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Abstract

Comparisons of experimental and numerical investigations into the effect of duct on
motion variables and speed loss for a given ship model are presented. The purpose of
these comparisons is to verify the advantage of using ducted propeller on sea keeping
performance and added power or speed loss.

Relevant damping theories concerning the lift characteristic of ducts are described as
foundation for the numerical calculations of using an equivalent flat plate that
represents the duct of ducted propeller in software of SHIPX. In SHIPX, a case ship
of RR NVC Nor-lines 120m cargo vessel is defined and several plug-in are used to do
simulations for bare ship (refers to vessel with open propeller) and ship with foil
(represents vessel with ducted propeller). The duct’s effect on RAOs for motion
variables, added resistance and speed loss are evaluated respectively under 5 different
wave conditions.

A series of experiments on M3006 respectively with an open propeller and a ducted
propeller are carried out in both calm water and 8 regular wave conditions in the large
towing tank of MARINTEK center. Repetitions of tests under same wave conditions
are used to make uncertainty analysis of measured variables. The effect of wave
height and wave period affecting the duct’s effect on motion variables and added
resistance are discussed and compared with numerical results obtained from SHIPX.
Additionally, by interpolation of propeller rotational speed given tow rope force at
self-propulsion point, corresponding thrust and torque are obtained. Then the
interpolated variables are used to calculate propulsive coefficients including thrust
deduction, wake fraction and relative rotative efficiency in both calm water and
regular waves. The effect of wave height and wave period on propulsive coefficients
are studied and compared for both open and ducted propeller. Furthermore,
corrections are made for interpolation results to give more precise power prediction.
The effect of propeller loading on wake fraction and propeller efficiency varying with
5 different wave conditions are presented. Finally the duct’s effect on added power is
studied and compared with numerical results from SHIPX.
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Nomenclature

a3 added mass coefficient of the vertical motion of a section X,
A, projected area of foil

Aguct projected area of duct

Afiat projected area of flat plate

b33 damping coefficient of the vertical motion of a section x,
B breadth of the ship

B.s damping coefficient in heave due to foil lift

C chord length of foil

C lift coefficient

C;.Cyy propeller thrust coefficient

Cin nozzle cross force coefficient

d, Dy diameter of duct

Ayt diameter of the duct

dorop propeller diameter

E, precision errors for one sample

E; precision errors for four samples

Fp tow rope force

h relative vertical motion between foil and incident waves
Hp target wave height

Hy, wave height measured during the tests

J advance ratio

K; thrust coefficient

K, torque coefficient

L ship length

L, lift force induced by propeller on the duct

N numbers of repetition

P power

Py deliver power



Xii

Pg effective power
Py precision limit for one sample
Px average precision limit of N samples

AP;,.+%  the degree of added power augment due to the duct (see Equation (2.15))
APp change the deviation of delivered power due to change of self -propulsive point

Raw added resistance due to waves

RPS propeller rotational speed (round per second)
S projected area

t thrust deduction fraction

to interval range for variables

T thrust for the propeller system

Tp designed wave period

Ty calibrated wave period

Torop propeller thrust

Tiot total thrust

u, mean velocity induced by propeller on the duct
U incident wave velocity

Urz the average relative vertical velocity in heave
v incoming velocity to steering nozzle

Vv ambient velocity (total velocity ),ship speed
U, advance speed

AV4.0:%  the degree of change of speed loss due to the duct (see Equation (2.16)).
Z propeller blade number

W, potential wake

W effective wake, general wake fraction

M general representative for heave, pitch, acceleration and added resistance
15 heave motion of foil/ship

Anguc:%  the degree of deviation of variables between open and ducted propeller,
see Equation (2.14)

M3 vessel vertical velocity

13 vertical acceleration

s pitch angel

MR relative rotative efficiency

Mo propeller efficiency
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Nu
p

hull efficiency
quasi-propulsive efficiency
wave length

effective wave displacement for a cross section

relative wave amplitude along the ship

encounter frequency
circular wave frequency
small angle of attack

fluid density

instantaneous angle of attack
volume displacement

wave amplitude of regular waves
mean value of variables

standard deviation of variables
confidence interval



1. Introduction

1.1 Background and motivation

Ducted propellers sometimes are called Kort nozzles, including two principal
components: an annular duct which has an aero-foil cross section and the propeller
applicable to the duct [1].

The first studies by Stipa and Kort in 1930s showed the benefits of ducted propeller
[2]. Using accelerating duct around the propeller can easily increase propulsion
efficiency by reducing axial losses. Ducted propeller can save up 20% when
providing energy [3]. And ducted propellers have been applied to cases where high
thrust at low speed is preferred, for instance, in towing and trawling situations. In
these cases, the duct can make contribution 50% of the total thrust as propulsor under
the bollard pull condition [1].

Although the statements presented the advantage of ducted propellers, few evidence
of validity has been found to support the favor of using a ducted propeller on reducing
the ship motions and increasing ship’s speed. Reliable evaluation of ducted propeller
is essential for proper design and optimizations for ships. For this purpose, model
tests and numerical calculations of a ship with both a ducted propeller and an open
propeller were carried out to give evidence of the duct’s influence on ship’s
performance, in particular on ship’s motions and powering.

Currently the decision of choosing a ducted propeller or open propeller is made based
on the assessment of performance in calm water. However, due to changing wave
fields the hydrodynamic forces (or moments) which both the ship and the propeller
bear are changing with time. It is, therefore, necessary to investigate the ship’s motion,
forces and propulsion characteristics in waves in order to present power prediction in
real sea states [4].

Furthermore, it is claimed that empirically the wake fraction will reduce in waves,
however, the discussion of the change of propulsive factors in waves is too little for
open propeller and non for ducted propeller. Variation of propulsive factors in waves
is very important, particularly when wave’s frequency closes to natural frequencies of
ship motions, such as heave and pitch [5].

Hence, it is necessary to give detailed studies about propulsive factors in waves for
better predictions of added power in rough sea states.



1.2 Objectives and Scope of work

There are three main objectives of this thesis:

1.

To evaluate the effect of the duct on ship’s motions and accelerations and added
resistance in waves.

To assess the influence of duct on added power changing with wave conditions.
To investigate the characteristics of the propulsive factors varying with wave
conditions and the difference between the results of using a ducted propeller and
an open propeller.

This thesis studies the waves’ influence on the performance of a ducted propeller
compared with an open propeller on ship’s motion and power prediction. Numerical
calculations in SHIPX aim to give first estimations of the duct’s effect on ship’s
motions and speed loss (added power) in waves. Then the experimental results of
model tests conducted in large towing tank of MARINETEK are made analysis to
present more accurate tendency of duct’s effect. Additionally, based on experimental
results, the change of propulsive factors with wave conditions for both a ducted
propeller and an open propeller are discussed and compared.

The scope of this thesis is summarized as follows:

1.

Estimation of area of an equivalent flat plate representing the duct to provide
same lift force and numerical calculations in SHIP-X. A RR NVC Nor-lines
120[m] cargo vessel was defined and plug-in of SHIP-X were used to simulate
vessel response and power prediction for case vessel with an open propeller and a
ducted propeller. RAOs for motion and force variables, added resistance, and
predicted brake power are obtained.

Analysis of experimental results to show the duct’s effect on ship’s motion and
force variables including heave, pitch, vertical acceleration as well as added
resistance and added power in waves. Uncertainty analysis is made .And the
interpolated method is applied to find force and motion variables for open and
ducted propeller at self-propulsion point.

Analysis of propulsive factor in waves and difference of results between an open
propeller and a duct propeller. The effect of propeller loading on wake fraction
and quasi-propulsive coefficient are investigated.

Comparisons of numerical and experimental results to evaluate the waves’
influence on ship’s motion and powering performance and to give evidence for
advantage of using a ducted propeller on sea-keeping and added-power.



1.3 Approach

The tools used are: numerical calculations in SHIPX and model tests performed in the
towing tank of MARINTEK.

For numerical calculations in SHIPX, plug-in called vessel responses and ship speed
and powering were used to run simulations for bare hull (refers to ship with an open
propeller) and ship with foil (represents ship with a ducted propeller). By comparisons
of different RAO values for heave, pitch and added-resistance, duct’s effect on ship’s
motion were evaluated. By conducting speed and powering analysis with resistance at
different wave periods, speed loss due to added resistance in waves and extra power
to maintain designed speed were obtained.

As for experiments tested in towing tank, model was first installed with ducted
propeller and then open propeller in both calm water and regular waves. Variables
including wave, speed of carriage, speed of propeller, motion variables (heave, pitch,
accelerations) and forces variables (torque and thrust of open propeller or ducted
propeller) were recorded as time series. Resistance for each wave condition was
interpolated from the linear curve of tow rope force as a function of thrust. Added
resistance or added power was calculated as difference of mean resistance or power in
calm water and regular waves. Propulsive factors (thrust deduction, wake fraction and
relative rotative efficiency) were calculated based on their definition using the
interpolated method.

1.4 Literature survey

The sea-keeping performances of most merchant ships are connected with capability
to maintain designed speed in rough sea states [6]. There is lack of work about duct’s
effect on speed loss. Early studies of ducted propeller before 1960s focus on
investigations in geometrical changes of duct in static or uniform flow conditions.
Relatively few investigators did experimental researches on pressure and velocity
distribution of the ducted propeller, neither clear relationship between flow and duct’s
performance were found [2].

Morgan and Caster [7] showed the details of pressure and velocities distributions on
the ducts for different angles of attack and chord-diameter ratio. A series of model
tests on decelerating ducted propellers with different nozzle shapes operating at same
thrust coefficient were performed to prevent the occurrence of cavitation. The ideal
efficiency of a ducted propeller will decrease with increasing ratio of propeller thrust
over total thrust [8].

Previous considerations only limited to interaction between duct and propeller. Later



studies on ducted propeller involved the interaction between ducted propeller and hull
especially with help of development of computer technology, more precise analysis
were made. Falcao de Campos [9] found important effects on the performance of
ducted propellers in uniform and non-uniform axisymmetric flows. Approximate
numerical solutions of Euler's equation are demonstrated and applied to the
interaction studies between a ducted propeller and the stern for axisymmetric flows.
Barros and Dantas [10] evaluated the duct effect on maneuverability for AUV using
CFD simulation for modeling the flow around a propeller duct at different angles of
attack. Also the interaction between the duct and the bare hull wake is investigated by
comparing results of predictions based on CFD, ASE and on the combination of both
approaches with experimental results in a towing tank.

