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Abstract

The main contribution of this thesis is on the study of optimization methods in aft
hull design. The optimization methods are inverse geometry design methods to find
an aft hull with the flow velocities we specify. The analytic foundation for the flow
is given by Stratford in [31], and gives a prescibed velocity distribution on the aft
body. With the parameter 5 we have adjusted this flow to have a certain margin to
separation along the pressure recovery region.

This principle and optimization method are successfully applied to design of ships with
pram-type aft hull. The 2D optimized profiles corresponds to centerline buttock, and
3D hull sections are extended from this centerline buttock with a bilge radius.

Stratfords original pressure distribution for pressure recovery region were meant for
Reynolds numbers up to 107. We have extended Stratfords formula to yield for ship
full scale Reynolds numbers of 10°.

Different optimization methods were programmed and tested. The best routine for
our optimization of aft hull with Stratford flow, was when the offset y-value were the
optimization parameter to be changed. When we tried to optimize a complete 2D
profile with a given pressure distribution, it worked best to use the variables in a
B-spline as the optimization parameter.

Extensive windtunnel tests and towing tank tests are carried out. The tests verified
the hydrodynamic properties of the hulls.

Towing tests indicates that the optimized hull lines have lower total resistance than
conventional ships with the same main dimensions. Both the frictional, viscous
pressure resistance and wave making resistance are significantly lower. Further we
can increase cargo capacity with the same power consumption, and achieve a more
favourable distribution of the displacement in the aft hull.

This study has shown us that the slant angle for the bottom of the aft hull should
not exceed 15° with horizontal plane due to danger of separation over the bilge, and
longitudinal vortices forming.



11



Acknowledgements

This study has been carried out by supervision from Professor Odd M. Faltin-
sen, Professor Knut J. Minsaas and Dr.Ing Sverre Steen. Their guidance and
support has been a great encouragement.

I also wish to express my sincere gratitude to Umoe Mandal, and especially
Dr.Ing Nere Skomedal and Anders Hjelmseth, for their patience and support
in all ways during the study.

The staff in the towing tank at Marintek were allways there to help during
the manufacturing of the models and towing tests. Their help and sense of
humour were deeply appreciated.

I profoundly thank Professor Per A. Krogstad and the staff at the wind tunnel
(Institutt for mekanikk, termo- og fluiddynamikk) for their hospitality and
valuable support during the wind tunnel tests.

In February 2000 I visited PhD C.W.B Grigson at Agder Ingenigr- og Distrik-
tshggskole in Grimstad. I am deeply thankful for his creative contributions to
my thesis.

A deep gratitude is expressed to colleagues and friends at the Department of
marine hydrodynamics for all the help and advice they have extended over the
last years.

Last but not least, a deep thank to Mussie Debesai and Andreas Lier in Trond-
heim for their warm friendship and great encouragement when the going got
tough.

This work has received financial support by the Research Council of Norway
(NFR), and it has been a part of SKIPRO, a research project run by Marintek.

111



v



Contents

Abstract I
Acknowledgements I11
Nomenclature IX
1 Introduction 1
1.1 Background and motivation . . . . .. ... ... ... L. 1

1.2 Contributions of the thesis . . . . . . ... ... ... ...... 4

2 Theory 7
2.1 Ship model experiments . . . . . . ... ... 7
2.2 Theoretical development of “Optimized velocity distribution” . 11
2.2.1 Boundary layer analysis for 2D turbulent flow . . . . . . 11

2.2.2  Stratford velocity distribution . . . . . .. ... ... .. 15

2.2.3 Comments on the Stratford velocity distribution . . . . 20

3 Nwumerical procedures and optimized ship hulls 23
3.1 Introduction to inverse design methods in 2D and 3D . . . . . . 23
3.2 Direct flow calculation with vortex distribution . . . . .. ... 25
3.2.1 Surface vorticity model for plane 2D flow . . ... ... 25

3.2.2  Numerical check of the surface vorticity method . ... 28



VI

Contents

3.3 Inverse design with vortex distribution . . . . . . . . ... ...

29

3.3.1 Implementation of the Stratford distribution on 2D profiles 33

3.3.2 Performance of the method . . . ... ... ... ....
3.4 Calculated 2D profiles with Stratford velocity distribution . . .
3.5 Design of 3D ship hulls from 2D profiles . . . . ... ... ...
3.5.1 Outline of design procedure . . . . .. ... ... ....

