
275.7
291.1
309.6
3298
3514

F

12798
14856
16785
19106
21964
25318

References

1. Holtrop, J. and Mennen, G.GJ., ‘An approximate power
prediction method’, International Shipbuilding Progress,
Vol. 29, July 1982.

. Yeh, HYH., ‘Serics 64 resistance experiments on high-
speed displacement forms’, Marine Technology, July 1965.

3. Lammeren, WP.A. van, Manen, J.D. van, and Qosterveld,

M.W.C., ‘The Wageningen B-screw series’, SNAME, November
1969.

4. Oosterveld, M.W.C. and Oossanen, P. van, ‘Further computer
analysed data of the Wageningen B-screw series’, Internation-
al Shipbuilding Progress, July 1975.

. Oosterveld, MW.C. and Qossanen, P. van, ‘Representation
of propeller characteristics suitable for preliminary ship
design studies’, International Conference on Computer
Applications in Shipbuilding, Tokyo, 1973,

»

=




image11.jpeg
© Marine Technology, Vol. 38, No. 3, July 2001, pp. 145-157

Marine
Technology

Extrapolation of Propulsion Tests for Ships with Appendages and

Complex Propulsors

Jan Holtrop'

Prediction of ship powering i tradlonally based on fhe resuis of modal experimsnts. Ths paper covers
e extapolaton of modal fest resuls or ships that may have a muliude of appendages and one or more
complex propulsors. The major diferences from conventional exiapolation meihods aro the appicaton of
the scale effet correctons 1o the model propuision fest, i iraaiment o the appendages and acknow
edging the effects of the propelier 0ad on the propuision parameters. The s feature is considered
essential 0 successiull hande compiex propulsors with bolh rotating and passive components

Introduction

Tk prediction of the propulsive power of a ship is tradi-
tionally based on the results of model experiments carried
outin a towing tank. The results of these model tests, which
pertain to one draft and trim of the ship, are extrapolated to
certain predefined full-seale conditions. Usually, these con-
ditions concern hypothetical environmental circumstances,
reflected by the concept of “ideal trial conditions.” In the cor-
relation between model and full-seale tests there is nearly
always the need to apply corrections because departures from
the ideal circumstances during full-scale trials have a dircct
impact on the propulsive performance of the ship. These cor-
rections require the knowledge of the wind-added and wave-
added resistance, effects of shallow water and effects of hull
and propeller roughness. These effects are not discussed
here, Instead, attention is directed to the extrapolation of
model test results for ships that may have a multitude of
appendages and one or more complex propulsors.

In classical extrapolation methads the correetions for scale
effect take the form of allowances on the power and the pro-
peller rotation rate, while the scale effect on the resistance of
the model hullis taken into aceount in the propulsion experi-
ment by applying a certain tow-rope force acting in forward
direction.

In modern extrapolation methods, which treat the correc-
tions for scale effects on the various components separately,
it is convenient to distinguish between the following scale
effects in a propulsion experiment;

« resistance of the ship, including the scale offect on the
appendage drag,

« advance velocity of the propulsor,

« characteristics of the rotating propeller, and

« drag of passive components of the propulsor.

Several of these scale effects depend on the hull form, the
actual configuration of the appendages, the propulsor ar-

* Maritime Research Institute Netherlands (MARIN), Wageain
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rangement and the loading of the propulsor. Hence, only
through a component-wise treatment an fccurate assess-
ment of the merits of various concepts of ship propulsion and
appendage configurations can be made. The advent of the
complex propulsor such as the tunneled stern, the ducted
propeller, the contrarotating propellers, pod propulsion, the
azimuthing thruster and the waterjet, the last one being a
fully integrated propulsor, brings the assets of classical
methods, including the ITTC (International Towing Tank
Conference)-1978 method, under a most critical reveiw.

The basic method for extrapolation described herc has
beon developed at MARIN in the years 1972-1974 in a man-
ner parallel to that leading to the ITTC-1978 method (1]
There are important points of agreement but there are also
points of large differencos. Like the ITTC-1978 method, the
method uses the concept. of the form factor 1 + & in the de-
termination of the scale effect on the resistance. The major
differences are the application of the scale effect corrections
to the model propulsion test, the treatment of the append-
ages and acknowledging the effects of the propeller load on
the propulsion paramters [2]. The last feature is considered
essential t0 successfully handle complex propulsors.

In the next two sections the basic principles of scaling
‘model resistance test results are surveyed. Then the append.
age drag problem is reviewed. Next the propulsion experi-
‘ments are discussed and the component-wise approach in the
extrapolation procedure is discussed. The scale effect correc.
tions are discussed with emphasis on appendage drag and
complex propulsars. At the end of the paper some aspeets of
correlation and accuracy are touched upon.

Resistance tests

The extrapolation of model resistance tests is the most
classical problem of towing tank work. Earlier model cxperi-
ments could not be expanded to predictions of the full-scale
ship because until the last decades of the 19th century the
scaling laws were not established. Until that time model ox-
periments had only a comparative character. William Froude
was the first to formulate the rules by which the results of the
experiments could be transferred to the full scale in a prac-
tical manner. In Froude's approach there are three elements
of a fundamental character:
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* Corresponding speeds—Wave resistance is similar if the
ratio between the speeds on model and full scale is equal
to the square root of the scale ratio.

* Flat plate concept—The frictional resistance of a ship,
that of its model, is equal to that of a flat plate of equal
wetted surface area and longth, if towed at the same
forward speed.

« Wave resistance, originally referred to by Froude as the
“residuary resistance,” and the frictional resistance are
independent of each other.

The similarity of the wave resistance implics, in fact, dy-
namic similitude. This means that the ratio betiveen the in-
ternal forces of the fluid and the wave resistance is the same
on model and full scale, provided the Froude numbers F,
VgL are equal. In other words, at corresponding speeds the
wave resistance per ton displacement is the same for model
and ship.

In resistance tosts the resistance force R,, and the speed of
the towing carriage V,, are measured. Indices m and s refer
to the model and ship scale, respectively. The extrapolation of
the resistance of a ship model is now a simple matter of
subtracting the calculated flat-plate resistance of the model
Ry from the measured model resistance R,,, The difference,
the “residuary resistance” to use Froude terminology, it
transferred to the full scale through the assumption that the
residuary resistance per unit displacement weight is equal
for the model and the ship. This corresponds to multiplica-
tion by the scale ratio \ to the power 3 and by the ratio of the
water densities. Finally, the calculated flat plate resistance
for the ship is added. In algebraic form:

R, - Ren) N pJpn + By

‘This simple process s often expressed in a slightly more com-
plicated form. The scale-eflect correction is defined as a hy-
pothetical force F}, in longitudinal forward direction, which,
if applied to the ship model to relieve the towing force dyna-
mometer, would cause the measured longitudinal force to
become similar to the resistance of the ship R, In algebraic
form:

= Ry = Fo) N 0o
By simple algebraic evaluation we see that F' is oqual to:
Fp = % 9V, (Crm = Cr)

where S is the area of the wetted surface, V,, is the speed of
the model, p is the mass density and C, ie the flat-plate drag
coefficient. In the MARIN method C,.is determined by means
of the ITTC-1957 formula for model-ship correlation, al-
though it is recognized that the ITTC-1957 line is certainly
not a genuine flat-plate formula and its use as such has again
come under debate in recent years for lack of accuracy and
consistency [3,4]

So far, the resistance is determined without any allowance
for roughness, for stillair drag effects, for the resistance of
elements not present in the model experiments, etc.

Afier introducing a model-ship correlation allowance C, in
which hull roughness and air drag effects can be incorpo-
rated, the scale-effect correction on the resistance becomes:

Fp = % oV *S(Crim = Cp = Ca)

This hypothetical towing force, which is equal to the scale
effect on the resistance, has  distinct meaning because this
force is applied in the sclf-propulsion experiments. Then
some relation between the thrust and the full-scale resis-
tance can be assumed. Also then, the power supplied to the
‘model propeller will bo almost dynamically similar to that of
the full-seale ship. This condition where the towing force £ is
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equal to £, while F, is equal to the scale effect on the re-
ince, is called the “self-propulsion point of ship.”

Form factors

Throughout the years it has become evident that by adher
ing strictly to Froude’s classical flat plate concept some errors
are being made because:

* the frictional drag of a real ship form s greater than that
of a flat plate, and

« there is viscous pressure drag, a resistance component
which appears to be roughly proportional to the flat
plate drag for streamlined shapes.

If we introduce a form factor 1+ £, the scale-effect correc.
tion on the resistance becomes:

/128, (1 + k) Cpy = Cp) = Cal

The form factor 1+ & can be established from low-speed mea-
surements but determining an accurate value is sometimes
difficult,

A special way to plot the resistance test results is that
according to Prohaska. In this plot the ratio of the total re-
sistance coefficient to the flat plate resistance coefficient
CoydC i plotted as a function of F, ¥Cy,,. The data points
are supposed to fall on a straight linc, provided, according to
MARIN's experience, they are measured within the speed
range of model test speeds V,, > 0.9 m/s and F, < 0.2,

‘The assumption of the stréight line in the Prohaska plot
shown in Fig. 1 is equivalent to supposing that the wave
resistance R, varies with the Froude number raised to the
power 6:

R=aRp+Ry=aRp+bF,p

or:
RiRpy, = CpyfCry = . = asbFYCy,

The constant a, or 1+, which is the ratio of the resistance to
the flat plate resistance at zero Froude number, can be read
from the Prohaska plot by extending the straight line to ¥,

0. On approaching zero Froude number the wave resistance
vanishes and all of the resistance of the ship model should be
attributed to effects of viscosity. It is a matter for further
consideration whether this value of 1+k as found from the

a+bFCR,

Pronaska plot
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= scale ffect on resistance

Froude number
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Prohaska plot can be used in the extrapolation of the model
test rosults straightaway.