Generally the ducted propellers were installed behind the hull in the wake of ship
where the flow region was not uniform. The reasons for variation of propulsive
efficiency in a seaway are as followed:

1. Increased propeller loading ;

2. Interference between propeller and water surface;

3. Propeller out of water;

4. Changes in boundary layers and propeller wake due to waves. [6]

Propulsion analysis in waves including the change of thrust deduction, wake fraction
as well as relative rotative efficiency were paid extensive attention by Nakamura and
Natio [4], Faltinsen and Minsaas [5]. In addition, the changing propulsive efficiency
due to change of propulsion point in waves for certain stem shapes were analyzed by
Chuang and Steen [11].

1.5 Structure of the thesis

This paper is divided into five main chapters. The first one introduces general
information about thesis. Chapter2 deals with numerical calculations in SHIP-X using
an equivalent flat plate to replacing the duct and discusses numerical results on RAO
for motion and force variables, added resistance, and added power under different
wave conditions for both open and ducted propeller. Details about model tests are
shown in Chapter 3 and experimental results are analyzed to give general conclusions
about duct’s effect and change of propulsive factors due to waves. The effect of
propeller loading on effective wake fraction and quasi-propulsive coefficient is
discussed. Comparisons of numerical and experimental results are considered in
Chapter 4. Conclusions and recommendation for further work are presented in
Chapter5.



2.Numerical calculations using SHIPX

SHIPX is MARINTEK’s design and analysis tool for assessing ship hydrodynamic
performance. Mainly functionality in SHIPX is so-called Plug-Ins. Important SHIPX
Plug-Ins include: vessel responses, ship speed and powering, station keeping,
maneuvering and so on [12].

There is no selection of applying a ducted propeller in vessel response calculation;
therefore, it is needed to first find an equivalent model that would represent the duct
in the SHIPX simulations.

2.1 Find equivalent flat plate size

Instead of directly using the duct as input in SHIPX Vessel Response Program, a flat
plate is applied in SHIPX to replace annular foil as representative for the duct to
provide same lift force as the duct. It is necessary to start from theoretical lift
characteristics of the duct.

2.1.1 Lift characteristics of the duct

The duct can be modeled as a steering nozzle which is preferable to apply at highly
loaded propeller of tugs, watercraft and research vessels [13]. The ducts of these
ducted propellers are not being fixed to the hull but found to be steerable.

For steering, it means that the duct is allowed to rotate about the axes, thus the thrust
of the propeller can be adjust to a desired direction [1].

The geometrical model is shown as Figure 2-1.The lift force and induced drag are
based on linear foil theory in steady states with small angle of attack, and the lift force
is expressed as

2
T 2 Um dacy,
Ly =ZpvieyDy (1+22) (52) 5 (2.1)
And
um\? [dcy, __ Cyn ,CN
(1+22) () =52 ) (2:2)
where u,, refers to the mean velocity induced by propeller on the duct and depends

on the propeller thrust loading coefficient C;y and chord-diameter ratio;—’l"v; Cyy IS

nozzle cross force coefficient.



Figure 2-1 Nozzle definition sketch (Taken from [13])
For small angle of attack, steering force approximately equals to lift force. Thus, the
lift force can be written in terms of Cy, as:

Ly = 2 pv2ey DyS(2X (2.3)
Assume a heaving foil with no camber and zero angle of attack moving with forward

velocity in 2D infinite flow. For quasi-steady analysis, the incident waves travel with

—dns

” normal to the foil. See

velocity U parallel to the foil and induced velocity

Figure 2-2. Here n5 is the heave motion of foil; h is the relative vertical motion
between foil and incident waves.

U —
o R
\[”\4]4]
V

Figure 2-2 Quasi-steady analyses of a heaving foil (Taken from [14])

If only heave motion is considered, the total velocity would be:
2
_ 2 dnsz
V= /U + (%) (2.4)

So relative to the foil comes the instantaneous angle of attack:
—dns

— _at__
o= (2.5)




Consider quasi-steady conditions, we can get lift force (per length unit) for flat plate
expressed as:

L = 0.5pU%c(2na) = —pUcn% (2.6)

where c is the chord length. According to motion equations, damping force equals to
product of damping coefficient and motion velocity.

So the damping coefficient in heave due to foil lift is written as:

B2 = pUcr (2.7)
Expanded for general cases with unsteady flow variations, damping coefficient of the
unsteady part of lift force can be shown as:

dacy,

Bi; = 0.5pU?A—

(2.8)

By linking the lift force with foil-lift damping terms of duct, it is found that projected
area (product of chord and diameter) and slope of steering force (or lift force) over
angle of attack determine the lift coefficient.

2.1.2 Equivalent flat plate providing same lift force

Annular airfoil can be used to represent duct based on three independent sources [7]
[15] [16] and to give separately lift curves in expression of lift angles. Since tip
clearance and thickness of ducted propeller were neglected, diameter of the duct
equals the propeller diameter. Aspect ratio of duct (duct diameter over for length of
duct) was set 2 in this thesis. This value is also chosen in ducted propeller design by
Celik, Guner and EKkinci [3] .Thus length of duct becomes 2.1 [m] and projected area
of duct equals 8.82 [m?].
Providing identical lift force, the area of flat plate has certain relationship with the
projected area of duct:

CLplateAplate = CrauctAduct (2.9)
The details of finding the area of equivalent flat plate are described in Appendix A.
Two methods agree with each other and average projected area for two models which
equals 20.11[m?] is chosen as the area for flat plate to be calculated in SHIPX, thus
the corresponding length of span is 6.34[m] and length of chord is 3.17[m].
However some corrections are required for the projected area of flat plate, since two
methods consider lift induced only from the duct rather from the ducted propeller as a
whole. So contribution from existence of propeller should be added to get total lift
force, that is

CLduct T+ ACLporp = Crtotal (2.10)

where Cp4uc: indicates lift force only from duct, C,:,:q; represents lift provided by



ducted propeller. So the corrected projected area relationship between the ducted
propeller and flat plate should be written as

1
(CLduct + ACLporp) X Aduct = E CLduct X Aplate (2-11)

ACrLpor
Aplate =2x(1+ %) X Aguct (2.12)

Lduct

Based on thrust tests of ducted propeller with duct’s aspect ratio of 2, lift coefficient
of the ducted propeller is function of thrust coefficient within(0.26 < Cry < 9).
CLtotal ES 00024‘ X C'IZ"H - 004‘01 X CTH - 00551 (213)

Given Cry = 1.35, Citotq =0.106, using method2 the lift coefficient for duct
Crauct=0.08.
By applying equation (2.12), it gives the area of flat plate as 22.18 [m?].It is 10.29 %
higher than previous 20.11[m?]. And the dimensions for calculated flat plate are list as
Table 2.1.

Table 2.1 The dimensions of flat plate

Length of span [m] 6.66
Length of chord[m] 3.33
Projected area[m?] 22.18

2.2 SHIPX calculations

For numerical calculations, a RR NVC Nor-lines 120[m] cargo vessel was defined
and plug-in of SHIP-X were used to do simulations for motions and forces of both
ship with open propeller and ship with ducted propeller.

2.2.1 SHIPX vessel response

First the case vessel should be defined. A RR NVC Nor-Lines 120m Cargo Vessel is
used in the calculation and basic information for the ship is given as

Table 2.2.

SHIPX vessel response was applied to solve the equations for wave effects on case
ship. After importing hull lines and setting loading conditions, the global coordinates
system used for this analysis are shown as Figure 2-3 and Figure 2-4.

The global coordinate system is a right-handed Cartesian coordinate system with its
origin at bottom line and positive z-direction upwards. The calculation method is
selected as standard 2D strip theory, and the radii of gyration are given 4.5[m] relative



to the center of gravity.

Table 2.2 Main dimensions for the vessel

variable Symbol and unit value
Length between perpendiculars Lpp[M] 117.600
Length on waterline LWL[m] 119.190
Breadth molded B [m] 20.800

Mean draught T[m] 5.500

\Volume displacement vV [m¥] 7320

Figure 2-3 Global coordinate system (3D)

1 e water line

s Ship model

Origin

=
X

Figure 2-4 Global coordinate system (2D)

Reading from hull geometry of case ship, shaft centerline of the ducted propeller
locates 3.48[m] positive in x-direction and 2.34[m] above the bottom line. In addition,
position of flat plate in y-direction is required as user input. This is defined by setting
values for inner tip and outer tip of the flat plate. Based on dimensions of calculated
foil, the input should be 3.33 for y-direction. See Figure 2-5.
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Edit foil pair no. 1: ———

Position of foil and chord length:
Inner tip Outer tip

Longitudinal position : 1.500 1.500 [m) rel. AP =
Transverse position: 0.000 3330 [m] rel. to centerline VERES
Vertical position: 2.000 2.000 [m) above Base Line
=
Chord length: 3330 3330 (m)
Cancel
Lift coefficient:
™ Calculate lift slope coefficient from foil geometry (no mirror effects assumed) Repott...
Lift slope coeffficient (if not calculated): 2292 (1/rad) Help..

Controller coefficients:
[™ Control on vertical mations Specify... | Max working angle to each side: ]W (dea.)
[ Control on relative vertical motions ~ Specify... | Overall effectiveness factor: ,W [
I™ Control on roll motions Specify... | Flap effectiveness factor (kappa): W 8]

™ Control on pitch motions Specif The flap eff. factor should be 1.0 if the whole foil is

ﬂ, being controlled. If the foil has a flap which covers

[™ Control on yaw motions i parts of the chord length, the value should be less
Specky. than 1.0.

The input here describes the starboard foil, a corresponding foil will be applied on the port side of the vessel.

Figure 2-5 View for flat plate in x-y plane

The wave conditions were defined in the condition information dialog with six wave
periods of 6.44, 7.76, 8.68, 9.50, 10.63 and 11.96 [s]. The default wave height is
1[m].In order to more precise for power prediction, a large range of velocities is
included from 7 to 16 [knot].

After wave response calculation, post processing should be undertaken for plotting
results from SHIPX vessel response. SHIPX gives non-dimensional results as transfer
functions, which are proportion of wave amplitude or wave slope “transferred” by the
ship “system” into the ship motions [12].

For calculation of added resistance the method of pressure integration is selected.

The results for ship motion and added resistance in non-dimensional form with
varying wave periods are list in Figure 2-6, Figure 2-7, Figure 2-8, Figure 2-9 and
Figure 2-10.

In order to study the effect of presence of duct on motions and added resistance of the
model, the deviation of RAO between results of model with open propeller and with
ducted propeller is calculated and drawn into figures from Figure 2-11 to Figure 2-15.
For more details see Appendix B.
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Figure 2-7 Comparisons of RAO for pitch motion at velocities
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Figure 2-8 RAOs for vertical acceleration measured at AP for ducted propeller
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Figure 2-9 RAO for acceleration measured at AP for ducted propeller
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Figure 2-10 Comparisons of added resistance

The deviation of RAO for motion and added resistance between open propeller and
ducted propeller are calculated as Equation (2.14)

Anduct% — Nduct-"open x 100%

Nopen

(2.14)

Here n represents the ship motion variables for heave, pitch and vertical accelerations
as well as added resistance.