3.5.2 Drawings and data of ship hulls . . . . . ... ... ...

Model test results

4.1 Results from wind tunnel . . . . ... ..o
4.1.1 Experimental setup and measurement procedures . . . .
4.1.2 The flow facility and measurement techniques . . . . . .
4.1.3 Static pressure measurements . . . . . . ... ... ...
4.1.4 Measurements of boundary layer velocity . . ... ...
4.1.5 Calculations of boundary layer characteristics . . . . . .
4.1.6 Measurements of wake . . . . . .. ... L0

4.2 Results from towing tank . . . . ... ... 0oL
4.2.1 The towing tank facility and measurement techniques
4.2.2 Measurements of wave resistance, trim and sinkage . . .

4.2.3 Measurements of static pressure on ship hull . . . . ..

36
40
44
44
46

51
o1
ol
54
56
99
65
7
84
84
84

Results from calculations and towing tests of a coastal tanker 97

5.1 The hulls of the coastal tankers . . . . . . ... ... ... ...
5.2 CFD calculations . . . . . . . . . . .. ...

97
98

5.2.1 Geometrical modelling and surface mesh of the ship hulls 98

5.2.2 Discussion of results . . . . . . .. ... ...

5.3 Towing tank tests . . . . . . ... ... Lo



Contents

6 Discussions and recommendations for further work

6.1 The ship hulls designed . . . ... ..

6.1.1 Pros and cons of the ship hulls designed . . . . . . . ..

6.2 Experimental results and testing technique . . ... ... ...

6.3 Numerical procedures - lessons learned
7 Conclusions

Bibliography

111
111
116
118
119

123

125

VII



VIII Contents



Nomenclature

Symbols

Most of the symbols used in this thesis are defined below. Some symbols that
only have a local meaning are only defined close to where they are used. The
symbols are mainly based on ITTC.
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Caa = DAA/(%,OUEO) Air resistance coefficient

Cp Block coefficient, ship

Csp = Dp/(3pU%) Transom stern resistance coefficient
Cbp = D,/(3pUZ) Viscous pressure resistance coefficient
Cr = Dy /(3pU%S) Total skin friction coefficient

Cy = 7w/ (3pUZ) Local skin friction coefficient

Cy = (ps — po)/(3pU2) Pressure coefficient

Cv = Dy /(3pUZ%S) Viscous resistance coefficient

Cw = Dy /(3pU%S) Wave making resistance coefficient
Dpg Transom stern resistance

Dp Total skin friction resistance

D, Pressure resistance

Dy Total resistance

Dy Viscous resistance

Dw Wave making resistance

Fn = U/\/g Ly, Froude number
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Chapter 1

Introduction

1.1 Background and motivation

In the last years there have been a growing demand for fast-going Ro-Ro (Roll
on Roll off) vessels. These ships are designed so that cars, trucks, train etc can
drive on and off the ships via ramps. The loading and unloading is effective as
opposed to traditional Lo-Lo (Lift on Lift off) where the cargo is being loaded
by cranes. The obvious advantage is that the cargo can be transported on
board as it comes to the harbour, without being reloaded. The drawback is
that the weight per volume of the cargo on a Ro-Ro ship is relatively low.

The Ro-Ro ships have large decks, and are fitted with doors in the bow and
stern, or only a door at the stern. These ships normally have a wide transom
stern.

Ro-Ro vessels may be carrying only trucks/cars or a combination of trucks,
cars and passengers, sometimes called Ro-Pax. The Ro-Ro and Ro-Pax ships
range from a few hundred tons up to 50-60000 gross tons. The world’s fleet is
now about 1200 vessels, and the fleet is growing steadily.

The average speed of Ro-Ro vessels has increased through the years for the
largest vessels, up to 30 knots. This means the Froude number for the largest
vessels has increased, thanks to more efficient hull lines, propellers, engines
etc. For the smaller vessels the speed has been more or less the same. Typical
service speed for most of the vessels are 18-22 knots.

The speed requirements for the largest vessels are often up to Fn=0.35. The
traditional cruiser stern is not an effective stern design of such high speed
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vessels, and therefore these vessels normally have a pram-type aft body. This
type of aft body introduces difficulties in ship design, but also advantages. It
is often easier and cheaper to build than the traditional cruiser stern. Another
and as important factor is that the pram-type often gives more useful volume
onboard. In [11] Himél4dinen et al has done considerable work on the design
of pram-type ships, and find that this aft body has relatively low power curve,
good manoeuvring ability and the “wave damping aftbody” of the pram-type
was effective in reducing wavemaking resistance.