Itis important to deteet typical low-speed flow phenomena
as waves generated by a bulb near the surface, separation
and laminar flow from the character of the nondimensional
resistance curves. If a conventional hull form without  bulb
or immersed transom is tested, any sudden drop of the non-
dimensional resistance data points at the lowest speeds are
ascribed to laminar flow. On the other hand, a sharp increase
of the ratio Cy,,/Cy, at the lowest speeds is related to flow
separation. It is not realistic to use these deviating data,
neither for the determination of 1 + &, nor for extrapolation to
full-seale values,

Normally, the low-speed data to be used for extrapolation
to full-scale values are interpolated from the straight line in
the Prohaska diagram. Typical constellations of measuring
points of two different. resistance tests at low speeds are
shown in Fig. 2. Points affected by laminar flow in one of the
tests are indicated by + and points with separation in the
other by *.

It is important that effects of separation or laminar flaw
are not confused with effects of bulb waves or forced separa.
tion at the lower chine of an immersed transom. Unfortu-
nately, there i no clear-cut method to separate these effects
Hence, it is important that observations of the flow and wave
pattern support the choice of a certain level of the form factor.
Ifa bulb is present, or there is transom immersion whon the
ship is at rest, a few low-speed resistance test points should
be measured on the ship model trimmed by the bow. Thus
both transom and bulb effects can be reduced, or even elimi-
nated, and more insight can be gained into the appropriate
Level of the form factor. In any case, a prediction of the ex-
pected level of the form factor should be made by a suitable
statistical prediction method. This is to be done to judge the
level of the empirical low-speed form factor and to support
the seleetion of the form factor 1.+ £ if the value derived from
the experiment s unreliable for some reason. The support
from a statistical prediction method for the form factor has
proven to be essential if tests for several drafts have to be
compared and consistency of the results has o be preserved.
In such a situation, in particular if for some combinations of
draft and trim the low-speed form factor becomes unreliable.
the natural variation of the low-speed experimental form fac
tors can be climinated

Tt is important to judge the form factor with regards to its
applicability in the extrapolation proces. Contributions to

Nomenclature

o W w

Fig. 2 Low sposc o ofscts i Pronaska pot

the resistance that are caused by misalignment of append.
ages, flow separation and dead water regions behind tran-
soms and blufl shapes should not be involved in 1 + .

There is a chance that the data points in the Prohaska plot
do not fall on a straight line. Apparently, in such a case the
wave resistance does not accurately follo a 6th power law of
the speed. Then, a slightly curved line will suffice for exten-
sion to the zero Froude number without may substantial loss
of aceuracy of 1+ &

It has been found that low-speed test points measured with
the purpose to accurately determine the form factor should
ot be measured just after high-speed test. points in order to
avoid effects of residual currents and surface waves in the
towing tank

Apart from these difficultios in the implementation of form
factor procedures, many hydrodynamicists have made a quite
curious observation: obviously, for extrapolation ta very high
Reynolds numbers at the full seale it is required to examis
first some conditions which are indeed an “extrapolation’
into the wrong direction!

a b = coefficients Fy = scale effect on resistance V. = speed of ship
A = cocfficient in formula for  F, = Froude number V. = entrance velocity/speed of
transitional flow J" = advance coeffcient advance
€ = chord length of nozzle Jy = apparent advance coefficient  w = effective wake fraction
Cx = model-ship correlation al- 1+ &~ form factor B = appendage drag scale effect
Towance coeffcient. Ko = torque coeflicient factor
4, = appendage drag coefficient Kj = thrust coefficient mp = propulsive efficiency
€} = Mat plate resistance coeffi- L' = length of ship e = relative-rotative effciency
cient N = rotation rate of propeller A" = scale ratio
power correlation coefficient P~ propeller pitch w = 314159,
= viscous resistance coefficient @ = propeller torque p = mass density of water
= diameter of propeller R = resistance © = standard deviation
= scale effect on entrance v R, = Reynolds number
1 5" = wetted surface area A
1+f = experimental form factor of ¢ = thrust deduction fraction
housing = true thrust deduction frac- s = ship value
F = towing force in propulsion tion m = model value
experiment T = thrust o = in open-water conditions
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Scale effect on appendage drag

So far, we have not taken into consideration that on ships
with appendages quite different scale effects arc baund to
exist. Here we discuss the scaling of the flow around append.
‘ages which have no interference with the propulsor.

William Froude discovered that model cxperiments on ap-
‘pended ship models are more liable to scale effect than tests
an bare ship models. Froude found already that the drag
coefficient of appendages on the ship was much smaller than
that on the model. He therefore reduced the measured ap-
pendage drag by 50% prior to scaling the results of the ap-
pended ship model in the normal, now classical manner.
Clearly, the use of the flat-plate concept for appended ship
‘models Jacks accuracy if applied to ships with many append-
ages. Correlation statistics and geosim research fully con-
firmed the use of such a reduction factor by which the ap-
pendage drag is to be multiplied prior to scaling. This factor
s the p-factor. Values of @ in the range 0.4-0.7 are used,
depending on the type of the ships and the particular expe-
rience of the towing tank. Strictly speaking, § should depend
on the local Reynolds number, the flow conditions and the
seale factor.

It is doubted further if the p-factor method is appropriate
1o seale the resistance of all kinds of appendages. In particu.
lar, the approach becomes questionable if the appendages are
not well aligned to the flow, or if they have a blunt shape. [n
any case, this method requires that both the bare hull and
the appended resistance tests have to be carried out and that
the low-speed resistance test points are consistent

More than 40 years ago it was cancluded by Lap that re-
sults of tests on appended models could be extrapalated to
full scale by the form factor method to give consistent full-
scale results [51. This conclusion was drawn on the basis of
geosim experiments. Apparently, form factors could be used
with suceess in appendage drag sealing problems. Lap ini-
tially proposed his Alog(A) form factor method but in more
modern methods the form factor 1 + F is used.

In & more recent correlation study, similar to that included
in Ref [5], it was shown how the form factor affects the av-
erage level of the power correlation coefficient C,, The power
correlation coeflicient C, is the ratio between the measured
and the predicted propuléive power at a certain speed. In Fig.
3, the average power correlation cocfficient. of single-screw
Ships with fow appendages is compared to that of twin-scrow
ships with a multitude of appendages for different of
the form factor 1 = . If the form factor of the bare hull,

o s PKippganes it

15k ke e
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14 kgt i used there appears o be a large discrepancy
between the carrelation coefficients of single- and twin-screw
ships. If, however, the form factor of the appended hulls,
1+ e 1 boing used in the extrapolation the power
correlation coellicients C, of both subsamples agree at a level
of about 1

The agreement betwween the power correlation coofficients
is considered essential for any scaling method by which de-
signe with and without appendages are compared by model
experiments.

There are, however, some points for further consideration,
because tests at low speeds on appended models have been
eriticized for lack of accuracy. Indeed, the Reynolds numbers
of the appendages at low spoeds for 1+ 4 determination are
such that laminar flow over appendages is bound to exist
with an increased risk of flow separation. Therefore it s es-
sential that the flow over the appendages is tripped o tur-
bulence. Anyhow, in arder to obtain reliable results, large
models are required. If these measures are insufficient, the
difference in resistance between the bare hull and the ap-
pended model is established and the appendage drag coeffi-
cient is analyzed and extrapolated to the low-speed range.
Alternatively, the low-speed test points might be rejected al-
together for the determination of the form factor and the form
factor of the appended model is determined from the assump-
tion that at equal speeds the wave resistance of the bare hull
is the same as that of the appended model. This assumption
appears to work well for Froude numbers as large as .35 o
even higher in some cases.

From the developments over more than a century throe
principal ways of approach have emerged:

1. Extrapolation of model appendage drag t the full scale
by means of a constant appendage drag scale effect fac-
tor B. Or by extrapolation of the appendage drag on the
basis of an appendage Reynolds number by means of a
suitable extrapolation line.

2. Addition of theoretically computed full scale appendage
drag to the results obtained by extrapolation of bare
hull model tests

3. Application of the form factor to appended ship models.

The very low Reynolds numbers in experiments are the
reasons to delete the sppendages on model scale and to de-
termine their effect on the full-scale powering performance
by caleulation. This applies particularly to institutions which
have only a small towing tank at their disposal, However, the
flow conditions, which are the basis for the calculations, are
often quite uncertain. Morcover, the resistance of append-
ages of complicated geometry, blunt forms, effects of mis-
alignment and the inferference drag are not casy to assess by
ealeulation. At MARIN the strategy is followed to fit the ap-
pendages to the ship model and to reduce the problems of
laminar flaw and scale cffects by:

« using relatively large ship models,

 turbulence tripping by means of strips with grains, and

« paying special attention to scaling the appendage drag,
usually by the form factor method,

In any case, the application of appendage drag scaling for
blunt and not well-aligned appendages still remains uncer-
tain.

“Attempts have been made to distinguish between the fric
tional drag of streamlined, well oriented appendages on one
hand and, on the other hand. the drag of more bluff:shaped
forms, or appendages which are not aligned to the flow (7.
This was done by examining the relationship between the
measured appendage drag coeflicient and the frictional re-
sistance coefficient of the hull in Fig. 4. If the appendage drag
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coefficient appears to be constant over the speed range, the
drag is apparently dominated by pressure drag and scale
effect is Likely to be absent. I, on the contrary, the appendage
drag coefficient appears to be proportional o Cj, the ap-
pendage drag consists evidently of friction and, hence, impor-
tant scale effect is likely to be present. In practice for not well
streamlined shapes the appendage drag will lie between
these two extremes. In Fig. 4 the rasults of four ship models,
L, F, Aand C, all with streamlined flow oriented appendages.
are shown. The appendage drag coefficient has been cam.
puted from the difference in resistance of the appended hull
and that of the bare hull

In this figure the increase in the form factor A(L + k) has
been indicated for ship models F and C under the assumption
of the appendage drag being proportional o the flat plate
drag. If ship model F would have had blunt appendages the
appendage drag coefficient would not depend on the Reynolds
number and the data would be on 4 fixed lovel and no in-
crease of the form factor would result. Unfortunately, it ap-
peared that defining the slope and making an appropriate
assessment of a suitable form factor correction for the scaling
of the appendage drag turned out to be impossible due to the
scatter in the experimental data and the relatively short
range of Reynolds numbers covered by the model experi-
ments. It is apparently not possible to distinguish between
the Reynolds number dependent and Reynolds number inde-
pendent appendage drag companents on the basis of the dif-
ference between the results of the two resistance tesis.