6%

4%

-4%

RAO(heave)

=—Fn=0.14
=-Fn=0.20

1.5

A/L

N

Figure 2-11 The duct’s effect on RAO for heave

For heave motion, when A/L = 0.55, the duct causes slightly more (within 5%) heave
motion. The larger velocity promotes more increase in heave. But with wave
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becoming longer the duct’s effect suddenly changes and instead leads a tiny but most
remarkable decrease (within 4%) of heave motion atA/L = 0.8 . For A/L = 1.5, the
duct’s effect can be neglected.

40 -
% RAO(pitch)
3% -
Yo ——Fn=0.14
s —8-Fn=0.20
NS
°. 1% -
E
: 0% T T
< 1os 9 0.5 1 2
1% |
-2% _
39 A/L

Figure 2-12 The duct’s effect on RAO for pitch

For pitch motion, whenE, = 0.2, the duct causes nearly 4% rise around A/L = 0.8,
and beyond narrow range of 0.7 < A/L < 0.9, the duct reduces the motion; while
at F, = 0.14 the duct’s effect leads to a decrease under all wave conditions and the
effect is most remarkable at A/L = 0.55.

4% -

3% - At AP

29 - =9—Fn=0.14
=-Fn=0.20

le
=4

4% -

Figure 2-13 The duct’s effect on RAO for vertical acceleration measured at AP
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Figure 2-14 The duct’s effect on RAO for vertical acceleration measured at FP

5%
4%
3%

ATI duct 0/0

2%
1%
0%
-1%

-2%

added resistance

——Fn=0.14

=4&—Fn=0.20

Figure 2-15 The duct’s effect on RAO for added resistance

At smaller velocity, the duct lowers the vertical acceleration at AP a bit for all wave

conditions. For higher velocity, the duct shows similarly tendency as its effect on
pitch motion. For both velocities, the duct’s effect of reducing the acceleration is most

remarkable around A/L = 1.

For acceleration at FP, the duct’s effect on acceleration is similar as that on pitch

motion for both velocities.

For added resistance, the tendency shows that in narrow range of 0.8 < A/L < 1.2
the duct lessens the added resistance in waves, which is most remarkable at A/L = 1.
While beyond this range, when A/L < 0.8, with increasing wave length, the effect of
duct on promoting added resistance becomes less notable; and for longer waves
of A/L = 1.5, the duct’s effect on added resistance is no longer influenced by waves.
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2.2.2  Ship speed and powering

The plug-in called Ship Speed &Powering in SHIPX was used to assess speed and
power, including resistance and propulsion performance in calm water as well as
prediction of speed loss (or added power) in waves. The information for designed
open propeller and ducted propeller are shown in Table 2.3.

Table 2.3 Propeller data
Propeller: Ducted Ka-4.55/19A | Open propeller
Number of propellers: 1 1
Number of blades Z 4 4
Propeller diameter D [mm] 3557.0 4200
Pitch ratio P/D [-] 1.215 0.975
Expanded blade area ratio Ae/Ao [-] 0.697 0.515

Resistance and propulsion performance were first calculated in calm water conditions
after initial input of resistance curve and open water characteristics for designed open
propeller and ducted propeller. It is noting that for resistance not only two velocities
of 13.4 and 9.4[knot] are considered, but also a larger range of velocities from 7 to 16
[knot] are taken into considerations.

Then in regular waves, the total resistance equals to sum of the input calm water
resistance and the calculated added resistance in waves from earlier results of SHIPX
vessel response. The added resistance values for ducted propeller are calculated from
the RAOs for ship with foil, while for the open propeller the RAOs for bare hull are
used.

Added resistance can be calculated based on RAO of added resistance in SHIPX
vessel response. The default wave amplitude is 1[m] for all different wave periods.
The details of added resistance and total resistance at different wave periods for open
and ducted propeller are presented in Appendix B.

Given wave period, at certain speed, open water diagrams are applied to predict brake
power and attainable speed for open and ducted propeller respectively.

Finally the difference of brake power in calm water and in regular waves indicates the
added power in waves. Similarly, the reduction of attainable speed in waves refers to
speed loss. The data for non-dimensional added power and speed loss are shown
Appendix B.

The augment of added power is expressed as percentage of power in calm water:
AP

AP% — Pyave—Pcaim —
Pcaim Pcaim

(2.15)
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The speed loss is defined as:
AV

AV% — Vwave—V calm —
Veaim Veaim

(2.16)

The added power and speed loss can be plot as a function of wave conditions in Figure 2-16,
Figure 2-17 and Figure 2-18. It is expected that added power and seed loss have
identical tendency since added power is needed to maintain design speed in order to

avoid speed loss.

2.5 _
=&—nu-open Fn=0.2
20 - =—=nu-duct
E15 A
g
&
Qlo i
<
0.5 -
0-0 T T T 1
0 05 A/L 1 1.5 2

Figure 2-16 Comparisons of added power for open and ducted propeller at
E,=0.2

4.0 - =®—nu-open Fn=0.14
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3.0 -
E£25 A
g
g 2.0 -
=
q 1.5 B
1.0 -
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0-0 T T T 1
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Figure 2-17 Comparisons of added power for open and ducted propeller at
F,=0.14
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Figure 2-18 Comparisons of speed loss for open and ducted propeller

And the duct’s effect on added power (or speed loss) is shown as Figure 2-19.

0%
g 2%
[« X
<]
X 4%
éf 6%
Z 8%
(=8
g
-10%
-12%

0.5

1 =—Fn=0.20

=-Fn=0.14

A/L

Figure 2-19 The duct’s effect on added power at F,=0.14 and F,=0.20

The presence of the duct causes decrease on added power for all wave period. And at
smaller forward speed, the duct’s effect is more impressive. The duct’s effect of
reduction on added power shows most remarkable around A/L = 1.
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3. Experimental calculation

3.1 General information about model tests

A series of experiments were performed in the large towing tank of MARINTEK,
with length of 250 [m], depth of 5[m], breadth of 10[m]. Model m3006 Norlines with
model scale 22.629 was tested on designed waterline (DWL) 5.5/5.5[m] of full scale.

3.1.1 Model dimensions

The principal dimensions for ship model as well as open propeller and ducted
propeller are given in Table 3.1, Table 3.2 and Table 3.3.
Table 3.1 Main dimensions of m3006 under loading conditions

Ship model symbol unit model scale
Length on waterline LwL [m] 5.267
Length between perpendiculars Lpp [m] 5.197
Breadth at waterline B [m] 0.919
Draught at AP/FP ToplTrp [m] 0.243
Draught T at L,,/2 T [m] 0.243
Wetted surface S [Mm?] 5.589
block coefficient Cg [-] 0.657
Displacement \Y [m®] 17.249
Table 3.2 Data for the open propeller used in tests
Open propeller P 1476 Symbol Unit model scale
Number of blades Z [-] 4
Propeller diameter D [mm] 185.60
Pitch ratio at /R = 0.7 P/Do7 [-] 0.975
Blade area ratio Ae/Ag [-] 0.515

Table 3.3 Data for the ducted propeller tested in experiments

P1309 with duct 151 Symbol Unit model scale
Number of blades Z [-] 4
Propeller diameter D [mm] 178.30

Pitch ratio at /R = 0.7 P/Do7 [-] 1.297
Blade area ratio Ac/Ap [-] 0.697
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3.1.2 Tests set up

The model is connected to the seakeeping carriage with wires in a crow- foot
arrangement in the towing tank. The connection is shown in Figure 3-1 and Figure
3-2.

Measurement of
towing force

Connection
to carriage

Connection
to carriage

Beam
fasteneg
mode,

Figure 3-1 Experimental settings

Figure 3-2 Model tested in the towing tank
To measure the waves during the tests, two wave probes were installed above the
water line in front and behind the carriage (see Figure 3-3 ) respectively to record
waves coming from the wave maker and those encountering the model.

WAVE 0 o

Wpcarr A
Carriage

Forward Wp Sp 20
O s

MODEL

Figure 3-3 The positions of wave probes
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The designed regular wave with different wave amplitude and height conditions are
listed as Table 3.4.

Table 3.4 Target waves
T[s] H[m] om] A[m] MLy Lpp/2
1.353 0.08 0.04 2.858 0.55 129.92
1.632 0.16 0.08 4.158 0.80 64.96
1.824 0.08 0.04 5.194 1.00 129.92
1.824 0.16 0.08 5.194 1.00 64.96
1.824 0.24 0.12 5.194 1.00 43.31
1.999 0.16 0.08 6.239 1.20 64.96
2.234 0.16 0.08 7.792 1.50 64.96
2.515 0.16 0.08 9.876 1.90 64.96

The model is tested in regular head waves and in calm water, with two velocities
corresponding to Froude numers of F,=0.14 and F,=0.20 of which the latter one
gives the designed speed.

3.1.3 Measurement

The following variables shoud be measured during the tests:
six degree of freedom optical positions of the model
vertical acceleration at positions of FP,AP and COG
longitudinal acceleration at COG

applied tow force

incoming and encoutering waves

propeller thrust, torggue and rotatioanl speed

duct thrust and vertical force

No ok~ o RE

3.2 Wave calibration

Since the main objectives of this thesis are concerning with waves’ influence, it is
necessary to maintain the wave homogenous along the towing tank and to avoid
instable behavior of waves in space and in time domain, which is the purpose of wave
calibration. The results of calibrated waves and comparisons with target waves are
shown in the Table 3.5.

In addition, it is necessary to ensure that waves travelling from wave maker to the
model shows identical characteristic as the calibrated ones. Thus, wave probes
installed on the model ship are needed to give information about incoming waves.
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Table 3.5 Calibrated waves compared with target waves

Run no. T Hs T Hu ) Hp
[s] [m] [s] [m] Ty Hy,

8201 1.353 | 0.08 | 1.355 2*1/2*0.02905=0.0822 1.002 | 1.027

8000 2186 | 0.221 | 2.135 0.2132 0.977 | 0.965

8210 1.632 | 0.16 | 1.629 2*1/2*0.06033=0.1706 0.998 | 1.066

8220 1.824 | 0.08 1.821 2*1/2*0.03035=0.0858 0.998 | 1.073

8230 1.824 | 0.16 | 1.835 2*1/2*0.05644=0.1596 1.006 | 0.998

8240 1.824 | 0.24 | 1.869 2*4/2*0.0833=0.2356 1.025 | 0.982

8250 1.999 | 0.16 2 2*1/2*0.05388=0.1524 1.001 | 0.952

8260 2234 | 016 | 2.242 | 2*/2*0.05397=0.1527 | 1.004 | 0.954

8270 2515 | 016 | 2531 2*1/2*0.05674=0.1605 1.006 | 1.003

For regular waves only exist one peak frequency because of stable wave period, so by
plotting in wave energy spectrum in MATLAB, the peak frequency can be read
directly from the Figure 3-4.