The number of ships propelled by azimuthing pods are increasing. A pram-
type hull is a good platform for azipod propulsion, and with this type of
propulsion we are more free in the design of the hull lines.

One of the first things to do in the design spiral of a new ship is to determine
the optimum main dimensions of the ship. After this we can fine tune the
hull form to have acceptable hydrodynamic performance. At this stage CFD
tools have proved to be of great help, and their applicability is improving very
fast. A further step at this stage of the design of hull forms is the use of
optimization methods linked to CFD tools . They have still not proved to be
a practical tool in ship design, but as research increases and the optimization
tools are improved, it probably will be a practical tool in some areas of ship
design in the future.

Most of the optimization methods to this date either optimizes a ships bow due
to wavemaking resistance or a ships stern with respect to viscous resistance.
In [5] Cheng-Hung Huang et al optimizes the shape of a ships bow with the aid
of an inverse design method coupled to a non-viscous free surface procedure.
Tahara et al optimize the stern of a ship in [32] with respect to minimization
of delivered power to propeller. They use a CFD-based optimization method
with a Reynolds-averaged Navier-Stokes equation solver. In [7] Nagamatsu et.
al. minimize viscous resistance of 2D bodies and 3D full forms under certain
design constraints. These methods will be dealt with further in chapter 3.

Optimization methods are well suited to be used in detail design of Ro-Ro
vessels, because of the pram-type aft body they often have. In a simple way,
we can say that this type of aft body is a slanted flat surface ranging from the
aft shoulder at the bottom of the ship to the transom stern. A bilge radius is
fitted between the ship side and the slanted surface. Fig. 1.1 shows a ship of
this kind. A skeg would be fitted at the centerline for longitudinal stability.

In this thesis we have focused on inverse geometry design of the slanted sur-
face on this kind of hulls, and how this influences the vessels hydrodynamic
performance.



1.1. Background and motivation

Figure 1.1: A hull designed with the inverse geometry design routine.
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1.2 Contributions of the thesis

The main contribution of this thesis is on the design and analysis of optimiza-
tion methods in aft hull design of for instance a Ro-Ro vessel. The optimization
methods are inverse geometry design methods to find an aft hull with the flow
velocities we specify. The specified flow velocities is given so that the flow has
a certain margin for separation all along the pressure recovery on the aft hull.
This margin for separation can be varied with a parameter or by changing the
design Reynolds number.

An optimization procedure based on inverse geometry design has been made,
and hull forms have been designed with this procedure. Models of the hulls
have been tested in wind tunnel and towing tank to verify the flow over the
aft hull, and the overall performance of the designed hulls.

The optimization procedure is 2D, and the hull form is made by using the
inverse designed 2D profile as a keel line for the aft hull, and extending the
section with fitted bilge radius to form a pram-type hull form, see fig. 1.1. A
skeg is added at the centerline.

The 2D design optimization method uses a socalled Stratford flow principle.
In [30] and [31] Stratford presents a method to calculate the separation point
for 2D bodies. He then extends the method and gives an analytic formula for
a pressure distribution which will have almost separation all along the aft part
of the body. A boundary layer flow which is almost separating, means that we
have small flow velocity close to the wall. By modifying a parameter in the
formula, we can have a flow over the pressure recovery on the aft body with a
certain margin for separation.

In this thesis the largest effort has been to find an effective optimization
method which can be used for inverse design with the Stratford formula as in-
put pressure distribution. Several methods were tested, and finally we found
a method that worked. Two hulls were designed, one with relatively short
run from aft shoulder to transom stern, and one with slightly longer run.
Both models were tested in a wind tunnel, and static pressure distribution
and boundary layer velocity were measured to verify the longitudinal velocity
distribution and the local skin friction. One of the hulls were selected for tow-
ing tank tests. In the towing tank we measured static pressure distribution,
resistance and sinkage. The ship model were not tested in waves, only flat
water.



1.2. Contributions of the thesis

The main contributions of the thesis are found in the following chapters.

Chapter 2.2 contains a derivation of Stratfords formula from Rn ~ 107 to
Rn ~ 10° with the aid of the boundary layer power formula linked to
the boundary layer logarithmic law.