In a separate paragraph the scale effeet on the propulsor
type appendage will be discussed because, unlike the append-
ages discussed here, the interaction with the propulsor can-
not be ignored. In configurations with nozzles, azimuthing
thrusters or pods, the viscous drag, and also the seale effect
on the drag of the duct, the gear housing or the engin ho
ing hocomes extremely dependent on the propeller loading.
First we look into the details of the data derived from the
propulsion experiment.

Analysis of propulsion test data

In a propulsion experiment the ship model is cquipped
with the propulsors: usually one or more screw propellers
During a measuring run through the towing tank the ship
model moves steadily in forward dircction. The ship model is
firee 10 pitch and heave but it is restrained in its longitudinal
symmetry plane. The propellers rotate at a constant rate.
The ship model is partially towed in forward dircction, par-
tially propelled by the thrust produced by the rotating pro-
pellers. The towing force excried on the ship model in for-
ward direction is F. Measured are the speed V,, the propeller
rotation rate n, the towing force F, the various contributions
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to the thrust 7 and the propeller torque(s) @. In the case of
ships propelled by thrusters or pods the thrust produced by
the entire propulsion unit is measured as well: T, This
unit thrust is lower than the propeller thrust; the difference
reflecting in some manner the drag of the thruster or pod
housing. When nozzles are applied it i useful to measure the
thrust of the nozzles too.

The propulsion experiment can be subdivided into two
separate stationary tests:

* @ speed-variation test, and
* & load-variation test

In the speed-variation test a number measuring points at
different model speeds is measured. In each condition a cer-
tain rotation rate of the propeller model is adjusted in order
to provide such a level of the propeller thrust that the corre-
sponding towing force F attains & certain, pre-defined value.
In the load-variation test the speed in all the measuring runs
is the same but in each run a different rotation rate is ap
plied. Thus, the ratio between the thrust and the towing force.
varics between the runs.

Special forms of the load-variation test are the bollard-pull
test at zero speed and the pull test at a certain (but constant)
forward speed. In these special tests the taw rape force F is
directed aft. These specific forms of the Inad varying tests are
not discussed further here.

‘Traditionally, the procedure for variation of the loading at
each speed of interest, from which the data at the proper load
were 1o be interpolatéd, has been called the British Method.
Test procedures in which effeets of the loading are not exam.
ined at all, so test procedures in which only ane loading is
considored in a speed variation test, are called Continental
Methods. Carrying out a combination of a speed variation a
one loading and a load-variation test at only one speed ap-
pears to be an attractive and well-balanced compromise be-
tween accuracy and operational efficiency of the towing tank.

Itis the practice at MARIN to cover the full-speed range of
interest, provided the test speeds are sufficiently high and to
carry out the load-variation test at only one speed, which
corresponds roughly to the service speed of the ship. It is
customary to carry out the speed-variation test at one stan-
dard loading, viz. sccording to Froude's skin friction coeff
cients: F' = Fl, z,.,q, Adhering to this standard appears to be
practical, also if the customer requires a different method of
extrapolation. This standard Froude loading implies that for
smaller ships the propeller load roughly corresponds to the
loading of the full-scale propeller, but for large ships the
modol propeller is overloaded. This is considered favorable
for the propeller-hull intersction, the Reynolds number of the
model propeller and the dynamometer loading.

The results of the propulsion test are made nondimen-
sional in several ways. First, the thrust and torque are ex-
pressed as K and K The forward model speed V,, and the
rotation rates, 1, are combined to give the apparent ad-
vance coefficient .y, = V,,/(n,,D,,). When plotted on the basis
of the apparcnt, advancé cocflicient Jy it appears that for
merchant ships the K, and Kq-values are found within a
narrow bandwidth. From this plotting anomalous data points
can b easily traced.

Another way to examine the test data of the propulsion test.
i to determine the propulsion factors w, £, and y, if @ resis-
tance and propeller open-water test are available. From a
comparison with the propeller open-water characteristics
and m can be determined for cach test point. 1t has been
generally accepted to use Kidentity in the analysis of the
propulsion factors. This implies that the effective wake func-
tion is found by interpolation of the K;. This interpolation in
the open-water K, curve with the behind-K; gives the ad-
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vance coeficient J and, hence, 1~ w ~ JATy. The ratio be-
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mined by K identity, and the K. in behind condition is the
relative rotative effciency by definition

e = KoulKq

From a comparison between the resulis of the resistance
test and the results of a speed-variation test the thrust de-
duction fraction and the total propulsive efficiency m, are
determined:

(F+T~RVT and m = (R - F\V/25@Qn)
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vance coefficient J and, hence, 1~ w = JAJy. The ratio be-
tween the open-water Kgg, at the advance coefficient detor-
‘mined by K-identity, and the K,, in behind condition is the
relative-rotative officiency m by definition:
e = Kau/Ke

From a comparison between the results of the resistance
test and the results of a speed-variation test the thrust de-
duction fraction and the total propulsive efficiency mj are
determined:

‘

F+T - RVTand v, = (R - FWVA2Qn)

‘The comparison with the resistance test results should be
made for conditions which are comparable. The presence of
appendages and departures of tank water temperatures
should be taken into consideration. The cffect can be assessed
easily by means of the formulations of £, given earlier, For
symmetrical twin-screw ships it is normal that the average
thrust and torque of the port and starboard propeller are
used. The K and K, are compared to the average propeller
characteristics in open water. In the thrust deduction the
sum of the thrusts are used. Here the longitudinal equilib-
rium of forces s described. In ;) the sum of the torques is to
be used.

‘The comparison of the results of the propeller open-water
test with the results of the speed-variation test now illus-
trates the demand for a comparable extent of laminar flow on
the model propeller in both experiments. If there were great
departures in the type of flow over the propeller biades the
performance of the propeller would be deviating in open and
in behind condition and the values of the wake function and
the relative-rotative efficiency would beeome inaceurate.

For the propulsion factors w, ¢ and ny values are to be
expocted which are almost independent of the speed of the
ship model. Due to the correlation between the viscous rosis-
tance coefficient and the effective wake fraction, the wake
fraction gradually decreases by increasing the speed. This
effect reflects the increasing Reynolds number. The relative
rotative efficiency should be & value close to 1 but deviations
up to 3% occur. High block, single-serew hull forms with
wake adapted propellors of a comparatively low-pitch ratio
appear to have a higher relative-rotative efficiency than slen-
der, twin-screw forms with propellers of o higher pitch-
diameter ratio.

The total propulsive efficiency shows a certain dependency
with the speed. This dependency is primarily governed by the
nondimensional loading of the propulsor. It shows a behavior
opposite to the Cr,, curve, provided, of course, that the load.
ing of the propeller affects the efficiency in the normal man-
ner. For some propellers, which have a t0o large diameter,
this effect is opposite. These effects can be understood imme.
diately if the open-water cfficiency and the speed influence of
the other propulsion factors are taken into consideration.

The towing force F' as measured in the load variation test
is plotted and analyzed in relation to the total thrust. Tt is
quite practical to plot 7 on an F-basis and to inspect whothor
or nat the results of the Ioad variation test fall on  straight
line. In Fig. 5 typical constellations of measuring points are
shown in the F-T diagram. In Fig. 6 the nondimensional co-
efficionts Kp, Kq and Jy = V/nD) of the same test are shown.

In these two diagrams the results of the speed-variation
tests have been indicated as well. The linearity between F-
and Tis nearly always well preserved as long as the towing
force s in forward direction. This applies to all kinds of hull
forms and propulsors. Only for the fullest forms with rela-
tively small propellers there could be a tendency of a slight
departure from the lincar dependency in the range of zero
towing forces. A typical constellation of measuring points,
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Fig.5 Trusttowing force dagram

including data at extremely overloaded conditions is shown
in Fig. 7

In the diagram in Fig. 7 the F-T relationship is drawn for
speeds corresponding t0 0, 8 and 10 knots, respectively. No-
tice the change of the slopo of the F-T lines in the range of
negative towing forces. At extremely high loadings the slope
agrees to that found in the results of the bollard pull test at
zero speed. The rolationship between T and F in the bollard
condition is always linear.

In the diagrams the points of the model resistance test R,
have been indicated as well. The linear relationship between
Fand T permits a quite accurate assessment of the condition
where the thrust of the propulsor is zero. These points do not
agree with the model resistance. Apparently, the condition in
the propulsion test with & propeller, which does not impose
any longitudinal force on the hull, is just a little different
from the condition where the propeller is absent

2

*a ~

Fig.6 Nonamensonalpropusion st rosuts
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we can define a similar coefli
= (F+T = Fp_ofT = 1+ UdTIdF)

The classical thrust deduction fraction  is essentially de-
pendent of the propeller loading. If . o/R would be 1, 1* is
equal to ¢ and then there is no loading influence on (. The
thrust deduction fraction { is always larger than t* if F;_o/R
is larger than 1. This also implies that ¢ decreases as the
loading increases.