Periodogram of WP_carriage
3 T T T T

Time Series/\WP_carriage

25F 2
2| -
15 1
1k 3
051 3
0 h 1 1 1 1 1 1 I 1
0 1 2 3 4 5 6 7 8 9

Freqg (cyc/second)

Figure 3-4 Energy spectrum of measured waves

As for wave height, standard deviation of wave amplitude is used to calculate average
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wave amplitude. See Figure 3-5.
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Figure 3-5 Measured wave during the test by wave probe
The relationship between natural frequency of waves and encounter frequency for

head wave is written as:
W, = Wy + W2 V/g (3.1)

Where w,the encounter frequency is directly obtained from figures above; w, refers
to natural frequency of wave; V is carriage speed and g is gravity acceleration.

The comparisons of measured waves during the tests by wave probe with calibrated
waves when F, = 0.2 are shown as Table 3.6.The difference of encounter frequency
and wave height are expressed as

Aw % — (we_measure - we_calibated/w ) % 100% (3 2)
e .

e_calibrated

AHY% = (Hmeasure - Hcalibated/H ) x 100% (3_3)

calibrated

Table 3.6 Comparisons of calibrated waves with measured waves

Wave no. | testno | Aw,% | AH% | Waveno. | testno | Aw,% | AH%

8201 2000 | -0.37% | 0.00% 8201 2300 | -0.54% | -2.27%

8201 2001 | -0.39% | 1.55% 8210 2310 | -1.41% | -6.54%

8210 2010 | -1.20% | 0.80% 8220 2320 | -0.83% | -6.64%

8220 2020 | -0.20% | -6.44% 8230 2330 0.62% | 1.80%

8220 2021 | -0.56% | -4.63% 8240 2040 2.14% | -1.56%

8230 2030 0.61% | 2.27% 8250 2050 | -0.13% | -1.96%

8230 2031 0.04% | 1.72% 8260 2060 0.31% | 1.17%

8240 2040 2.23% | 1.49% 8270 2070 0.15% | -0.86%
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From the tables list above it can be concluded that the calibrated waves are precise to
be conduct in tests. And the wave maker produces almost exactly waves needed. It is
verified the purpose of wave calibration

3.3 Uncertainty and error analysis

Error is the difference between measured value in experiments and true value, while
uncertainty is used to indicate the degree of goodness of measurements in
experimental results and to estimate a range within which the expected value of error
lies [17].

Four repetitions: test 2330, test 2332,test 2333 and test 2334,with open propeller
under same regular wave conditions of height 0.16 [m] and period 1.824 [s] were
performed to calculate precision errors for 5 variables including rotational speed of
propeller, propeller thrust, total thrust of propulsor, torque and applied tow rope force.
The recorded data during each four test are shown as Table 3.7.

Table 3.7 Measured results for four repetitions of tests

Test no. No. RPS Tprop Ttotal Q FD
[r/s] [N] [N] [Nm] [N]
1 5.39 -0.76 -0.95 0.02 85.52
2 8.63 16.27 15.99 0.52 75.58
test2330
3 11.87 45.64 45.33 1.27 49.88
4 15.73 94.81 94.52 2.47 5.79
1 5.78 0.55 0.69 0.06 85.35
test2332 2 8.63 16.41 17.06 0.51 76.96
3 11.87 46.39 47.28 1.28 47.91
1 5.39 -0.93 -0.69 0.02 88.46
test2333 2 8.63 16.25 16.89 0.51 72.93
3 11.87 46.18 47.06 1.27 48.48
1 5.39 -0.89 -0.77 0.02 87.00
test2334 2 8.63 16.29 16.76 0.51 72.96
3 11.87 45.92 46.77 1.27 46.38

It can be seen that only two different propeller rotational velocities were repeated as
marked number 2 and 3 in the table, so for each test of four repetitions precision
errors of those five variables were calculated respectively at RPS close to 8.63 and
11.87 [r/s].

A normal distribution is applicable to errors in scientific measurements. The values of
density are denoted byn(x; u, o). The density of the normal random variable X with
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mean p and standard variance o is defined as

1
e—m(x—#)z

1

n(x;w,0) = = (3.4)

Where mean value of random variable X is equal to:
1

w=yT X (3:5)

Standard variance of random variable X can write as:
1
0= 1o (X — )2 (3.6)

So N=4 for 4 repetitions of tests. It is necessary to give a confidence specification. A
95% confidence estimate is made of measured variable X so that it would be expected
that true value of X would be in the interval (n + X) about 95 times out of 100 [17].

A normal distribution can be transferred into a standard normal distribution n(z; 0,1)

by definingZ = % where Z is seen to be a standard normal variable, with mean 0

and variance 1.
The confidence interval is written as

Prob(—t, <Z <ty) =y
With vy is the confidence interval, given y = 0.95,t, = 1.96.
Hence the precision limit for one sample Py and that for average of N samples can be
found Px as Table 3.8 and Table 3.9 shown.

(3.7)

Py = tyo (3.8)
py = 0% W (3.9)
Table 3.8 Precision limit for one sample at 95% confidence estimate
Py RPS[HZ] | Tprop INI | Tiorar [N] Q [Nm] Fp[N]
No.2 0.00173 0.124 0.803 0.00641 3.39
No.3 0.000974 0.555 1.49 0.00685 2.46
Table 3.9 Precision limit for 4 samples at 95% confidence estimate
Px RPS[HZ] Tprop [N] Teotar [N] | Q[Nm] Fp[N]
No.2 0.000867 0.0623 0.401 0.00320 1.70
No.3 0.000487 0.278 0.747 0.00342 1.23

Then precision errors for one sample and for 4 samples are defined respectively as

Ey=u/Px
Ez = u/Px

The precision errors for 5 selected variables can be found as Table 3.10.

(3.10)
(3.11)
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Table 3.10 Precision error

u/Px RPS [HZ] ToropNI Trotal[N] Q[Nm] Fp[N]
No.2 0.020% 0.764% 4.818% 1.251% 4.548%
No.3 0.008% 1.206% 3.204% 0.539% 5.116%
u/Px RPS [HZ] ToropNI Trotal[N] Q[Nm] Fp[N]
No.2 0.010% 0.382% 2.409% 0.625% 2.274%
No.3 0.004% 0.603% 1.602% 0.269% 2.558%

The results indicate that precision errors can be reduced by repetitions of tests.
Additionally it can be seen that the measurement of tow rope force gives largest
precision errors.

3.4 The effect of duct on motions and accelerations

The motion variables taken into consideration are heave, pitch and accelerations in Z
direction at FP and AP positions. In order to see the effect of duct on motions and
accelerations under different wave conditions, non-dimensional experimental data are
drawn into figures.

The definition of RAO is expressed as the ratio of standard deviation of motions or
accelerations over standard deviation of calibrated wave as shown:

/5., = RAO () (3.12)

where 7 represents motion variables, including heave, pitch, and vertical
accelerations.

The deviation caused by presence of the duct on motion, added resistance and added
power between the results of open propeller and ducted propeller is calculated as:

Afgyec%h = RSN % 100% (3.13)

Nopen

Here n represents the ship motion variables, added resistance and added power.
3.4.1 RAO for heave motion

The results of RAO for heave motion at two velocities for open propeller and ducted
propeller are shown into Figure 3-6. And the difference due to presence of duct on
RAO for heave motion is plot into Figure 3-7.
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Figure 3-6 Comparisons of RAO for heave motion at F, = 0.14 and F, = 0.2
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Figure 3-7 The duct’s effect on heave motion

The duct’s effect on heave motion is of speed dependence.

When E, = 0.14, the duct generally causes a tiny decrease on heave motion, except
around /L = 1.0. When E, = 0.20, the presence of the duct will increase heave
motion by 11.54% at A/L = 0.55. But this effect of promoting heave motion fades
away near /L = 1.0. The deviation of RAO for heave between open propeller and
ducted propeller is narrowly within +2.0% when A/L becomes bigger than 1.2,

The peak of RAO for heave motion lays on different A/L values for two velocities
because of change of encounter frequencies. The peak moves up and right in the
Figure 3-6 with larger /L values at higher speed.

In sum, duct has small influence on heave motion. This may be due to the weight of
duct is so small compared with ship’s weight, so as a whole total mass doesn’t change
too much, vertical damping effect will not much influenced by existence of duct.
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3.4.2 RAO for pitch motion

RAO for pitch motion are dependent of forward speed. Unlike heave motion, added
mass and damping terms of pitch motion are functions of forward speed [18]. But the
dependence of pitch motion on speed is less notable compared with heave motion in
the range of 0.8 < A/L < 1.5.

Also the encounter frequency in head wave will increase with forward speed. The
duct lowers the pitch motion for all wave periods at F,, = 0.20, although this effect is
very small (within 4%). While for smaller velocity of F, = 0.14, the duct leads to
remarkable rise of pitch motion at /L = 0.55, with longer waves this effect suddenly
changes and tends to reduce pitch motion.

1.2 -
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Figure 3-8 Comparisons of RAO for pitch motionat F, = 0.14 and F, = 0.2
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Figure 3-9 The duct’s effect on pitch motion
As conclusion, the duct’s influence on reducing pitch motion is small, but this effect is
speed dependent and generally increases with /L.
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Figure 3-10 Comparisons of RAO for acceleration measure at FP
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Figure 3-11 Comparisons of RAO for acceleration measure at AP
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Figure 3-12 The duct’s effect on vertical acceleration measured at FP
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Figure 3-13 The duct’s effect on acceleration measured at AP.
Measured at FP, the duct leads to most impressive influence on vertical acceleration at
shortest wave of A/L=0.55, for both velocities. And the duct’s influence on
acceleration is function of speed for A/L<1. While for acceleration measured at AP,
the duct’s effect shows more dependence on wave period rather speed.
This may be result of the fact that interaction between a ducted propeller and stern is
more influenced by waves conditions while for same shape of bow the interactions
between bow and the waves are very connected with forward speed.
As conclusions, the duct’s effect is function of measured position, wave period and
forward speed.

3.5 The duct’s effect on added resistance

During the experiments, force gauges were stick on the model to measure the tow
rope force and propeller or total thrust. The model was first tested in calm water, and
then in regular waves. Therefore the added resistance for each wave condition is the
deviation of resistance in calm water and in regular wave.
Same loading conditions are considered to calculate propulsive factors for model tests.
Tow rope force is applied as correction for frictional difference, correlation allowance,
and scale effects so that model propeller can be running under same propeller loading
as full scale ship propeller [11]. During the experiments British method was adopted
and the model is connected to the carriage through a force transducer that measures
the resistance force.
Based on the linear relationship (see Equation 3.14) between tow rope force and
thrust, resistance of model was obtained by finding the intersection of the line with
y-axis.