Chapter 3.3 contains the inverse design method which is developed for in-
verse geometry design of pram-type hull forms. The direct flow calcula-
tions are done with a vortex distribution on the body surface, and this
direct flow code is linked to an optimization procedure.

Chapters 3.4 - 3.5 contain inverse designed 2D profiles with Stratford ve-
locity distribution. The design procedure from 2D profiles to 3D hulls
are described.

Chapters 4.1.3 - 4.1.6 contain experimental results from the wind tunnel
of the hull forms designed. We measured static pressure on the hull
surface and boundary layer velocity on different locations on the hulls.
At the end we measured wake velocity in the propeller plane.

Chapters 4.2.2 - 4.2.3 contain towing tank results of one of the models.
We measured wave resistance, trim and sinkage to verify the calm water
behaviour of the vessel. We also measured static pressure on the ship
hull to compare with the wind tunnel tests.

Chapter 5.1 presents the hull forms which were developed by the inverse
design method in a commercial ship development project.
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Chapter 2

Theory

This chapter deals with the theoretical foundation for the rest of the thesis. In
section 2.1 we have a short treatment of ship model experiments and its scaling
from model to full scale. The experiments will be dealt with in chapter 4.

In section 2.2.1 the flow over a flat plate is briefly discussed, comparing log-
arithmic and power law description of boundary layer velocity profiles. This
is done because the Stratford flow velocity distribution which is outlined in
section 2.2.2 is founded on the power law velocity profile, and we want to show
how the power law boundary layer description in general can be extended to
the large full scale ship Reynolds numbers.

2.1 Ship model experiments

When we performed the ship model experiments, the models were towed by
the carriage, total towing force Rr,, was measured at different speeds. The
towing point was at the midship section on the main deck. The sinkage at FP
and AP were also logged to find the speed dependent trim of the vessel.

We follow ITTC recommendations, and divide the total resistance into a fric-
tional part and a rest part, called the residuary resistance, C'ry,. In coefficient
form we can write this

RTm —

CTm = pmvaa—
BV Sm

Crm(1 4+ k) + Crm + Caam + CBDm (2.1)
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where Cpy, is the frictional resistance coefficient. This is called the “1978
ITTC performance prediction method” Where C 4 4., is the air resistance co-
efficient and Cppy, is base drag. The International Towing Tank Conference
(ITTC) recommends to use the following formula to estimate skin friction
correlation line

0.075
= 2.2
Cr (log Rny, — 2)? (22)
Where Rn,, is Reynolds number based on model length
mLm
Rny, = Vi (2.3)
Um

It exists many of these correlation lines, all of which builds on empirical data
for 2D flow. Eq. (2.2) is based on an extensive and thorough series of flat plane
tests by Hughes [15] and [16]. In [34] the authors take a look at the ITTC
line and its genesis. They also present other skin friction lines, and they give
credit to the existing ITTC line.

Prandtl was the first to propose this form of a convienient interpolation for-
mula.

Cr = a(b+ log Rn)*¢ (2.4)

This has ever since been the governing formula for flat plate skin friction, only
with different parameters a, b and c. Granville gives an outstanding outline
of different methods to estimate skin friction on surface vessels in [9].

Further we have from eq. (2.1) the form factor k. This is a non-dimensional
scalar which contains the three-dimensionality of the flow around the model
hull. This factor is assumed to be independent of Reynolds number and Froude
number. That means it has the same value for model and ship at all velocities.

Tanaka [33] however divides the form factor into two parts. First a frictional
part which is independent of Rn, and second a pressure part which is propor-
tional to (C,' ~ C;l/ 2). This method has not been widely used, probably
because it is far more complex than the I'TTC 1978 method.

The last cofficient in eq. (2.1) is the residuary coeffiecient Cg,, which is mainly
the resistance coefficient due to free-surface wave formation. From here on we
assume that the residuary resistance is equal to the wave resistance.



2.1.  Ship model experiments

Froude came up with a hypothesis that the residuary resistance is the same
for model and ship if we scale the velocity in a certain way

Fn=—tm__ Vs (2.5)
9L, gLs

This is the Froude number. Subscripts m means model, and s means ship.
This gives us

Crm = Cgrs = Cr =Cyw (2.6)

And from eq. (2.1) we have

OW = CTm — OFm(l + k) - CAAm - CBDm (27)

Where C'4 4., is aerodynamic drag coefficient and Cpp is transom stern drag
due to dry transom stern. The model test results for the towing force is
presented in terms of the wave resistance coefficient.