‘We apply * to the results of the speed-variation test and
from each measuring point the towing force in the zero-
thrust condition is determined:

Froo = F-TIdTWF) = F + T (1 =19
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Fig.7 T dagram showing efects of sevee overioading

Examination of many model test rosults has demonstrated
that the coefficient 7, y/R is distinctly greater than 1. Tn
almost all cases valucs in the range 1.01-1.04 are encous
tered. The lower figures seem o apply to the more slender
ships with open shafts. The higher values are more fre-
quently found, either in separation-prone forms or in barge
type forms with the propeller shaft arrangement in a gondola
and a large single rudder behind the propeller. If there is no
rudder behind the propeller lower F_ /R values seem to
prevail

The slope of the T-F line is direetly rolated to the thrust
deduction. The linearity of the F-T relationship in the range
of moderate and light loading gives the opportunity to ex-
press the slope of these curves in a similar way as the thrust
deduction. Since the thrust deduction is defined as:

t=F+T-RIT

we can define a similar coefficient ¢* as
= (F+T = Fp T = 1+ UdTIdF)

The classical thrust deduction fraction  is essentially de-
pendent of the propeller loading. If . o/R would be 1, 1* is
equal to ¢ and then there is no loading influence on (. The
thrust deduction fraction { is always larger than t* if F;_o/R
is larger than 1. This also implies that ¢ decreases as the
loading increases.

‘We apply * to the results of the speed-variation test and
from each measuring point. the towing force in the zero-
thrust condition is determined:

Froq = F - TAATIAF)

1f a resistence test has been carried out the ratio of the
zero-thrust towing force to the measured model resistance
can be examined. Even if there are remarkable humps and
hollows on the resistance curve and in the propulsion char-
acteristics as well, the coefficient Fy_/R does not vary more
than a few per cent over the speed range.

‘Also the other propulsion factors w and i, are examined in

more detail. Often, w and n,, are plotted on a basis of the
loading. As loading parameter Ky4/,? s quite convenient.
Experience at MARIN has shown that the loading effects on
1 are quite small, provided wo restrict ourselves to the mod-
erate loadings. In the range of zero thrust and torque this
propulsion factor becomes undefined.

Generally, the wake fraction w depends on the propeller
loading. A reduction of w as the loading increases is normal.

F+T-1%

oLy 200

Itis worthwhile to compare the zero-thrust wake fraction as
determined by extrapolation of the effective wake fractions to
the value obtained by integration of the wake distribution
carried out by means of 4 Pitot tube. A disturbing factor in
this comparison is the absence of the rudder in most wake

In particular in single-screw ships the wake fraction
appears to be strongly dependent on the loading. This points
10 a change in the afterbody flow as a result of the propeller
action, or to a strong gradient of the radial wake distribution.
A large part of the loading effect may be explained by th
change in slipstream contraction. By the increase of the ef-
fective disk area due to the increase of the loading, fluid of
higher axial velocity enters the propeller, leading to lower
wake fractions,

These past years have seen a growing interest in studying
the basic elerents of propulsion by experiment. (8-11].

Form factors from propulsion tests

Extreme departures between nominal and effective wake
data and observed strange relationships as a function of the
propulsor loading may indicate that the resistanco tost, in-
clusive the form factor deduced from its results, needs 0 be
rejected. Evidently, the resistance experiment reflects flow
conditions that do fot represent that of the real ship with a
working propeller.

By extrapolating the model propulsion test results to the
‘point of zero thrust the towing force Fy._q can be established.
If we predict from experience an appropriate value of the
ratio of this towing force to the model resistance, 0.5, Fr_ /R

1.02, we can determine the form factor from the propulsion
test,

Ifa resistance test is not available, 1+ & can be assessed by
plotting [IF + TU1 - £)/(F_ /RI/R as a function of ¥, Cy,
as in Prohaska's diagram. Since F;_/R can be estimated
with an aceuracy of about 15%, form factors thus determined
will be less accurate than the form factors determined from
resistance tests by about 1.5%. An additional contribution to
the inaceuracy of 1+ k is the uncertainty of f*. The test
procedure supposes that ¢ is independent of the speed, at
least over a certain range. MARIN experience has confirmed
this assumption and until now no evidence has come forward
that this assumption is wrong.

‘A positive point is the use of data points with a driving
propeller. This could make form factors determined from pro-
pulsion experiments loss inaccurate than initially suggested.
Systematic departures of the measurcd towing force from the
correct value are now reflected in & deviating form factor [12].
These biss errors in F are now compensated in the extrapo-
lation of the results of the propulsion experiment. This neu-
tralizing effect, which improves the accuracy of the full-scale
prediction, is rot present when form factors from resistance
tests are used in the extrapolation. Statistical evidence based
‘on model-ship correlation that form factors derived from pro-
pulsion experiments are inferiar to those determined from
resistance tests has not come forward as yel.

Propeller scale effects

‘The performance of the real propeller, when expressed in a
nondimensional manner, deviates only to a minor degree
from that of the model propeller. The apparent reason for the
departure is the difference in viscous effects but these effects
of viscosity on the efficiency and the relationship between the
torque and the rotation rate are comparatively small. More-
over, a suitable correction method has been devised and
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Fig. 8 Delermination of st by merpolation
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tested by several Powering Performance Committees of the
TTTC prior to the adoption of the 1975 methad. This does not
imply that the aceuracy of the prediction of the cfficiency and
the rotation rate s always sufficient. It s, however, not al.
ways the uncertainty in the propeller scal effect which is a
factor of concern. In many cases, particularly in single-screw
ships, it is often the uncertainty in the wake scale effect
which is to be blamed for incidental poor correlation. Never-
theless, with rogard to the propulsor scale effects, a not fully
satisfactory situation continues:

* The transitional type of flow over the propeller blades
causes an uncontrolled variation of the extent of laminar
flow. This causes uncertainty in the scale effect for pro
peller blade friction.

* 'The difference in Reynolds number leads to scale effects.
on the lift and the drag. As regards lift there is scale
effect on both the zero-lift angle and on the 1ift slope of
the sections of the propeller blade. The type of propeller
blade sections and the extent of the laminar flow affect
the scale effect on the Lift characteristics. Morcover,
there are indications that on skewed planforms the 3-D
flow differs from that on the actual fall-scale propeller
and unknown scale effect is bound to exist. Lift scale
effect corrections are commonly ignored in practice.

* Traditionally, the propeller scale effects are being ap-
plied o propeller apen-water test results, However, i is
essentially the propulsion cxperimont with lower rota-
tive speeds and larger scale effects, which determines
the prediction of the ship's speed and the rotation rate.

For the time being the interim situation is continued, accept
ing experiments on model propellers with a varying extent of
laminar flow and a variation in the Lift scale efect.

A possible way out of (his situation is to change (o Lesting
modl propellrs of which the leading cdges have been art
fically roughened. Gradually. such turbulence tripping on
model propellers has become accepted in cavitation experi-
monts. But it is ot certain at all that the model propulsion
experiment on the “rough” propeller model wil eventually
consiitute a sounder basi for the extrapolation. In any case,
the roughening of the leading cdge amplifics the scalo offect
o be applied considerably. Morcover, model test results will
require o thorough explanation by the stafT of the towing
tank that due to the roughening the carefully designed and
manufactured model propeller encounters a loss of 107 of ts
efficiency, just for makin a more accurate leap into the ful-
seale direction. Nevertheless, at MARIN stuics are under.
way to answer the question whether or not tests on leading
edge roughened propellers reduce the dispersion in the rota-
tion rate correlation factors significantly. For the time being,
as the reduction of the variation in the rotation rate corrcla
tion factors is small, the ITTC-1978 method for blade dragg
scale effect on smooth. propellers is still being applied at
MARIN on a routine basis with the folowing adaptations

plemented in 1994

« The coelicient A in the formula for the flat plate friction
by transitional flow over a flat plate according to Brard-
Aucher

Cpm = 0.0044/R, ™ - AIR, 2

has been adjusted. For A — 5, the ariginal value, the
level of the transitional line suggests almost. fully lami-
nar flow. However, the flow over the outer part of most
of the model propeller blades, from which the greater
part of the scale effect on the torque originates, is almost
fully turbulent. Therefore A has heen lowered from
502

15 sy 20

* 'The blade roughness of new well finished propellers, ex-
pressed as an equivalent grain size, has been put cqual
t0 a mean apparent amplitude of 20 um, instead of 30
m, to comply with the finishing standards adhered to
by first class propeller manufacturers.

* Only for propellers of a special type of which it is cerlain
that the extent of the laminar flow s exceptionally large,
an adaptation is being made to the scale effect correc.
tions AK;-and AK,, These adapatations of AK,-and AK,
are related to the measured difference between the
“smooth" and “rough” propeller characteristics if this dif-
ference is larger than a certain limit. As this is only an
interim solution, further details are not given here.

An additional but small scale-effect correction is applied
now and then at MARIN. This concerns the reduction of the
pitch of the outer blade sections of large, highly skewed pro-
peller blades of larger containerships and liquefied natural
gas (LNG) carriers. The deflection of the blades of a real
propeller under its own thrust load cannot always be fully
ignored. This leads o & small increase of the rotation rate
when at full power. This corresponding effect does not oceur
on model scale as model propellers are comparatively stiff
Thus, there appears to emerge a minor scale effect on the
pitch and rotation rate. These effects are small, always below
0.69% effective pitch according to the calculations, but they
should not be ignored if the highest accuracy is to be ai-
tained.

Extrapolation of propulsion test data

“The MARIN method deseribed here is essentially based on
the propulsion experiment only. That is to say, it can work if
there is only a single propulsion test. This experiment must
then be composed of a speed-variation test and a load-

variation test. Ifa resistance test and a propeller open-water
test have been canducted as well, the information obtained
from these supplementary tests are used to the advantage of
accuracy and detection of errors.

ually, it is assumed that there is no scale effect on the
thrust deduction. This implies that the required full-scale
thrust is determined from the model relationship between T
and F if interpolated at F = F,, and scaled according to
Froude’s law. This is illustrated i Fig. 8,

Fig. 8 Determination of st by merpolation
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The application of scale effect correction on the entrance
velocity and the scale effect corrections on the propeller per-
formance have alrcady been mentioned. The scale effect on
the advance velocity is also referred to as the wake scalo
effect. Because of the difference in Reynolds number the non-
dimensional entranc velocity of the full-scale propeller is
higher than that of the model propeller in the towing tank
The entrance velocity, or speed of advance, is equal i Vs
V(1 - w). On the full-scale ship the wake fraction v is sub-
stantially smaller than on the model.