(1-9T+Fp =Rpy (3.14)
where T refers to propeller thrust for open propeller and total thrust for ducted
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propeller.

Take an example of test 2001 with ducted propeller. The linear relationship between
the total thrust and tow rope force gives the resistance as shown as Figure 3-14.
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N
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tow rope force [N]
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N
o
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I
o
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y = -0.832x + 33.855

& test 2001
—LINE
0 20 40 60 80

total thrust [N]

Figure 3-14 Linear relationship between thrust and tow rope force for test 2001

So the resistance for test 2001 is 33.86 [N]. This method is applied to all tests to get
resistance under different wave conditions. Added resistance Ry, results from the
difference of calculated resistance in waves and in calm water. The non-dimensional
experimental data are presented as Table 3.11.

Table 3.11 Added resistance varying with wave conditions at F, = 0.14

pg?ZA—BWZ/L E, =0.14 Ducted propeller Open propeller

Wave no. AL test Raw non test Raw non-di
8201 0.55 2100 6.68 2.48 | 2200 4.89 1.82
8210 0.80 2110 36.47 3.14 | 2210 | 34.80 3.00
8220 1.00 2120 14.71 5.01 | 2220 14.00 4.77
8230 1.00 2130 | 52.05 5.13 | 2230 | 51.90 511
8240 1.00 2140 | 102.93 | 4.65 | 2240 | 105.81 4.78
8250 1.20 2150 | 32.87 3.55 | 2250 | 32.81 3.54
8260 1.50 2160 14.81 159 | 2260 14.37 1.55
8270 1.90 2170 5.19 0.51 | 2270 4.59 0.45
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Table 3.12 Added resistance varying with wave conditions at F, = 0.20

—pg;AL;VZ/L E, = 0.20 Ducted propeller Open propeller
Wave no. AL test Raw non test Raw non-di
8201 0.55 2001 7.65 2.84 2300 6.79 2.52
8210 0.80 2011 33.51 2.89 2310 35.43 3.05
8220 1.00 2020 19.21 6.54 2320 18.76 6.39
8230 1.00 2031 59.73 5.88 2330 61.15 6.02
8240 1.00 2040 119.91 5.42 2340 123.05 5.56
8250 1.20 2050 52.91 5.71 2350 54.89 5.93
8260 1.50 2060 27.58 2.97 2360 27.74 2.99
8270 1.90 2070 11.47 1.12 2370 11.01 1.07
Table 3.13 The duct’s effect on added resistance
(pg?z“—BWz/L) % AL F,=0.14 E, = 0.20

8201 0.55 36.72% 12.58%

8210 0.80 4.79% -5.42%

8220 1.00 5.08% 2.36%

8230 1.00 0.29% -2.33%

8240 1.00 -2.72% -2.55%

8250 1.20 0.20% -3.62%

8260 1.50 3.07% -0.57%

8270 1.90 13.06% 4.17%

To visualize the duct’s influence on added resistance in waves, results are shown into

figures as follows:
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Figure 3-15 Comparisons of added resistance for open and ducted propeller
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Figure 3-16 The duct’s effect on added resistance

The presence of duct generally introduces more added resistance compared with open
propeller at same wave condition for two carriage velocities. However, this effect
changes in waves and depends on forward speed.

At F, = 0.14, with 1/L = 0.55, duct makes contribution of increasing striking 36.7%
added resistance; when wave becomes longer till A/L = 1.0 duct’s effect lowers to
5% increase of added resistance. When A/L < 1.0, the duct’s effect on added
resistance becomes smaller with increasing wave length. This is due to the fact that
the contribution of wave reflection to added resistance decreases with longer waves,
ship motion becomes more important to added resistance [19].

When A/L > 1.0, the duct’s effect extends with longer waves. This may be explained
by the fact that for longer waves when the radiation wave dominates, the existence of
duct changes the wave pressure filed after the stern, and thus the interaction of ducted
propeller and stern leads to more added resistance.
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3.6 Analysis of propulsive factors change due to waves

3.6.1 Basic definition

The behind-hull characteristics of the propeller system are very important to gain
overview of the prediction of ship propulsion. The basic definitions for certain
propulsive factors of interest are list below.

1. Mean Taylor wake fraction

To represent the wake filed, Taylor’s method with the ratio of tangential and radial
velocities is used to define the wake fraction w.

w=1-=2 (3.15)

Vs

V, is the ship speed, and v, is mean speed of advance.
2. Thrust deduction factor
The variation in pressure field along the hull due to existence of propulsor leads to
decrease in propeller effective thrust, to express the reduction of thrust, thrust
deduction factor is introduced as t.

R=T(1-1) (3.16)
R is resistance of the ship, and T is representative of thrust, which is propeller thrust
for open propeller and total thrust for ducted propeller.
3. Relative rotative efficiency
To consider the difference of torque characteristic of the propulsor in open water and
after-stern wake field, relative rotative efficiency is defined as:

K
MR =—2 (3.17)

where Ky, is the torque efficiency measured under open water conditions at identical
advance ratio [1].

3.6.2 Interpolation method

For each test, force variables including thrust, torque, and tow rope force were
recorded corresponding to three or four different rotational speed of propeller. In order
to find relevant values at self -propulsion point, interpolation method is applied and
the details of the process are described as following:

1).Tow rope force at self-propulsion point for certain carriage speed is calculated.
Details of calculation of tow rope force can be checked in Appendix C.

The tow rope forces are list in Table 3.14.

2).At propulsive point, corresponding RPS was interpolated from the relationship
between experimental results of RPS and tow rope force, which is in principal a
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straight line. Take an example of the interpolation for test 2200. By input of tow rope
force 9.145 [N], it reads off corresponding RPS from the linear expression. See
Figure 3-17.

3).Then thrust and torque at self- propulsion point would be similarly interpolated
from 1% order polynomial curves by providing interpolated RPS from step2. See
Figure 3-18 and Figure 3-19.

Table 3.14 Tow rope force at self-propulsion point for two velocities

E, Vs[knot] Vy[m/s] Fp[N]
0.14 9.4 1.016 5.190
0.20 13.4 1.449 9.145

linear relationship between tow rope force and RPS
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Figure 3-17 Read out RPS given tow rope force at self-propulsion point
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Figure 3-18 Read out thrust given interpolated RPS at self-propulsion point
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Figure 3-19 Read out torque given interpolated RPS at self-propulsion point

3.6.3  Calculation of propulsive factors

The process of making analysis of propulsion tests to obtain propulsive factors is

shown as following [1]:

1. Based on the relationship for thrust and tow force, thrust deduction is expressed
as:

t=1-=M0 (3.18)

where Trefers to interpolated thrust given tow rope force and Ry, is the resistance
of the test.

2. Determine the thrust coefficient, which is defined as

_ T
" pn2p*

Kr

(3.19)

where n is interpolated RPS for calculated tow rope force and D is diameter of the
propeller.
3. Find torque coefficient:

_Q
Ko =~ (3.20)
where Q is interpolated torque.
4. Calculate advance coefficient:
%4
] = n_D (3.21)

5. Using thrust identity, which meansK;, = K, by input of calculated thrust
coefficientK;, advance ratio in open water J,is obtained from open water diagram.
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The open water properties of K, 5, nocorresponding to J, are determined, so wake
fraction is computed as:

w=1-21 (3.22)
Jo
5. Relative rotative efficiency is written as:
K
MR = (3.23)
6. Hull efficiency is defined as:
1-t

7. Quasi-propulsive coefficient is computed by:
Mp = NoNuTr (3.25)

Details of results can be checked in Appendix D.

In order to show the influence of waves on those propulsive factors results of calm
water are set as reference in the same figures.

In the following figures from Figure 3-20 to Figure 3-27 , the values of propulsive
factors in calm water are presented by horizontal lines and ‘hr’ represents relative
rotative efficiency 7.
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Figure 3-20 The effect of wave length on propulsive factors for open propeller at
E, = 0.14
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Figure 3-21 The effect of wave length on propulsive factors for ducted propeller
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Figure 3-22 The effect of wave length on propulsive factors for open propeller at
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Figure 3-23 The effect of wave length on propulsive factors for ducted propeller
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Figure 3-24 The effect of wave height on propulsive factors for open propeller at
FE, =0.2



40

1.8 1 . ducted propeller at Fn=0.2, A=L
® 1w | 1t
A hr X (1-t)calm
X (1-w)calm  @® hr_calm
12 4 A
@----- A Ao -°
*
‘W o =
% ............................. _>K
0.6 - L 2
0 T T 1
30 80 L/c 130 180
Figure 3-25 The effect of wave height on propulsive factors for ducted propeller
at F, =0.2
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Figure 3-26 The effect of wave height on propulsive factors for open propeller at
F, =0.14
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Figure 3-27 The effect of wave height on propulsive factors for ducted propeller
at F, =0.14

3.6.4  Observations from results and figures

For each test, analyze the recorded data to find propulsion factors. Compared with
calm water performance, the results of interpolated method show large uncertainty, for
example, wake becomes negative for server conditions. The reasons for chaotic results
obtained from interpolation methods are as follows:

First as it was shown in uncertainty analysis, measured tow rope force gives the
highest uncertainty during the tests, which means the method based on measured tow
rope force naturally contains high uncertainty.

What’s more, to reduce data scatter, only first-order of polynomial is applied, and
interpolated data may be outside the range of those recorded data of RPS, which leads
to the wake becomes negative under much too high propeller rotational speed that
would cause cavitation and ventilation theoretically. For test 2210, 2230,2240,2250
with open propeller, and 2130, 2140 with ducted propeller at carriage speed of
1.016[m/s]; as well as test 2332,2333,2334,2340 with open propeller, and
test2030,2040,2050 with ducted propeller at 1.449[m/s] ,their interpolated RPS for
given tow rope force are higher than biggest testing RPS. So their propulsive factors
are questionable to be directly compared with the results of the rest tests. And this
may be reason for sudden up and down of points in the figures.

For this situation where interpolated RPS is outside the range of recorded RPS,
extrapolation is required but it is of large uncertainty, so the biggest measured RPS
during one test is used for calculation for instead. This may certainly introduce other
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uncertainty in results of propulsive factors, for instance, to change the self- propulsion

points. The details of the results are shown in Appendix D.

As it can be seen from Figure 3-20 to Figure 3-27, the following observations can be

made:

1. The thrust deduction arrives at a minimum around A/L=0.55, which is close to
natural period of pitch motion. And this is clarified in Faltinsen and Minsaas [5].
The presence of duct leads to a rise in thrust deduction and this effect is larger in
waves than in calm water. At L/c=64.96, duct’s effect narrows with longer waves.
The exception takes place at A/L = 0.8 and F,=0.14, where duct reduces the
thrust deduction. This may due to the error of changing propulsion point made by
using maximum RPS from the tests rather than interpolation of tests results. At
A/L =1 and E,=0.2, duct’s effect enlarges with higher waves. The tendency is
not clear for F,=0.14 and this may be the same error of changing the propulsion
points at L/c=64.96 and L/c=43.3.