Prohaska/Inuis method This is a method to find the form factor k by the
use of experiments. For low Fn the wavemaking resistance is small compared
to viscous resistance. Cyy is then assumed to be

Cw = const Fn" (2.8)
with 3 < n <6, and const is a constant. From eq. (2.1) we then have

C Fn™
=T — (14 k) + const n
CFm Fm

(2.9)

When Cry,/Cpy, is plotted as a function of F'n"/Cp,, we get a straight line
with slope const, and the intersection with the ordinate axis gives the value
of (1 + k) which we seek, see fig. 4.39 in sec. 4.2.2.

The obvious problem with this method is that we measure the towing force at
low model velocity. This means the towing force is small, and the experimental
setup is designed to handle much larger forces. The force fluctuations are
often the double of the mean force value. This gives large relative errors for
the towing force values. As we can see from fig. 4.39 it is difficult to uniquely
find a value for (1 + k).
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Another major problem with this method is that the ship model is towed at
relatively low Rn, typically around 5 x 10%. Even though there is sandstrip for
turbulence trigging in the bow of the ship, the laminar flow may survive this
trigging, and extend further downstream towards midship of the model. This
gives a lower resistance than with all turbulent flow, and introduces error in
the estimate of the form factor, because we assume all turbulent flow.

A last moment with the method is that even at very low vessel speeds, there
could be waves generated by the bulb. These waves have an effect on the total
resistance, and since we assume no waves generated by this method, there will
be an error in k£ due to these waves.

The ship we are testing has a transom stern. This gives another embarrassing
problem when we estimate the form factor at low velocities (typically F'n <
0.2), and use this factor to estimate ship resistance at higher velocities (F'n >
0.3). For low velocities the transom stern is wet, while for higher velocities the
transom stern is dry. A dry transom stern gives a loss of hydrostatic pressure
from the transom, and an increase in drag. For the vessel with dry transom
stern, this transom stern drag resistance can be calculated by

h
Dp = pg/o (h—2)B(z)dz (2.10)

where h is maximum submergence of transom, z is distance from lowest point
on transom and B(z) is breath of transom at submergence z. The transom
stern drag coeflicient is given by

Cpp = Dp/(1/2pU2) (2.11)

The ship model tested in chapter 4 has a transom stern, but it has no sub-
merged area for zero sinkage and trim. When the ship is moving it has both
sinkage and trim. The transom stern drag is estimated in chapter 4.2.2.
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2.2 Theoretical development of “Optimized veloc-
ity distribution”

2.2.1 Boundary layer analysis for 2D turbulent flow
Boundary layer profiles for turbulent flow

In this study we assume turbulent flow for the flow on the body surfaces.
In a boundary layer (BL) there is zero velocity at the wall. Further out
from the wall, the flow velocity will asymptotically approach the free stream
velocity. For turbulent flow we have to describe this BL velocity distribution
with empirical formulas.

Karman and Prandtl was the first to describe this BL mathematically. He
introduced the 1/n-th power law in the early 1920s. The disadvantage with
this description is that the exponent n is Rn-dependent. The fluid dynamicists
of that time, with the aid of Prandtls mixing length theory soon came up with
a new BL theory, the logarithmic velocity-distribution law. The advantage
with this theory is that it can be used for arbitrarily large Rn-numbers.

There also exists other ways of describing the boundary layer in turbulent
flow. Van Driest came up with his BL theory in 1956, [37]. He describes the
velocity profile with an integral expression.

P.A. Krogstad has also done considerable work on this topic, especially for
rough walls, as for instance in [18].

BL profiles for turbulent flow on flat plate

Logarithmic law According to the logarithmic law the velocity profile in
the overlap layer of the boundary layer for a flat plate can be written, see [40]

1
="~ -In(y*)+B (2.12)

where y* = yv*/v and v* = /7, /p. Further are x and B near-universal
constants for turbulent flow past smooth walls. An outline of this boundary
layer theory can be found in [25] or [40]. In this thesis we use the values

Kk =0.41 B=53 (2.13)
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Local friction coefficient Cy is related to wall shear stress 7, by

Tw

Cr = 1Rp0z.

(2.14)

In [40] on page 433-434 White gives a relation between Rn, and local friction
cofficient Cy. This is a result of the logarithmic law, eq. (2.12) substituted
into the boundary layer momentum equation for flat plate.