Since the full scale entrance velocity is higher than the
‘model value in a comparative sense it follows that at the
thrust which corresponds to the “self-propulsion point of
ship.” the specific thrust loading of the propulsor is t0o high
in the towing tank. The error in C;-value is equal to the wake
scale effect squared. Therefore, comparative tests on devices
which show a progressive benefit at higher thrust loadings,
as nozales, could easily lead to the wrong conclusion because
of incorrect prediction of the thrust components, the effi-
ciency and the rotative speed. Hence, i is essentisl that the
results of the load-variation test are properly accounted for in
the extrapolation to the full scale.

The thrust coefficient is expressed in relation to the load-
ing and the speed. Suppose that K. = ay +.y Jy F, + asly®
F, + a, F, reflects the measured relationship between'the
thrust coefficient K, the apparent advance coefficient oy and
the Froudo numbor F,. The cocfficients ay, . - 4, aro
determined by  least-squares method. This relationship
can now be made valid for the full scale by substituting
TAVAVJVV),, for Ty

Kro=aq +ay (VuVi/(VarV)dyFo
+ g (VarV VA V), S0 F, + agF,y

In Fig. 9 the introduction of the wake-sealo offect, or rather
the scale effect on the advance velocity, is expressed as  shift
of the model Ky and Kq curves to the lef to obtain similar
curves for the ship.

In the diagram in Fig. 9 the open-water characteristics
have been indicated schematically as well rather for com-
pleteness sake. Letters A-M indicates several typical points.
AL/BL and GM/FM is the scale ffect on the entrance velocity
VYLV Ve

The seafe effect on the propulsive performance of a single
propulsor, as already discussed are AK and AKq. Essen-
tially, these corrections are now applied (0 the characteristics
of the propeller in the behind-ship condition. It is most con-
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venient to incorporate these corroctions in the Ky and Ko
curves by a vertical shift of the lines. Finally, the relationship
for the full-seale propulsor then becomes:

Kpey= 0+ ay (Vo VAV V) Fy
a3 VD VaI VS PFy + agFy + MK

For K, a similar expression is being used. By solving Jy
from this formula for the fullseale value of K;-s7J,* for cach
Froude number of interest we obtain the full-scale perfor-
mance for cach desired combination of speed and thrust. Au-
tomatically, the effect of the loading has now been properly
accounted for, also in complex propulsors, also f not all of the
thrust components have been measured

Summarizing, we have now incorporated the scala offects
on the resistance, including that on the appendages, the en-
trance velocity and the propeller characteristics by trans-
forming the model measurements to a set of data valid for the
ship. From the full-scale thrust as determined we can solve
the apparent advance coefficient and thus determine the pro-
peller rotation rate. Interpolation in the relationship be-
tween J, and the ship torque coefficient gives us the full-
scale K, from which the delivered power can be determined.

Tt is Toted here that for special types of appendages as
nozles, pods and thruster housings a supplementary scale
effect is till o be determined. Because the scale effect on the
drag of the nozzle, the pod and thruster housings depends on
the interaction with the working propeller, and also on the
scale effect on the local inflow velocities, these supplemen-
tary scale effect corrections are determined for cach test
point measured and their cumulative effect is applied as a
correction of the towing force. In a separate section these
issues are addressed.

It is important to have an accurate value of the scale effect
o the enirance velocity V,,_ For single-screw ships a semi-
empirical formula has beer devised by means of a regression
analyais of hundreds of model and full-scale effective wake
values. In this formula, not given here, the complicated re-
Iationship is described by which the effective wake fraction
depends on the principal particulars of the ship, the hull form
parameters, the diameter of the propeller, the thrust loading
and the viscous resistance coelTicient Cy. Here, Cy, = (1+ %)
Cp + C By subsequent substitution of the model and ship
viseous coefficient. the model and ship effective wake frac-
tions are calculated on a *statistical” basis, respectively. The
scale effect on the entrance velocity (V,/VI/(V,/V),, is deter-
‘mined in the first instance from (1~ w1 ~ w, ). Bvidently,
the scale effect correction can be predicted without knowing
the effective wake fraction w,, itself in an absolute way. It
propeller open-water test rosults are available for the propel-
lr tested with respect o propulsion the model wake fraction
is known. In that case, the knowledge of i, can help to
improve the prediction of the wake scale effoct. For open-
shaft propeller arrangements, typical for twin-screw ships,
the scale effect on the wake is small. Here, the propellers are
Iocated more or less outside the boundary layer on the hull
Other formulas are then being used.
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Or in mathematical terms:
T, = T,\% o, = (T + Fp = PN = DN,

The application of scale effect correction on the entrance
velocity and the scale effect corrections on the propeller per-
formance have already been mentioned. The scale effect on
the advance velocity is also referred to as the wake scalo
effect. Because of the difference in Reynolds number the non-
dimensional entrance velocity of the full-scale propeller is
higher than that of the model propeller in the towing tank
The entrance velocity, or speed of advance, is equal (0 V, =
V(1 - w). On the full-scale ship the wake fraction 1 is sub-
stantially smaller than on the model.

Since the full scale entrance velocity is higher than the
model value in a comparative sense it follows that at the
thrust which corresponds to the “self-propulsion. point of
ship,” the specifc thrust loading of the propulsor is too high
in the towing tank. The error in C,-value is equal to the wake
scale effect squared. Therefore, comparative tests on devices
which show a progressive benfit at higher thrust loadings,
as nozzles, could easily lead to the wrong conelusion because
of incorret. prediction of the thrust components, the eff-
ciency and the rotative speed. Honce, it is cssential that the
results of the load-variation test are properly accounted for in
the extrapolation to the full seale.

The thrust coeffiient is expressed in relation to the load:
ing and the speed. Suppose that K = ay +.ay Jy F, + asly”
F, + a, F, reflects the measured relationship between the
thrust coeffcient K the apparent advance coefTcient J, and
the Froudo numbor F,. The cocfficients ay, . - 4, aro
determined by a least-squares method. This relationship
can now be made valid for the full scale by substituting
TAVAVJV V), for gy

Kro=aq +a; (VaVL/Var V) yF
+ay (VW AV V), 2TF, + agF,,

In Fig. 9 the introduction of the wake-scale offect, or rather
the scale effect on the advance velocity, is expressed as a shift
of the model K, and K, curves to the left to obtain similar
curves for the ship.

In the diagram in Fig. 9 the open-water characteristics
have been indicated schematically as well rather for com-
pleteness sake. Letters A-M indicates several typical points.
AL/BL and GM/FM i the seale effect on the entrance velocity
VALYV,

The seale eiféct on the propulsive performance of a single
propulsor, as already discussed are AK; and AK,. Essen-
tially, these corrections are now applied to the characteristics
of the propeller in the behind-ship condition. It is most con-
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venient to incorporate these corrections in the Ky and Ko
curves by a vertical shift of the lines. Finally, the relationship
for the full-seale propulsor then becomes:

Kr.y=aq+ay (VW /(VarV)dyF,
<y (VarV) VAV, 20 PR, + agF + ARy

For K a similar expression is being used. By solving Jy
from thie formula for the full-scale value of K;-s/J for cach
Froude number of interest we obtain the full-scale perfor-
mance for cach desired combination of speed and thrust. Au-
tomaticall, the effect of the loading has now been properly
accounted for, also in complex propulsars, also if ot al of the
thrust components have been measured

Summarizing, we have now incorporated the scala effects
an the resistance, including that on the appendages, the en-
trance velocity and the propeller characteristics by trans-
forming the model measurements toa set of data valid for the
ship. From the full-scale thrust as determined we can solve
the apparent advance coeficient and thus determine the pro-
peller rotation rate. Interpolation in the relationship be-
tween ./, and the ship torque cocfficient gives us the full-
scale K from which the delivered power can be determined.

1t is oted here that for special types of appendages as
nozzles, pods and thruster housings a supplementary scale
effect i still o be determined. Because the seale effoct on the
drag of the nozzle, the pod and thruster housings depends on
the interaction with the working propeller, and also on the
scale effect an the local inflow velocities, these supplemen-
tary scale effect corrections are determined for cach test
point measured and their cumulative cffect s applied as o
correction of the towing force. In  separate section these
issues are addressed.

Itis important to have an aceurate value of the seale effect
on the entrance velocity V., For single-scrow ships  semi-
empirical formula has been devised by means of a rogression
analysis of hundreds of model and full-scale effective wake
values. In this formula, not given here, the complicated re-
Iationship is described by which the effective wake fraction
depends on the principal particulars of the ship, the hull form
parameters, the diameter of the propeller, the thrust loading
and the viscous resistance coefTcient Cy. Here, Cy = (1+ £
€+ C,. By subsequent substitution of the model and ship
viscous coefficient the model and ship effective wake frac-
tions are calculated on a “statistical” basis, respectively. The.
scale effect on the entrance velocity (V,/VI/(V,/V),, is deter-
mined in the first instance from (1~ woV(1 - ,,). Evidently,
the scalo offect corrction can he predicted without knowing
the effective wake fraction w,, itself in an absolute way. It
propeller open-water test rosults are available for the propel-
ler tosted with respect (o propulsion the model wake fraction
is known. In that case, the knowledge of w,, can help to
improve the prediction of the wake scale effoct. For open
shaft propeller arrangements, typical for twin-screw ships,
the scale effect on the wake is small. Here, the propellers arc
Iocated more or less outside the boundary layer on the hull
Other formulas are then being usod

Scale effects in complex propulsors

So far we have not dealt with the complex propulsor. A
distinetion is to be made between the multiple stage propul

sar, as the contrarotating propellers and propulsors with one
or more passive companents. As regards the first, there is no
problem in handling, e.g. contrarotating propellers because
the scale effeet on the entrance velocity can correctly be ap-
plicd to both propellers in the same mannor, thus properly
treating the mutual interaction and the associated loading
effects. There are no reasons to believe that the usual pro-
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where n is the propeller rotative speed and P is the average
pitch of the propeller blades. Combining the two contribu-
tions gives.