2. The variation of wake fraction due to duct’s presence is speed-dependence under
same wave conditions. At F,=0.14, the duct promotes the wake fraction both in
regular waves and in calm water, while for F,=0.2, the tendency of duct’s effect
seems poor in waves in contract with the reduction effect on wake fraction in
calm water. At L/c=64.96 and F,=0.2, the effect of duct on wake fraction

oscillates with wave length: for A /L <1 and A /L > 1.5, the duct lowers the

wake fraction, but when 1.0 < A /L < 1.5, the duct increases the wake fraction.

This oscillation in duct’s effect may be due to random nature of more chaotic
evolutions of vortices and instability of wake field at with higher carriage speed
[20] and more specific studies are required to perform.

3. The duct’s effect on relative rotative efficiency is very small (within 6%), and
nearly no change with various wave conditions. This effect is proved
experimentally by Nakamura and Natio [4].

3.7 The duct’s effect on added power

Since the model keeps constant speed towing by the carriage with two velocities,
there is no speed loss. But due to added resistance in waves, extra power is needed to
deliver to the propeller in order to maintain constant forward speed. And this extra
required power is called added power. The definition of added power is given as

APp = A(2mnQ) = (2mnQ)wave —(2TNQ) caim (3.26)
where n and Q are propeller rotational speed and torque at self —propelled points.
To make up the deviation of deliver power AP, cpange Caused by changing
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self-propulsion point for certain tests when applying the interpolated method, a new
method of calculating the deviation of deliver power is considered and the relevant
equations are shown as following:

AF, V.
APD_change = ( D_Change) S/r]D (3.27)

The relationship between effective powerP; and deliver powerP,, is written as:

PE = PDUD (328)
The definition of effective power of model tests is expressed as:
Pg = (Ry—Fp)Vs (3.29)

The details of change of deliver power and final corrected deliver power are shown as
Table 3.15. Non-dimensional form of added power AP% is the ratio of added power
in waves over deliver power in calm water at self-propulsion point. The
non-dimensional form of corrected added power is written as:

APD_change% = (APDchange/Pcalm) (3.30)

Table 3.15 Correction of added power due to deviation of tow rope force

Interpolated results Correction to interpolation
Test no. sum
AP A P% AFd APp change | APp change%
2332 64.28 2.08 38.77 93.17 3.02 511
2333 63.98 2.07 39.33 98.51 3.19 5.27
2334 63.56 2.06 37.23 88.02 2.85 4.92
2340 211.42 6.86 58.00 170.23 5.52 12.38
2010 3.79 0.11 35.46 95.37 2.81 2.93
2020 4.41 0.13 17.24 33.56 0.99 1.12
2030 3.30 0.10 63.78 182.18 5.37 5.47
2031 108.22 3.19 20.30 51.33 151 4,71
2040 108.63 3.20 84.45 231.68 6.83 10.04
2050 109.39 3.23 15.87 4251 1.25 4.48
2210 46.83 3.95 14.81 21.17 1.78 5.73
2230 47.12 3.97 30.41 41.96 3.53 7.50
2240 46.10 3.88 90.29 151.25 12.74 16.62
2250 47.29 3.98 10.88 14.67 1.24 5.22
2130 74.40 5.94 16.43 22.39 1.91 7.84
2140 73.10 5.84 74.99 122.32 10.41 16.24

For each test, at different propeller rotational speed, tow rope force varies but
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resistance keeps constant. Hence, it is the change of tow rope force that contributes to
change of deliver power assuming quasi-propulsive coefficient n, is identical for

same wave condition, which is needed to be clarified.
The results of added power for open and ducted propeller varying with waves are
presented and the comparisons of interpolated results and corrected results
considering the change of tow rope force are shown from Figure 3-28 to Figure 3-32.

2.4

1.6

AP%

0.8

0

opem_Fn=0.2 . L/¢=130
X duct_Fn=0.2
@ open_Fn=0.14
M duct_Fn=0.14 [ |
X
[
X
0.5 A/L 1 1.5

Figure 3-28 The effect of wave length on added power at L/¢=130

L/¢=65,Fn=0.14 —<duct_corrected
& open_interpolated
M duct_interpolated

open_corrected

0

0.5 AL 1

1.5 2

Figure 3-29 The effect of wave length on interpolated results and corrected

results at F, = 0.14
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Figure 3-30 The effect of wave length on interpolated results and corrected
resultsat F, = 0.20
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L=A,Fn=0.14 ¢ open_interpolated
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open_corrected
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0 50 L/g 100 150

Figure 3-31 The effect of wave height on interpolated results and corrected
results at F, = 0.14
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Figure 3-32 The effect of wave height on interpolated results and corrected

resultsat F, = 0.20

The curves of corrected data are smoother and reasonable when 0.8 < A/L < 1.5. But
it is not sure that if this method gives more precise power prediction, because the
quasi- propulsive coefficient is not identical for different propeller loading.
But to analysis of the duct’s effect on added power, corrected data are used. The

presence of the duct leads to added power varying with wave conditions and this

effect is expressed by APy,,.+%, which is the deviation of added power between open
and ducted propeller over the added power for open propeller.

AP 4ct% = ((APpgye = APD 1) /AP popen ) X 100%

(3.31)

And comparisons between the results of interpolation method and correction method
are shown in figures as follows:

450%

300%

-150%

Fn=0.2_corrected
=>=Fn=0.14_corrected L/¢=65
¢ Fn=0.14_interpolated
B Fn=0.20_interpolated

4

——_———

0.5 3 - 1.5 2

AL

Figure 3-33 The duct’s effect on added power varying with wave periods
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Figure 3-34 The duct’s effect on added power varying with wave amplitude

From the figures, the duct’s effect on added power using corrected results show less
striking as the interpolated results presented. Regardless of the difference between
corrected data and interpolated data, the general tendency of the effect of the duct on
added power is:

1. AtL/¢ = 64.96, the duct leads reduction on added power. For 1/L > 1.5, the
duct’s effect narrows with increasing wave period.

2. AtA/L =1, the duct’s effect on reducing the added power changes with wave
height and is more dependence of forward speed. The tendency shows that the
duct’s influence on decreasing added power enlarges with smaller wave height
of L/¢ > 64.96 .

3.8 The propeller’'s loading on wake fraction and

propulsive efficiency

The method of using maximum RPS from the experimental data rather than
extrapolation of RPS also induces large uncertainty. Due to change of propulsion
points, the propulsive efficiency is affected by different propeller loading conditions.
Hence, it is of great interest to see the effect of propulsor loading on wake fraction
which shows the remarkable variance with wave conditions in figures of propulsive
factors above.
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Here the propeller loading coefficient [1] is defined as
Cr = T/ Vimr?) (3.32)

where T is the propeller thrust for open propeller and total thrust for ducted propeller.
V, is advance speed of the model.r is propeller radius.

To analyze the propeller loading on wake fraction, propeller rotational speed is used
instead of propeller loading coefficient to represent the propeller loadings. The effect
of propeller loading on wake fraction and propeller efficiency for model with ducted
propeller at F, = 0.14 is respectively presented as Figure 3-35 and Figure 3-36.

04 - | —W=T=1.63[s] £r=0.14
—o—T=1.84[s] n=g.
T=2.00[s] X

—=T=2.24[s] /
0.35 - _>K—T=2.53[S] X
03 N /

0.25 . . .
0 4 RPS 8 12

Figure 3-35 The effect of RPS on wake fractions varying with waves at F, =

0.14
0.65 - ducted propeller at Fn=0.14
o W T=1.63[s]
©T=1.84[s]
> 0.5 - = T=2.00]s]
g X T=2.24]s]
;g % T=2.53(s]
‘@ 0.45 -
5 s
°
S 0.35
s ﬁ
0.25 .? . . .
0 5 Ct 10 15

Figure 3-36 The effect of propeller loading on propeller efficiency varying with
waves
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Seen from the figures, the effective wake increases with varying propeller rotational
speed, and tendency of rise are identical for 5 wave periods.

Generally the propeller efficiency at first increases fast with propeller loading, after
reaching maximum values, the propeller efficiency decrease relatively flat with larger
propeller loading.
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4. Comparisons of SHIPX and experimental
results

4.1 RAO for motion variables

For comparisons of the experimental and numerical results, non-dimensional values
are applied. For each model test, standard deviation of motion variables are read from
manually selected time series of recorded data and by dividing the relevant standard
deviation or wave slope of calibrated waves, RAO for motions are obtained in order
to compare with non-dimensional numerical data which is calculated based on full
scale ship model. The definitions of RAO for motions in SHIPX and for experimental
data are listed as Table 4.1

Table 4.1 RAO definitions in SHIPX and in experimental results

Method RAO(n3) RAO(ns) RAO(73)
SHIP-X N3 s s
A kA gA
Experimental L Ins L
results Owave kowave Agowave
For pitch motion, the definition of RAO is expressed as
_Ns
RAO (15) ="%/p 4, (4.1)
And k is wave number for regular waves:
21/ \?
k=( /T)/g. (4.2)

It is noting that for acceleration there is no scale effect concerning Froude scaling. So
when transferring acceleration into non-dimensional value, it is divided by product of
wave amplitude and acceleration of gravity in SHIPX, however, if standard deviation
of wave for model tests is applied to get RAO for experimental data, there leads to
length scaling. To make up this scaling, standard deviation of wave is multiplied
by A = 22.629 .

The comparisons of non-dimensional experimental and numerical results are plotted
into figures. It is noting that in the following figures, ‘nu’ refers to numerical results
and ‘ex’ represents experimental results.
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Figure 4-1 Comparisons of RAO for heave from SHIPX and experimental results
with varying wave length at F, = 0.2
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Figure 4-2 Comparisons of RAO for heave from SHIPX and experimental results
with varying wave length at F, = 0.14
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Figure 4-3 Comparisons of RAO for pitch from SHIPX and experimental results
with varying wave length at F, = 0.20
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Figure 4-4 Comparisons of RAO for pitch from SHIPX and experimental results

with varying wave length at F, = 0.14
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Figure 4-5 Comparisons of RAO for acceleration at FP from SHIPX and

experimental results with varying wave length at F, = 0.20
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Figure 4-6 Comparisons of RAO for acceleration at FP from SHIPX and

experimental results with varying wave length at F, = 0.14



53

0.2 -
a—: _._ex_open Fn=0.20
:. =f—=ex-duct
< 0.15 1 nu-duct
£ —>=nu_open
§ 0.1 -
(4]
G
g 0.05 -
0 T T T 1
0 0.5 1AL 15 2

Figure 4-7 Comparisons of RAO for acceleration at AP from SHIPX and
experimental results with varying wave length at F, = 0.20

~ Fn=0.14

ﬁo'ls =@—ex_open

% =-ex-duct

o 01 nu-duct

(=) -

= =><=nu_open

I

—

Q -

50.05 -

)

o

§ O T T T 1
0 0.5 1 A/L 1.5 2

Figure 4-8 Comparisons of RAO for acceleration at AP from SHIPX and

experimental results with varying wave length at F, = 0.14

For heave motion, the maximum deviation between the experimental and numerical
result takes place at A/L = 08 for both velocities. The experimental results are larger
within the range of A/L < 1.2, but with increasing wave length, the deviation narrows
and the numerical results are a bit larger than experimental ones. When 1/L > 2, the
deviation becomes neglected.