The relation for Rn; and Cy becomes
Rng, = 1.73¢? [Z* — 4Z + 6] (2.15)

where

Z =k = (2.16)

This is a relation with C'y implicitly defined, and can be solved with an iter-

ative procedure. Matlab has an excellent function for this, and C; from the

logarithmic law is plotted in fig. 2.1. With Cy found, we can find momentum

thickness from flat plate momentum-integral equation
déy _ Cf

2.1
dz 2 (2.17)

Boundary layer thickness is defined as the distance from the wall where the flow
velocity is 99% of free stream velocity. Displacement thickness and momentum
thickness is given by

5 = / ( ) (2.18)
5y = / %(1——8) dy (2.19)

Power law The power law BL formula can be written

v (9)% (2.20)
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where u is flow velocity at distance y from the wall, Uy, is freestream velocity
at the edge of BL and § is BL thickness.

In [42] Wieghardt treats the power law formula for large Rn. He also has a
comparison between the power law formula and the logarithmic formula. The
power law formula with inner variables can be written

v _ ) (;,v*)% (2.21)

v

where n
C(n) = —e~(1=~B/n) (2.22)
K

From the momentum equation for flat plate, eq. (2.17) we have

* 2
do
A T e (2.23)
Uso pU2  dx
From eq. (2.18) toghether with eq. (2.20) we can calculate momentum thick-
ness 0, as a function of BL thickness

n

2= T’

(2.24)
We can find a relation for § by setting u = Uy for y = § in eq. (2.21), then
we put this into eq. (2.23), together with eq. (2.24) for do. Putting u = Uy
for y = 0 requires a comment, since we should have set u = 0.99 % U, for
y = 0. Historically the power law formula was developed from pipe flow, and
Nikuradse did considerable work on this, see [25]. In fully developed pipe flow,
the pipe radius corresponds to the boundary layer thickness §. Prandtl has
a fundamental assumtion that the velocity distribution in the boundary layer
on a flat plate is identical with that inside a circular pipe.

It turns out that the factor 0.99 would cancel out because using it means it
appears also in eq. (2.20).

Now we solve for § which gives

2

d = fi(n)z Rng *™ (2.25)

where z is distance from leading edge, and Rn, = zU /v is local Reynolds
number. Further

(2+n)(3+mn)

Fi(n) = [ ] o) R (2.26)

13
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The local friction coefficient is given by eq. (2.17), and becomes

_n W ) Ry (2.27)

where
_ 14+n n

) = @+ )

fi(n) (2.28)

Stratfords velocity distribution which we shall outline in the next section is
founded on the power law velocity distribution with Reynolds numbers in the
vicinity of 106 ~ 107. Our ship flows have a Reynolds number beyond 10°.
We therefore have to extent Stratfords theory to our Reynolds numbers. The
first step in this extention is to consider the velocity profiles used and their
Reynolds number dependency.

On a typical pram-type ship which we consider in this study, the aft shoulder
is typically between section 4 and 6, see figs. 3.20, 3.21 and 3.22. This means
that the local Reynolds number at the aft shoulder would be typically 107,
which is the Reynolds number of the velocity profile plotted in fig. 2.1. The
ship flow will not be a flat plate flow, but we use flat plate flow here as
an example of Reynolds number dependecy of boundary layer flow and its
connection to Stratford flow. The properties of the boundary layer flow at the
aft shoulder is input to Stratford flow.

It must be emphasized that in the optimization calculations in section 3.4 we
have accounted for the varying pressure distribution in the fore part of the
ship.

To make a comparison between the logarithmic velocity profile description
and the power law velocity profile description of the boundary layer, we have
plotted a typical BL velocity profile for both profiles in plot (a) in fig. 2.1.
The Reynolds number for this profile is 9.578 % 108, and is a typical full scale
Rn for aft shoulder of our ship.

In plot (b) and (d) in fig. 2.1 momentum thickness d2 and local friction coeffi-
cient C'y is shown. All calculations are for flat plate flow, and come from the
formulae above.

Plot (c) in fig. 2.1 shows the number n as a function of Rn, for the plate flow.
The dots are taken from data in [41], and the full line is a spline interpolation
for other Reynolds numbers.