Vigews = alnP) + (1= )V

It will be clear that when a = 0 the propeller induction
does not play any role in the drag of the housing, but when a
= 1 the flow over the housing is fully governed by the flow
fleld caused by the rotating propeller and independent of the
inflow velocity V. The drag of the housing can be expressed

Broueing = % Vi CrS(L+ )

Here § is the wetted surface area of the housing, Cy s the
coefficient of frictional resistance and 1 + / is an allowance
factor which takes into account the effect of the shape of the.
housing. This drag of the housing can also be expressed as a
(negative) thrust coefficient:

K possing = ~Rrouwsind P 1% D)

Here Dis the diameter of the propeller and  is the rotation
rate. Combining these expressions leads o

Kr oo =~V a (PID) = J) + J1* C SID* (1 + )

where J is the advance coefficient of the unit. From the load-
variation test, either a propeller-open water test in homoge-
‘neous flow, or a propulsion experiment reflecting the behind-
ship condition, the unknown coefficient. a and the allowance
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peller scale effects for blade drag are wrong for contrarotat-
ing propellers.

For the second group, the scale effet on the flow around
the passive components of propulsors cannot be ignored and
a special treatment is required. One may think of nozzlos,
houses of gear boxes, engines of azimuthing thrusters and
pod propulsors. Strictly speaking, also the ordinary rudder
behind a propeller could be regarded as such a passive pro-
pulsion component as the stator action and the scale effects
on the drag cannot be ignored. However, in practical extrapo-
lation procedures the seale effects on the rudder drag are
assumed o be included in @ hidden manner in the extrapo-
lation method. Morcover, the longitudinal rudder force is
usually not measured in propulsion experiments. Therefore,
seale effects on the rudder forces are not considered further
here.

In applying scale effect corrections care is Lo be taken that
the scale effect on the entrance velocity, the effect of the
propeller loading on the entrance velocity and the change in
the drag coefficients are properly treated.

First, we consider the scale effect on the drag of nozzles.
‘The viscous scale effect on the drag of the nozzle can be as-
sessed in a reasonably accurate manner by regarding the
interior of the nozzle as a curved plate. The velocity in axial
direction is supposed to be described by nPry,,. So, assuming
each measured data point on model scle to be subjected to
this seale effect, we can determine the scale effect contribu-
tion for each point as a correction of the longitudinal towing
force F.

AF =% py 1(nPrg)*Cpy oD — Y6 PPy

AF = Y% pm(nPry)? (Crp - Cry) o,

Here C is the chord length of the nozzle. If the thrust of the
nozzle has been measured the scale effect on the nozzle
thrust is the same as the AF corroction

Secondly, we discuss the scale effect on the drag of the
housing of a thruster or a pod. This scale effect on the drag of
a housing is more difficult to assess because of the following

(@) the drag itself on model scale is difficult to measure,

(b) its magnitude depends on the scale factor, the shape of
the housing, its orientation to the local flow direction,
the size of the housing, the propeller-induced Mow field
and the inflow velocity, including the wake scale effect
on the inflow velocity.

() the loading of the propeller causes an induced flow field
of which the magnitude is uncertain due to the inter-
action with the pod or thruster housing,

The drag of the housing at model seale is defined experimen
tally as the difference between the total unit thrust 7, and
the thrust force which is exerted on the hub of the propellor
by the blades 7,,4... The unit thrust T, is measured in the
model propulsion experiment at the junction of the hull and
the strut, or, alternatively, at the strut in an open-wator
experiment with the pod or the thruster. In the caze of pull-
ing propellers with thick conical hubs, common in pod ar-
rangements and in some thrusters, the thrust transforred by
the propeller shaft may deviate significantly from the blade
thrust. Apparently, the shape and size of the hub, the hous-
ing and the strut downstream of a working propeller cause an
internal longitudinal force acting in the gap between the hub
and the housing. This internal force is included in the mea.
surements of the thrust in the propeller shaft. If such a con-
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figuration with a thick hub is to be dealt with, an approxi-
mation of the blade thrust can sometimes be found from the
results of a separate open-water exporiment in which the
performance of the single propeller in homogencous axial
flow is measured. The blade-thrust coofficient Ky-yyuqe, is
then assumed to be equal to the K..as measured on the Single
propeller in uniform flow on the basis of torgue identity. No-
tice that in this separate open-water experiment the gap
pressures are minimized by using & minimum cross-area be-
tween the rotating propeller hub and the fixed part of the
driving equipment. In addition, hub pressures are eliminated
by subtracting the (measured) drag of a similar hub without
blades in the same test condition. However, prapeller-open-
water tests on propellers with large conical hubs have @
somewhat artificial charactor and their use in the analysis of
pod experiments does not always lead to satisfactory solu-
tions.

Similar departures, but now in the other direction, be-
tween the thrust-torque relationship in open water and in
behind-ship conditions have been found in pushing propellers
with extremely thick hubs. These deviations arc reflected in
the relative-rotative efficiency falling substantially below 1

In the case of pods and thrusters the blade thrust instead
of the shaf. thrust is preferably 1o be used for twa reasons
First, the propeller designer needs the blade thrust and not
the shaft thrust. Secondly, the scale offect on the drag of the
housing should not be affected by the internal longitudinal
forces caused by gap and hub pressures as these are likely to
be present in a similar manner in the full-scale configuration
as well

‘The model used in the extrapolation of model test results to
express the drag of the housing and its scale effect is com-
paratively casy. The flow around the body is assumed to be
characterized by a local flow velocity V,,.,, which is deter-
mined by a certain but unknown combination of the up-
stream velocity, or the speed of advance V,, and the propel
ler-induced flow. The propeller induction is approximated by:

P

where 1 is the propeller rotative speed and P is the average
pitch of the propeller blades. Combining the two contribu
tions gives

v, nP) 4 (1 - @)V,

It will be clear that when a = 0 the propeller induction
does not play any role in the drag of the housing, but when a
= 1 the flow over the housing is fully governed by the flow
fleld caused by the rotating propeller and independent of the
inflow velocity V. The drag of the housing can be expressed

R, P VieewCrS(L+ )

Here § is the wetted surface area of the housing, Cy is the
coefficient of frictional resistance and 1+ f is an allowance
factor which takes into account the effect of the shape of the
housing. This drag of the housing can also be xpressed as a
(negative) thrust coefficient:

Kz, p—l

Here D s the diameter of the propeller and n is the rotation
rate. Combining these expressions leads tor

Kr hows o ((PID) ~ ) + J1? Cp SID* (1+ )

where J is the advance coefficient of the unit. From the load-
variation test, either a propeller-open water test in homoge-
neous flow, or a propulsion experiment reflecting the behind-
ship condition, the unknown coefficient o and the allowance
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where ¢ is the wake scale effect correction:

(1= w1 - w,)
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Table 1 Values found from RANS caculatons.

(L —

Configuration ocnglsoiaed
Streamlined shape of pulling pod 085
Less well streamined shape of pod 072
Not well streamlined shape of puling pod 058

Blunt shape of a pushing thruster housing 034
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factor 1+ f can be derived. This load-variation should cover a
wide range of propeller loads. In the analysis the propeller
‘open-water curves of the single propoller may help to assess
the blade thrust at torque identity.

For all configurations examined the coefficient a appeared
to be between 0 and 1. Typical values are: a = 0.25 for push-
ing type of azimuthing thrusters and pods, and a = 0.9 for
pulling types of propellers on pods. The variation around
theso two typical values appeared to be limited to 0.15 for the
data sample analyzed.

The ratio of the drag of the housing o the frictional drag of
the equivalent flat plate, (1 + /), resembles the form factor
1+ k used in extrapolation of ship resistance. Experimental
values of 1 + f show a much larger variation than the ship
form factors 1 + k. The coefficient 1 + f reflects the effects
caused by the shape of the housing. It includes also effects of
local thrust deduction, increased frictional drag, flow sepa-
ration and variations in the local flow conditions. From a
limited number of test results analyzed so far 1+ f values in
the range 1.5-4.0 were found for various pod configurations.
These allowance factors 1 + f are substantially higher than
the levels of the form factors expocted for slender profiles and.
streamlined axisymmetric bodies in axial flow. It is incon.
ceivable that form factors in the range >2 solely reflect the
real form effects on the frictional resistance of the pod hous.
ing. Apparently, large thrust deduction effects and substan-
tial contributions from pressure drag due to flow separation,
which are Reynolds number independent, are included in
these experimental allowance factors 1+ /.

Hence, to apply a realistic scaling it is proposed to extrapo-
late the drag of the pod strut and housing by a form factor
which is Iower than the allowance factor 1+ / found from the
test results. This lower form factor for extrapolation is called
T+ instead of 1+ /.

In order to assess the appropriate value of the form factor.
to be used in the extrapolation a series of CED caleulations of
the viscous flow have been made for various configurations of
axisymmetric bodies. These CFD computations were made by
an axisymmetric version of the RANS code Parnassos [13],in
which the propeller action has been modeled by an actuator
disk, From these caleulations the drag of the housing ap-
peared to be composed of two major parts: a Reynolds num-
ber dependent part and a Reynolds number independent
component.