The numerical and experimental results of RAO for pitch motion give very good
match for both velocities and the maximum deviation is less than 6% for smaller
velocity of F,=0.14 around A/L = 2.For vertical acceleration measured at FP,
when A/L < 1the general tendency of deviation between numerical and experimental
results shows similarly as that of heave motion. But with longer waves of A/L >1,
the deviation enlarges with increasing wave length and smaller velocity

For vertical acceleration measured at AP, generally the numerical results are bit
slightly larger compared with experimental results. The exception occurs
around A/L = 1, where the deviation goes to 16%.
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4.2 Non-dimensional added resistance

The comparisons of numerical and experimental results on non-dimensional added
resistance are shown as:

97 =&—nu-open Fn=0.2
8 - =#—nu-duct
g; : —>=ex-duct
x ex-open
%>
St
< |
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1 -
0 . . . .
0 0.5 1 A/L 15 2

Figure 4-9 Comparisons of added resistance from SHIPX and experimental
results with varying wave length at F, = 0.2
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Figure 4-10 Comparisons of added resistance from SHIPX and experimental
results with varying wave length at F, = 0.2

The general tendency of deviation between numerical and experimental results of
added resistance is very alike that of vertical acceleration measured at FP. For waves
of A/L <1, the experimental data are larger, but this deviation narrows with
increasing wave length and higher speed. For waves of A/L >1, the deviation rises
with increasing wave length and smaller speed.
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4.3 Augment of added power

First interpolated results without correction of the model tests are compared with
numerical data in Figure 4-11 and Figure 4-12.
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Figure 4-11 Comparisons of added power from SHIPX and interpolated

experimental results with varying wave length at F, = 0.2

12.0 -
=&—nu-open
100 { [ISEEnUdUcE Fn=0.14
ex-open
8.0 - X ex-duct
°Q X
<40 -
2.0 - &
0.0 T T T 1
0 0.5 A/L 1 15 2

Figure 4-12 Comparisons of added power from SHIPX and interpolated

experimental results with varying wave length at F, = 0.2

The comparisons of corrected results from model tests (shown with “_c¢”), with
interpolated results from the model tests (for sub of ‘inter’) and numerical results
from SHIPX are plot as Figure 4-13 and Figure 4-14.
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Figure 4-13 Comparisons of added power from SHIPX and experimental results
by interpolated method and by final correction results with varying wave length

at F, =0.2
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Figure 4-14 Comparisons of added power from SHIPX and experimental results
by interpolated method and by final correction results with varying wave length
at F, =0.14

For comparisons of added power, the deviation between numerical and experimental
results is most remarkable under the critical conditions at A/L = 1land A/L = 1.2
respectively for two velocities of F, =0.14 and F, = 0.20. For 0.8 < A/L <
1.2the experimental data based on interpolated method give incredible values
compared with numerical data.
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5. Conclusion and further work

Numerical and experimental investigations into the duct’s effect on ship’s motion and
speed loss are presented in this work. The following conclusions can be drawn:

1.

Both experimental and numerical results show that the duct’s presence produces
general tiny deviation in RAOs for motion variables. The deviation of RAOs for
motion variables limits within 5% for results obtained from SHIPX for all wave
periods. The exception comes from the analysis of experimental results, at
shortest wave A/L = 0.55, the variations of motion variables show most
remarkable and depend on forward speed. The duct’s effect on RAOs for motion
variables can be neglected when A/L > 1. So the benefit of using a ducted
propeller for sea-keeping performance is not promising.

As for the duct’s effect on added resistance, the experimental results are much
more impressive compared with the numerical ones, the latter shows similar
tendency but much smaller (limited within 5%) deviation for all wave periods.
The analysis of the experimental results presents that at shortest wave of A/L =
0.55, the duct promotes almost 40% more added resistance at smaller
velocity F, = 0.14; when 0.8 < A/L < 1.2, the duct leads relatively tiny
decrease.

The duct’s effect on added power based on numerical and experimental data are
not very matched. This due to the shortcomings of interpolated method and
correction methods.

For results obtained from SHIPX, the presence of the duct leads to a reduction on
added power for all wave period. The duct’s effect of reduction on added power
shows most remarkable around A/L = 1 and lessens with increasing wave length.
And at smaller forward speed, the duct’s effect is more impressive. For
experimental analysis of added resistance, the duct’s effect is function of wave
height and wave period. The tendency shows that the duct’s influence on
decreasing added power enlarges with smaller wave height of L/¢ > 64.96.
Hence the advantage of using a ducted propeller on speed loss needs more studies
experimentally.

The wake fraction in regular waves oscillates considerably with wave height and
wave period, in particular in the range of 0.8 < A/L < 1.2.

The presence of the duct results in more variance of relative rotative efficiency in
waves from the calm water results at smaller velocity; and the duct leads a
decrease on deviation of wake fraction in waves and in calm water, this effect
rises at smaller velocity.

The propeller loading have effect on wake fraction and propeller efficiency and
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this effect changes with wave conditions. The effective wake increases with
varying propeller rotational speed, and tendency of rise are identical for 5 wave
periods. the propeller efficiency tends to increases rapidly at first with propeller
loading, after reaching maximum values, the propeller efficiency decrease
relatively flat with larger propeller loading

Further studies about the duct’s effect are needed:

1.

This thesis considers the duct’s effect in regular waves while real sea states are
harsher, so the duct’s effect in irregular waves or obliqgue waves should be
investigated.

For model tests, higher RPS values should be included to reach designed tow
rope force and to give more precise power predictions. The data processing
method should be improved since the interpolated method induces large
uncertainty.

Duct’s effect on wake fraction and relative rotative efficiency are needed more
analysis, because propulsive factor are very important to power predictions.
SHIPX calculations give no information about real wake filed so CFD method is
required to find details of information about wake field.
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Appendix A: calculation of flat plate

Based on reference [7] [15] [16] the area of flat plate is calculated by two methods as

following:

1. Resource 1
A family of annular airfoil with same projected area (equals to product of inner
diameter and chord parallel to center line) was referred. Different aspect ratio
corresponds to different lift curves and the data of interest are list in Table A.0.1.1t is
noted that the definition of the aspect ratio for the foil in NACA paper is

A=d/c (A.0.1)

Table A.0.1 Lift coefficient at three angles of attack [15]

Aspect ratio

Lift coefficient at three angle of attack

0° Si 10°
1.0 0 0.25 0.50
1.5 0 0.35 0.70
3.0 0 0.50 1.00

It is noting that the aspect ratio based on Equation (A.1) is 1.05. The data is shown as

Table A.0.2

Table A.0.2 Lift coefficient for aspect ratio of 1.05 [7]

Aspect ratio
d/c

Lift coefficient at three angle of attack

0° 5 10°

1.05

0 0.27 0.50

Interpolate lift coefficient for the duct with aspect ratio of 2 from Table A.0.1 and
Table A.0.2. The results are presented in Table A.0.3.

Table A.0.3 Lift coefficient for aspect ratio of 2

Aspect ratio
d/c

Lift coefficient at three angle of attack

0° 5 10°

0 0.40 0.80
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If flat plate in two -dimensional steady flow with infinite fluid is considered and based
on potential flow theory the lift coefficient is expressed as:

C. =2 (A.0.2)

Hence the area of flat plate becomes 6.43[m?]. However, the ideal model is not very
applicable since infinite fluid boundary is not satisfied.

While refer to NACA paper [7], it is concluded that the lift curve slope of annular foil
is approximately twice of slope for lift curve for rectangular plane airfoil with same
aspect ratio. The slope of lift curve for annular foil can be expressed as:

dc,  0.8-04
T (10-5)x2
da  (10-5)x %60

Set aspect ratio of 2 for flat plate, the lift curve slope is 2.29. The corresponding lift
coefficients for flat plate are list as Table A.0.4.

=458 (A.0.3)

Table A.0.4 Lift coefficients for flat plate with lift curve slop of 2.29

Aspect ratio | Lift coefficient at three angle of attack
d/c

0° Si 10°
2 0 0.20 0.40

Finally the dimensions for flat plate can be calculated and list as Table A.0.5.

Table A.0.5 Dimensions for flat plate based on resource 1

Length of span [m] 5.94
Length of chord[m] 2.97
Projected area[m?] 17.64

2 Resource 2
Alternatively, from [16] it indicates the effective wing area of a ring equals

S =0.5zdc ~1.6dc (A.0.4)
Here the definition of the aspect ratio is different in [16]:
A =2d?/S = 4d/nc (A.0.5)

Based on the given geometry of ring foil, the ratio d/c equals to 3.28.
And induced angle is expressed as:

da _i:o.zsg (A.0.6)
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Thus the relationship between total lift angle and lift coefficient is written as

da Z[E}[i]:o.zm (A.0.7)
dc, \08z) | A

For linearity relationship between lift coefficient and angle of attack, it is shown

C, :La =3.6364« (A.0.8)
0.275

So lift coefficient at lift angle of 5° and 10°can be obtained as Table A.0.6.

Table A.0.6 Lift coefficients for ring foil with d/c ratio of 3.28

. Lift coefficient at three angle of attack
Ratio
d/c 0 5 10°
3.28 0 0.32 0.64

Since data is limited under only one situation for d/c = 3.28, it is rough guessing to
choose lift coefficient for d/c = 2.0.0therwise it is permissible to use data of
d/c = 3.28 as upper limit for projected area for flat plate. Similarly two equations
for angle 5° and 10° were formed respectively, but it is noting the effective area for
foil is different for ring foil instead of the product of chord and diameter.

The area of flat plate based on a ring foil with d/c ratio of 3.28 can be obtained. The
dimensions are shown as

Table A.0.7 dimensions for flat plate based on model 2

Length of span [m] 6.72

Length of chord[m] 3.36

Projected area[m?] 22.58
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Appendix B: numerical results from SHIPX

1. Ship response analysis

The deviation of RAO for motion and added resistance between open propeller and
ducted propeller are calculated as Equation (B.0.1) and list in Table B.0.1 and Table

B.0.2.