These figures show that if we make the exponent n in the power law dependent
on Reynolds number along the plate flow, this power law corresponds quite well
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with the logarithmic law. The point is that the power law with the exponent
n = 7 only holds for 5 * 10° < Rny, < 107, while the logarithmic law holds for
arbitrary Rn. When we extend the power law with the given Rn dependency

for n, we see that it gives a fair description of boundary layer also for Rn up
to 10°.

(a) Logarithmic and 1/n velocity prof. Rn)(:9.576*°108 1/n-profile: n=12 Q) fo'?t of momentum thickness Rns =62 LJo/V

2

10
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o 1 8 7
> Vi
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g 0.8 T 6 P
£ N
206 °
[ x4
E 0.4
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002
0 - - - 0 - : '
0 0.2 0.4 0.6 0.8 1 0 5 10 15
wug [-] Rn -] x 10°
(c) Plot of n as a function of Rn. Spline interpolation (d) Local gkig#riction of 1/n— and logarithmic velocity profiles.
13 3.
—— 1/n—profile
12 3 — - logarithmic profile
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Figure 2.1: (a) Comparison of 1/n and logarithmic velocity profile along a flat
plate with a typical ship length and speed. (b) Plot of momentum thickness
Reynolds number for the velocity profiles in plot (a). (c) Plot of exponent in
1/n profile. (d) Plot of local skin friction, Cj.

2.2.2 Stratford velocity distribution

Derivation

In the derivation of the Stratford velocity distribution we follow Stratford’s

notation, and this section is a short summary of his paper [31] with application
to our problem.
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Theory

We examine a turbulent incompressible flow on a 2D profile. The flow over the
profile begins to decelerate at point s = sg. The length sq is not the physical
length along the 2D profile, but is an equivalent length with boundary layer
thicknesses for flat plate and flow along profile involved. This is outlined at
the end of this section.

The thickness yg of the profile is the draft T of the hull. The profile is mirrored
over the sea surface, and the transom draft is zero. That means we examine
the centerline of a pram-type ship hull.

The velocity Uy is the maximum velocity in the aft part of the profile, and
will in most cases occur at the point s = sp, but not necessarily. See fig. 2.2
for illustration of the flow and body we analyze.

EQUIVALENT FLAT PLATE
_/— VELOCITY SQUARED

r\.o

"N\~ ACTUAL VELOCITY
SQUARED

VELOCITY SQUARED RATIO
anl%o

PRESSURE COEFFICIENT

DISTANCE ALONG 8QDY J

Figure 2.2: Schematic illustration of the flow pressure coefficient over the aft
body with peak velocity Uy at point s = sg. From [28].

Outer layer The shear forces are supposed zero downstream of sg. In [31]
Stratford derives Bernoullis equation for a streamline downstream of s

s ) = g5~ (pope) W2y (229)
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and he further shows that

ou ou’

[8_] = [F] ) (Y > ;) (2.30)
Y1 (sw) Y1)

This is valid only for streamlines in the outer layer of the velocity profile,

1 > 1p;. The dash denotes the comparison profile just downstream of sg, while

the values on the left side represents any point downstream of the comparison

profile.

Stratford points out that “the effect of the pressure rise in the outer part of
the boundary layer in this region is to cause a general lowering of the velocity
profile rather than a change in shape”. We can therefore keep the same shape
of the velocity profile in the outer layer all the way downstream on the body
profile.

From the definition of a stream function we can write

y
1/):/0 udy (2.31)

We have assumed the forward flow to be along a constant thickness profile.
We can then use the comparison profile of Stratford in the boundary layer
without pressure rise, eq. (2.20)

o y/ 1/n

where boundary layer thickness is for a generalized exponent 1/n, eq. (2.25)

_14n

5 — [m] T ) (?)3+ (2.33)

and momentum thickness, eq. (2.24)

5/ n !

2 = A+ni2+n) (2.34)

our equation for boundary layer thickness is valid for Reynolds numbers from
10% to beyond 10°. For full scale ships in this study we have typically Rn up
to 1.2 x 10°.

In [31] Stratford uses 1/n = 1/7 for his derivation of the “optimized velocity
distribution”.

17
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Theory

As shown in sec. 2.2.1 we can generalize the 1/7 profile to be valid for larger
Rn numbers than 107. Our derivation of the Stratford velocity distribution
will proceed with this generalized 1/n velocity profile, but otherwise we stick
to Stratfords derivation.