‘The form factor to be used in the extrapolation, 1 + &, is
now chosen as the ratio of the calculated Reynolds numbor
dependent part to the total calculated housing drag multi-
plied by the measured ratio of the housing drag to the flat-
plate frictional drag, or in mathematical terms:

1ok
RLS———

snencnsod (Ricusing/Rio e
= Rieymoti . Rrensinglcscsaes (1+1)
The values found from the RANS calculations are given in
Table 1
The following corrections AF for scale effect on the housing
drag are to be appied to the unit thrust and to the towing
force F which is exerted on the ship model in forward direc-

Table 1 Values found from RANS caculatons.
(L —
Configuration g ltetted
Streamlined shape of pulling pod i 08
Less well sreamlined shape of pod 07
Not well streamlined shape of pulling pod 058
Blunt shape of a pushing thruster housing 034
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tion. These corroctions need ta be applied to every data point
measured in the propulsion experiment;

46 [a(nP) + (1-0) V (1~ w, ) Cp /D1 + D,

36 p [alnP) + (1-a) V (1 - w )FCpS/D¥(1 + D,
AF=Va p,, S/D* (1 + k) D,,* fa? (1P}’ (Cpy
+2a(1 ~ @NPV(1 - W NCry —€Cpr)

+(1-a? V2 (1~ 10, F(Cpp - e°C.

where ¢ is the wake scale effect correction:

— w1 - w,)

It is noted that the applicd differences in the levels of the
scale effect corrections for vairous shapes of pods has been
supported by results of correlation bebween model tests and
full-scale trials.

Final gap between model and full scale

We have now reviewed all kinds of scale effects. By adding
up these effects there remains a correlation allowance to be
used because the various scale effects can only be dotermined
approximately. Morcover, the correlation allowance reflects
the particular way of carrying out the tests, the quality of
models, the characteristics of towing tanks and equipment
used and all kinds of bias errors made in the extrapolation
model. Therefore, an empirical correlation allowance is
needed. C, is the model-to-ship correlation allowance to fill
the final gap betsveen the model experiment and reality. For
C, an empirical formula has been derived by means of re-
gression analysis of MARIN correlation data by Holtrop and
Mennen [14]

€= 0.006 (L + 100" - 0.00205

where L is the length of ship in meters. Corrections for ex-
treme ballast conditions and adaptations of the method in
1994 as discussed, needed to tune correlation data, are not
given here. This formula for C, represents the average level
ofideal trial conditions of ships, which mainly ran their trials
in West European waters. After a choice has been made of
C,, Fyy could be caleulated, provided the form factor 1+  is
Knows. In selecting C,, we have to consider the following:

* Amargin for bilge keels, if absent on the model but pres-
ent on the ship, i to be added. Usually an increase of C,.
of 0.00005 for merchant ships is taken as an allowance.
For naval ships bilge keels are usually fitted to the
model as the drag due (o the bilge keels is much larger
here.

« An allowance, if needed, for more-than-normal air drag
(e, ferries and other ships with exceptional super-
structures). Also for containerships without containers
on deck, leaving the superstructure exposed, and where
a multitude of container guides and bridges can be pres-
ent, additional allowances have to be made. Notice that
in the extrapolation procedure C, incorporates the re-
sistance of the stil air only.

o C. as given by the formula, reflects the average in ideal
trial conditions. This implies that on the basis of clemen
tary statistics, supposing » Gaussian probability dist
bution of the power correlation coefficient, 50% of all
ships would not attain the predicted speed on trials, if
the C,y-value would be chosen according to the basic for
‘mula’ Hence, for “practical” reasons a minor additional
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allowance is usually added to make about # of the ships
being successful in attaining the predicted trial speed.

* Corrections on C, for an Average Hull Roughness (AHR)
deviating from 125 um can be determined from a suit
able hull-roughness penalty predictor, as, e.z., Town.
sin's well-known formula [15].

Accuracy of predictions

Results of experiments always include errors. There are
two error types; random errors and systematic errors. Natu-
ral small variations in the test conditions during the tests
and the fluctuations in the mesuring system cause random
errors. Systematic errors are those which are permanently
present during the experiment. For example, inaccuracy of
the geometrical reprosentation will lead to systematic errors
in the test results,

It is obvious that by repeating the measurements the ran-
dom errors can be reduced. One single test point will contain
a larger random error than the average of % number of test
results. The aspect of removing random errors is the very
reason to have a minimum length range in the towing tank to
measure the parameters and o ulilize this length range
fully. Time and budgets always restrict the time and effort
spent on the experiments. Therefore, it is worthwhile t0 se-
lect a reasonable number of data points per experiment and
to incorporate some checks to ensure that those data points
are consistent and reliable.

It is much more difficult to dispose of systematic errors
than to get rid of the random errors. Within the same test
setup or with the same computational procedures they do not
vanish. The repeatability of an experiment does not indicate
that systematic errors are absent. It just tells that random
errors are small. The only manner to dispose of the system-
atic errors is to carry out the experiments at a different es-
tablishment with different models at different conditions. In
practice, this is never or only seldom done. Usually, the level
of some of the parameters measured is verified by checking
against calculations and statistical standards. A discussion
of the accuracy of the measurements and how uncertainty in
‘model propulsion experiments can best be handled is given in
Refs (16 and 17].

Through statistical studics of correlation of results of
‘model experiments and full-scale trials, it has been ascer-
tained that as regards the power to attain a certain speed a
standard deviation of almost 6% has to be taken into account.
This figure is supposed to be valid for a wide variety of forms
and sizes tested with models of a size of 6 meters or more,
provided the flow pattern on model seale is similar to that in
reality. The standard deviation of the power correlation co-
efficient is composed of three independent contributions:

« inaceuracy of the model experiment,
« inaccuracy of the extrapolation process, and
+ inaceuracy in the full scale experiments.

The last contribution, which i in fact the uncertzinty in the
full-scale verification, is supposed L0 give the largest contri-
bution to the natural variation of the power correlation coef.
ficient,

In general, customers do not know accurately the uncer-
tainty or the standard deviation of the power correlation fac-
tors. On the other hand, they always apply & certain margin
with regard to the speed predicted from the model experi-
‘ment to guard against commercial risks such as paying pen
alties for not attaining the contract speed. Experienced cli-
ents appear to properly assess the aceuracy of the power

15 Ly 20

predictions through model experiments since they are per-

feetly able to choose 5 realistic speed margin.
‘The standard deviation of almost 6% reflects the uncer-
tainty in comparison with the level of power predicted and

the power measured aboard a new ship. In a relative sense,
when power predictions of two variants on model scale are
compared, the uncertainty is much less. In many test pro-
grams the test setup remains unchanged and the same model
s being used in the experiments while the same extrapola.
tion method is being applicd. Then the error bandwidth be-
comes so small that effects of hull-form modifications or
changes made 10 a propulsor can be discriminated, even
when they are on the order of 17

This matter is important when the design of the hull, pro-
pulsor or appendages are developed using model experiments
to guide the design process. Though the absolute aceuracy
may not always be sufficient for sharp speed-power predic-
tions, the capability to compare designs and the ability to

iscriminate between design variants within @ very small
range is important in many model test programs.

The three sources of uncertainty in the correlation allow-
ance factors can be further subdivided. The uncertainty in
model experiments, the inaccuracy of the extrapolation and
the uncertainty of the full-scale measurements all contribute
to the variation in the correlation coefficients. Assuming the
crrors of these three sources to be mutually independent, or
uncorrelated, we must add up the variances of their respec-
tive contributions to find the variance in the propulsive
power correlation factor C,

59° =8 +28° +45

The standard deviation of 4.5% in full-scale measurements
has been reported by the Performance Committec of the 15th
ITTC in 1975 on the basis of experiments on some series of
sister ships [1]. In the model experiments the uncertainty in
the resultis caused primarily by the inaccuracy of the towing
force measurements in captive systems or by a lack of stea
ness in free-running measuring systems. The given uncer.
tainty depends on the size and fullness of the tosted model.
The given values are average values of a large sample of
correlation data. It is to be realized that in extreme cases the
uncertainty will change considerably. In particular, the er.
rors caused by the extrapolation will increase considerably if
substantially deviating flow conditions are encountered in
the model experiments. An example is the presence of severe
flow separation at the stern of very full forms on model scale
and the absence of severe separation on the full-scale ship,
These effects cannot be handled accurately by the current
methods of extrapolation.

A similar subdivision in uncertainty contributions could be
made as to the standard deviation of the correlation factor for
the propeller rotative speed. The correlation of the rotative
speed of the propeller at a certain power absorption has a
standard deviation of 1.5¢%. This figure has been derived from
2 large sample of correlation data of both single- and twin-
serew ships. This figurc applies to fixed-pitch propellers. Also
here the contribution to the uncertainty of the full-seale mea-
surements is largest. For controllable-pitch propellers a
much larger standard deviation applies. Uncertainty of the
actual piteh of full-scale controllable-piteh propellers is al.
ways & major point of concern and source of errors in model
ship correlation.

Final remarks

The procedures discussed here are by no means a part of a
complete fixed system of extrapolation. Within the basic
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framework, adaptations of the method are implemented now
and then if needed. It s realized that all ingredients of the
‘method are linked together and a change of one of the mod-
ules will invariably lead to the need to adjust the level of C,
at the end to preserve the level of the prediction. However,
the framework as a wholo is sufficiently flexible to implement.
now modules in such a manner that, thanks to the treatment
of the scparate components, the merits of alternative configu-
rations can be established with reasonable confidence. Nev-
ertheless, it will be no surprise to sec that within the wide
range of methods available, the customers continue to re-
quire that their own method of analysis be used. Thus the
staff of the model basin is forced to make additional compo-
nent.wise extrapolations to substantiate the use of the more.
simple extrapolation methods which have been in use much
longer.
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AN APPROXIMATE POWER PREDICTION METHOD

by

1. Holtrop* and G.G.J. Mennen®

1. Introduction

In a recent publication {1] a statistical method was
presented for the determination of the required pro-
pulsive power at the initial design stage of a ship. This
method was developed through a regression analysis
of random model experiments and fullscale data,
available at the Netherlands Ship Model Basin. Because
the accuracy of the method was reported to be insuf-
ficient when unconventional combinations of main
parameters were used, an attempt was made to extend
the method by adjusting the original numerical predic-
tion model to test data obtained in some specific cases.
This adaptation of the method has resulted into a set
of prediction formulae with a wider range of applica-
tion. Nevertheless, it should be noticed that the given
modifications have a tentative character only, because
the adjustments are based on a small number of ex-
periments, In any case, the application is limited to
hull forms resembling the average ship described by
the main dimensions and form coefficients used in the
method.