Anduct — Nduct-"open x 100%

Nopen

(B.0.1)

Here n represents the ship motion variables for heave, pitch and vertical accelerations
as well as added resistance.

Table B.0.1 The duct’s effect on motions and acceleration for 5 wave periods

An% UE UE n3-AP 13_FP
L E, E, E, E, E, E, E, E,
=0.14 | =020|=0.14 | =020 | =0.14 | =0.20 | = 0.14 | = 0.20
1.90 |-0.06% | 0.02% | -0.10% | -0.50% | -0.53% | -1.15% | 0.13% | -0.09%
150 |-0.07% | -0.17% | -0.30% | -0.94% | -0.79% | -1.66% | -0.07% | -0.51%
1.20 |-0.21% | -0.85% | -0.65% | -1.86% | -1.15% | -2.55% | -0.41% | -1.38%
1.00 | -0.44% | -0.68% | -1.04% | -2.38% | -1.49% | -2.86% | -0.81% | -1.93%
0.80 |-0.31% | -3.45% | 0.16% | 3.38% | -0.05% | 2.71% | 0.26% | 3.11%
055 | 1.83% | 3.87% | -2.53% | -2.16% | -1.19% | -1.13% | -2.63% | -2.19%

And the duct’s effect on added resistance is shown as Table B.0.2.

2. Added power and speed loss

Table B.0.2 The duct’s effect on added resistance

A/L F, =0.14 F, = 0.20
1.90 1.2% 1.3%
1.50 0.8% 0.4%
1.20 0.0% -0.9%
1.00 -0.7% -1.5%
0.80 0.1% 1.9%
0.55 0.6% 3.8%

The resistance data used in SHIPX for calm water performance for both open
propeller and ducted propeller are listed as Table B.0.3.
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Table B.0.3 Resistance data

Vs [knot] R [KN]
7 47.44
8 65.58
9 83.85

10 101.72
11 122.56
12 142.01
13 159.9
14 191.9
15 222.97
16 253.92

The comparisons of brake power for given speed and the deviation between the
results of open propeller and ducted propeller are shown as Table B.0.4 and Table
B.0.5.the comparisons of attainable speed for given brake power are presented as
Table B.0.6.

Table B.0.4 Comparisons of added power for open propeller and ducted

propeller
AP _ Buave = Foatm Open propeller Ducted propeller
Pcalm Pcalm

T [s] AL E, =014 | F,=020 | E,=0.14 | F, =020
11.96 1.90 0.609 0.512 0.565 0.467
10.63 1.50 1.596 1.391 1.468 1.267
9.51 1.20 3.260 2.287 2.927 2.029
8.68 1.00 3.489 1.637 3.103 2.029
7.76 0.80 1.268 0.442 3.103 1.459
6.44 0.55 0.586 0.146 0.537 0.133

Table B.0.5 The duct’s effect on added power varying with wave periods

T[s] AL | E,=0.14 | E,=0.20
11.96 1.90 -7.2% -8.8%
10.63 1.50 -8.0% -8.9%
9.51 1.20 -10.2% -11.3%
8.68 1.00 -11.0% 23.9%
7.76 0.80 144.8% 230.0%
6.44 0.55 -8.4% -9.3%
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Table B.0.6 The attainable speed for given brake power in calm water and in

regular waves
Speed loss Vs [knot] AV _ Hvave = Veatm
Vcalm Vcalm
T[s] | A/L | Open propeller | Ducted propeller Open Ducted
propeller propeller
11.96 | 1.90 13.9 14.13 -12.081% -11.355%
10.63 | 1.50 11.75 12.11 -25.680% -24.028%
951 | 1.20 9.7 10.17 -38.646% -36.198%
8.68 | 1.00 9.49 10.25 -39.975% -35.696%
7.76 | 0.80 14.4 14.72 -8.918% -7.654%
6.44 | 0.55 15.47 15.65 -2.151% -1.819%
calm | 1.90 15.81 15.94 - -
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Appendix C: calculation of tow rope force
at self-propulsion point

At self-propulsion point, the tow rope force equals to the correction for difference of
frictional resistance and other effects such as correlation allowance, scale effect; so
that in model tests propeller bears same loading as the ship propeller in full scale.

The formula to calculate tow rope force is expresses as

1
Fp = ECFDPMSMVI\%I (C.0.1)

where index ‘M’ denotes model scale, p,, is water density, S, is wetted surface, Vy,
is carriage speed.
The standard method applied in MARINTEK for Cr, tow rope force coefficient can
be defined as
Crp = (1 + ko) (Crm — Crs — ACE) + (Copm — Cops) + (Cappm — Capps) — Ca
(C.0.2)
With k, is form factor; index S’ refers to full scale variables, Cy is frictional
resistance coefficient and ACy is roughness allowance for ship; Cgzp is transom stern
resistance coefficient; C,pp is appendage resistance coefficient.
For model tested without appendages and neglecting transom stern effects, tow rope
force coefficient can be ideally simplified as
Crp = (1 4 ko) (Crm — Crs — ACF) (C.0.3)
The details of calculation for tow rope force are as following:
1. Form factor k,
Form factor is function of dimensions of model and ship, according to the method
recommended by MARINTEK, it can be obtained by

ko = 0.6 + 75¢3 (C.0.4)
With
C
So form factor is calculated as:
¢ = 0.0833784;
ko = 0.0935

Form factor is identical for both model and full scale tests.
2. Frictional resistance coefficient for both model Cgy and full scale Crg, and
roughnessACr . According to ITTC-57 correlation line, frictional resistance

coefficient is given as

_ 0075
~ (logRp—2)2

(C.0.6)

Cr
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where R,is Reynolds number, and it is denotes as

Ry,

_ VLwL

v

(C.0.7)

Similarity of Froude number is used to get velocity for model scale. Assuming same
gravity acceleration, model scale velocity is written as

VM= /f_;XVS

And roughness allowance is expressed as

ACr = [110.31(H x V)21 — 403.33] X Cfs

(C.0.8)

(C.0.9)

The details of calculated Reynolds numbers, frictional resistance coefficient and
roughness allowance are shown in Table C.0.2.
3. Tow rope force Fj, for given carriage speed Using Equation (C.0.3), tow rope

force is determined and listed as Table C.0.3.
Table C.0.1 The data for ship and model

Variable unit full scale model scale

Length on waterline Ly, [m] 119.19 5.267
Breadth at waterline B [m] 20.8 0.919
Draught Typ/Tep [m] 55 0.243
Draught T at Ly, /2 [m] 5.5 0.243
Wetted surface S [m?] 2861.8 5.589
block coefficient Cg [-] 0.657 0.657

Kinematic viscosity v [m?/s] 1.19E-06 1.12E-06
water density p [kg/m?] 1025 1000

Hull roughness H [um] 150 [-]

Table C.0.2 Calculation of Reynolds number, frictional resistance coefficient and

roughness allowance

Vslknot] | E, | Vy[m/s] Ry Crs Rum Cry ACg
9.4 0.14| 1.016 | 4.84E+08 | 1.68E-03 | 4.78E+06 | 3.43E-03 | 1.03E-04
13.4 |0.20| 1.449 | 6.9E+08 | 1.60E-03 | 6.81E+06 | 3.21E-03 | 1.81E-04
Table C.0.3 Tow rope force at self-propulsion point
Fy Vs[knot] Vu[m/s] Fp[N]
0.14 9.4 1.016 5.190
0.20 13.4 1.449 9.145
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Appendix D: results of propulsive factors

The data for interpolated propulsive factors for all tests are list as follows:

Table D.0.1 The results of interpolated propulsive factors for open propeller at

E, =0.14
Open prop - W "
E,=0.14
2200 0.109 0.575 0.977
2210 0.157 0.133 1.063
2220 0.108 0.509 0.992
2230 0.123 -0.156 1.110
2231 0.104 0.416 1.021
2240 0.258 -1.913 1.349
2250 0.124 0.230 1.049
2251 0.108 0.394 1.025
2260 0.134 0.499 0.999
2270 0.119 0.570 0.985
Calm water 0.155 0.516 1.030

Table D.0.2 The results of interpolated propulsive factors for ducted propeller at

E, =0.14
ducted prop " W "
E,=0.14

2100 0.151 0.644 0.960
2110 0.159 0.502 1.001
2120 0.165 0.655 0.942
2130 0.192 0.282 1.080
2140 0.317 -0.867 1.399
2150 0.190 0.515 1.001
2160 0.200 0.639 0.960
2170 0.190 0.632 0.989

Calm water 0.179 0.552 1.010
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Table D.0.3 The results of interpolated propulsive factors for ducted propeller at

E, = 0.20
ducted prop @Fn=0.20 t w Ny
2001 0.168 0.414 0.999
2010 0.252 -0.128 1.118
2011 0.157 0.340 1.001
2020 0.182 0.146 1.044
2021 0.169 0.406 0.987
2030 0.262 -0.640 1.264
2031 0.201 0.123 1.056
2040 0.213 -0.662 1.226
2050 0.247 0.111 1.037
2060 0.200 0.364 0.986
2070 0.198 0.410 0.990
Calm water 0.149 0.389 0.997

Table D.0.4 The results of interpolated propulsive factors for open propeller at

E, = 0.20
open prop @Fn=0.20 t w .
2300 0.141 0.456 0.980
2310 0.089 0.385 0.990
2320 0.122 0.457 0.978
2330 0.128 0.144 1.022
2332 0.127 -0.290 1.078
2333 0.149 -0.370 1.088
2334 0.110 -0.326 1.083
2340 0.100 -0.601 1.103
2350 0.139 0.206 1.014
2360 0.125 0.416 0.985
2370 0.134 0.460 0.985
Calm water 0.159 0.312 1.025

To make correction for interpolated results the new data which is based on

maximum recorded RPS from the experiments are presented as

Table D.0.5 and Table D.0.6



Table D.0.5 The corrected results of propulsive factors at F, = 0.14

test no. t w Ny
2210 0.184 0.473 1.001
2230 0.156 0.480 1.000
2240 0.295 0.453 0.999
2250 0.140 0.486 1.001
2130 0.206 0.544 0.980
2140 0.326 0.517 0.989

Table D.0.6 The corrected results of propulsive factors at F, = 0.20

test.no t w Ny

2330 0.140 0.258 1.009
2332 0.142 0.277 1.007
2333 0.175 0.272 1.008
2334 0.124 0.266 1.008
2340 0.126 0.240 1.008
2010 0.368 0.292 0.999
2020 0.149 0.312 1.001
2030 0.408 0.288 1.009
2031 0.208 0.326 0.998
2040 0.252 0.301 0.986
2050 0.230 0.302 0.982