The extension of the method was focussed on im-
proving the power prediction of high-block ships with
low L/B-ratios and of slender naval ships with a com-
plex appendage arrangement and immersed transom
sterns.

Some parts of this study were carried out in the.
scope of the NSMB Co-operative Research programme.
The adaptation of the method to naval ships was
carried out in a research study for the Royal Nether-
lands Navy. Permission to publish results of these
studies is gratefully acknowledged.

2. Resistance prediction

The total resistance of a ship has been subdivided
into:
Ry =Rp(1+k; )+ Rypp+ Ry + Ry + Rp + Ry
where:
R, frictional resistance according to the ITTC-
1957 friction formula
1+k, form factor describing the viscous resistance
of the hull form in relation to R,
R pp Tesistance of appendages
R,, wave-making and wave-breaking resistance
Ry additional pressure resistance of butbous bow
near the water surface

*) Netherlands Ship Model Basin, (Marin), Wageningen, The Netheriands.

Rpg additional pressure resistance of immersed
transom stern
R, modelship correlation resistance.
For the form factor of the hull the prediction for-
mula:

L+k, =603 {0.93 + ¢y, (B/Lg 109497
(0.95 — Cp)"052448 (1 _ €, +0.0225 Icb)® €206}

can be used.

In this formula C, is the prismatic coefficient based
on the waterline length L and /cb is the longitudinal
position of the centre of buoyancy forward of 0.5L as
a percentage of L. In the form-factor formula L, is a
parameter reflecting the length of the run according
to:

Lp/L=

Cp +0.06 Cylch[(4 C — 1)
The coefficient ¢, is defined as:

ey = (/L2284 when T/L > 0.05

€13 = 48.20(T/L — 0.02)2%78 +0.479948
when 0.02 < T/L < 0.05

¢y = 0.479948 when T/L < 0.02

In this formula T is the average moulded draught.
The coefficient ¢, accounts for the specific shape of
the afterbody and is related to the coefficient C;,  ac-
cording to:

¢13=1+0.003C,

stern

For the coefficient C,

‘stern the following tentative
guidelines are given:

Afterbody form C,

e
V-shaped sections

Normal section shape

U-shaped sections with

Hogner stern + 10

The wetted area of the hull can be approximated
well by:

§=LQ2T + B}y (0453 +0.4425 Cp +
— 02862 C,, - 0.003467 B/T +0.3696 C,,p) +
+2.38 4,,/Cp -

In this formula Cy, is the midship section coef-
ficient, Cy is the block coefficient on the basis of the
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waterline length L, Cyyp is the waterplane area coef-
ficient and A4, is the transverse sectional area of the
bulb at the position where the stili-water surface inter-
sects the stem.

The appendage resistance can be determined from:

R pp=05 “stur(l +43),,Cr

where p is the water density, ¥ the speed of the ship,
S4pp the wetted area of the appendages, 1 + k, the
appendage resistance factor and Cp the coefficient of
frictional resistance of the ship according to the ITTC-
1957 formula.

In the Table below tentative 1+ k, values are
given for streamlined flow-oriented appendages. These
values were obtained from resistance tests with bare
and appended ship models. In several of these tests
turbulence stimulators were present at the leading
edges to induce turbulent flow over the appendages.

Approximate 1 + &, values

rudder behind skeg 1.5-20
rudder behind stern 13-15
twin-screw balance rudders 2.8
shaft brackets 30
skeg 1.5-20
strut bossings 3.0
hull bossings 20
shafts 20-40
stabilizer fins 238
dome 2.7
bilge keels 1.4

The equivalent 1 +k, value for 2 combination of
appendages is determined from:
E(1+k)S,pp

(1 +kz)w = 35,
PP

The appendage resistance can be increased by the
resistance of bow thruster tunnel openings according
to:

2.d?
p¥2ad? Cypy

where d is the tunnel diameter.
The coefficient Caro ranges from 0.003 to 0.012. For
openings in the cylindrical part of a bulbous bow the
lower figures should be used.

The wave resistance is determined from:

Ry =cie.05Vpg exp{m FI +mycos(AF;2)}
with:
€y = 2223105 313 (775) 61 (9 _ 5 y=137565

c; = 0229577 (B/L)°333%3 when B/L < 0.11

167

¢; = B/L
=05-0.0625L/B

¢y = exp(— 1.89v/e;)
1-08A4,/(BT Cy)

when 0.11 < B/L < 0.25
when B/L > 0,25

s

In these expressions ¢, is a parameter which accounts
for the reduction of the wave resistance due to the ac-
tion of a bulbous bow. Similarly, ¢; expresses the in-
fluence of a transom stern on the wave resistance. In
the expression Ap represents the immersed part of
the transverse area of the transom at zero speed.

In this figure the transverse arca of wedges placed at
the transom chine should be included.

In the formula for the wave resistance, F, is the
Froude number based on the waterline length L. The
other parameters can be determined from:

A = 1446 C, —0.03L/B when L/B < 12
A = 1446C, —0.36 when L/B > 12
my = 0.0140407 L/T — 175254 913/ +
4.79323B/L — ¢\
¢16 = 8.07981 C, — 13.8673 C} + 6.984388 C}
when C, < 0.80
5 = 1.73014 - 0.7067 C, when C, > 0.80

my = ¢ C} exp(~0.1 F; )

The coefficient ¢, is equal to — 1.69385 for L3/y <
512, whereas ¢, = 0.0 for L3/v > 1727.

For values of 512 < L3/y <1727, ¢, 5 is determined
from:

ey = —1.69385 +(L/v ¥3— 8.0)/2.36

d=-09

The half angle of entrance iy is the angle of the
waterline at the bow in degrees with reference to the
centre plane but neglecting the local shape at the stem.

If ig is unknown, use can be made of the following
formula:

15 = 1+89 exp{— (L/B)*808%6 (| _ C,,)030484
(1 - Cp ~ 0.0225 Ich)26367(_ () 034574
‘100 V/L3)0.16302 }

This formula, obtained by regression analysis of over
200 hull shapes, yields i values between 1° and 90°,
The original equation in [1] sometimes resulted in
negative i; values for exceptional combinations of
hull-form parameters.

The coefficient that determines the influence of the
bulbous bow on the wave resistance is defined as:

€3 =0.56 A3 /{BT(0.318/Ap, + T —hg)}
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where hp is the position of the centre of the trans-
verse area Ay, above the keel line and 7 is the for-
ward draught of the ship.

The additional resistance due to the presence of a
bulbous bow near the surface is determined from:

7 08/(1 +F2)

where the coefficient P, is a measure for the emer-
gence of the bow and F,; is the Froude number based
on the immersion;

Py =0.56 VA Ty — 1.5 k)
and

Fpy=VING(Tp ~hg —025A5;)+0.15 V7

In a similar way the additional pressure resistance
due to the immersed transom can be determined:

g =0.11 exp(— 3 P; 1) F3 AL

Ry =05pV24pc,

The coefficient ¢, has been related to the Froude
number based on the transom immersion:

€ =02(1-02F,) when F,, < §
or

cs=0 when F,,. > 5
F,7 has been defined as:

Fop = VNI TB TG

In this definition C,,, is the waterplane area coeffi-
cient,
The model-ship correlation resistance R, with

R, =%pV3sSC,

is supposed to describe primarily the effect of the hull
roughness and the still-air resistance. From an analysis
of results of speed trials, which have been corrected to
ideal trial conditions, the following formula for the
correlation allowance coefficient C, was found:

C, =0.006(L + 100) 16 — 0.00205 +
+0.003VIJT5 Cf ¢, (0.04 - ¢c,)

with

cy=Tpll when T /L < 0.04
or

¢, =004 when T/L > 0.04

In addition, C, might be increased to calculate e.g.
the effect of a larger hull roughness than standard. To
this end the ITTC-1978 formulation can be used from
which the increase of C, can be derived for roughness
values higher than the standard figure of k; = 150 um
(mean apparent amplitude):

increase €, = (0.105 k! — 0.005579)/L 1

In these formulae L and k, are given in metres.

3. Prediction of propulsion factors

The statistical prediction formulae for estimating
the effective wake fraction, the thrust deduction frac-
tion and the relative-rotative efficiency as presented in
[1] could be improved on several points.
For singlescrew ships with a conventional stern ar-
rangement the following adapted formula for the wake
fraction can be used:

Cy
w=cy Cp =2 (00661875+ 1.21756 ¢;; a —C,l))+

+0.24558 / _009726 , 0.11434

L(1-C,) 055-C, 095-C,
+0.75 C,ppry Cy +0.002C,,

The coefficient ¢g depends on a coefficient cg defined
as:

¢ =BS/LDT,)
or

¢y =S(7B/T, — 2H/(LD(B/T, - 3))
when B/T, > 5

when B/T, <5

€y =cy when cg < 28
or
€y = 32— 16/(cy — 24) when cg > 28
T‘ /D when T, MD<2
or

¢y =0.0833333(7, /D) +1.33333
when 7, /D> 2

In the formula for the wake fraction, C), is the vis-
cous resistance coefficient with C =(1+K) Cp +C, .
Further:

Cpy = 1.45C, — 0315 — 0.0225 lcb.
in a similar manner the following approximate for-

mula for the thrust deduction for single-screw ships
with a conventional stern can be applied:

t=0.001979 L/(B ~ BCpy} +1.0585 ¢ ;g +
— 0.00524 - 0.1418 D3/(BT) + 0.0015 C o,y

The coefficient ¢, is defined as:
¢ =B/L
or

10 = 0.25 — 0.003328402/(B/L — 0.134615385)
when L/B< 5.2

The relativerotative efficiency can be predicted

when L/B > 5.2