Inner layer The derivation of the inner layer formula is based on Prandtls
mixing length formula, | = ky. Here k is Karmans constant equal to 0.41.
After using Prandtls expression for the shear stress in the inner layer toghether
with the fact that the pressure forces must be equal to the gradient of the shear
stress, Stratford comes up with

ou (1 op\ 1 _
<8_y> = (W£> Y2 (Tw =0, y small) (2.35)

Stratford integrates this equation with no slip at the wall , u = 0 at y = 0.
He also introduces an empirical factor 8 which he says is used “due to that
we have omitted higher terms in the profile expansion, the profile has been
overidealized as regards its own shape”.

Stratfords idealized profile in the inner layer can then be written

1 o 2 0p

FPu = Wgy (w =0, y <) (2.36)

Joining inner and outer layers Stratford uses continuity of the quantities
1, u and ‘g—’; between the inner and the outer layer. He uses the matching

condition
ou\ > ou'\?
(o) = () (24m

When we use eq. (2.31) toghether with eq. (2.36) in the matching condition
eq. (2.37), Stratford came up with the following equation

(2n—4)

N 3(r)* o
<%> (14n) (ms' %)2 e 5

introducing
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Cp=(p- po)/%pU(? (2.39)

Note that C'p is defined relative to peak velocity Up, not free stream velocity
Uso. Eq. (2.38) is still valid for our generalized form of the velocity profile with
1/n. Further Stratford matches u? /(¢ g—g) in the same manner, achieving

u? 3

u?  (1+4n)

(¥ = ¢) (2.40)

When we use eq. (2.38) together with eq. (2.40) and substitute for ¢’ from
egs. (2.33) and (2.34) we get after some algebra

_ 1
_ n—: 2 — — 2
(26,) "7 (s%) = Ky(n)BRn G (Cp < > (2.41)

where Rn = sUp/v and

Separation will now occur when the left hand side equals right hand side of
eq. (2.41) according to Stratford.

Stratford points out that the limitation in C, in eq. (2.41) comes from the
fact that the join of the inner and outer layer not should reach the edge of the
boundary layer.

The value of sg The value of sy is the equivalent length for a flat plate to
achieve the same boundary layer momentum thickness dop as our actual 2D
profile will have, when the velocity at s = s¢ is ug.

For our body profiles we have turbulent flow from the leading edge. The

criterion is then
s1 u 3
So = — | ds 2.43
o= [ (UO) (2.43)

where s; is distance from bow where the pressure rise starts on the actual
body. Further is sy the equivalent distance for the flat plate flow.
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Theory

The parameter S In [30] Stratford designed a test wall in a wind tun-
nel where he achived a large region with almost separating flow, satisfying
eq. (2.41) (for 1/n =1/7). In these experiments he is able to calculate a value
for the parameter 8. He finds that g is independent of C_'p, and has the value

~ n—2

=Y. w =Y, <
B=066 (rw=0,0p <

) (2.44)

The final form of Stratford’s formula

Eq. (2.41) is a differential equation giving a separation criteria for a 2D pres-
sure recovery flow. Stratford postulates this equation can be integrated to
give a criteria for almost separating flow from point sy and downstream. We
integrate this equation from point sy to the actual point s on the body surface.
We then get a formula for C,

Cp(s) = Ky(n)n {62Rn8%" [(i)‘”" _1” (1w =0, Cp < ”_2)

S0 n+1
(2.45)
where Rng = soUp/v and
’fl(3 + 'fl) _n=2 2
Ks(n) = — 2772 Ki(n) (2.46)

For n =7 eq. (2.45) is the same as eq. (24) in [31] by Stratford.

2.2.3 Comments on the Stratford velocity distribution

In [21] Liebeck has some very interesting comments on the Stratford velocity
distribution. A short summary of his comments are given here, because they
are vital for an understanding for what this Stratford distribution can be used
for, and how it should be used.

The Stratford distribution is the shortest possible pressure recovery region.
A steeper curve will cause separation, and a milder curve will not cause sep-
aration in that region. The Stratford velocity distribution, eq. (2.45) is not
strictly tied up to be an equation where we have separation everywhere on
the region. It can also be considered as an equation describing a flow with a
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certain “margin” to separation. The peculiar characteristic about this Strat-
ford velocity distribution is that it has the same tendency for separation all
along its length. That means the BL has the same margin to separation at
the trailing edge as at the beginning of the pressure recovery. This margin is
controlled with the parameter . Liebeck points out that when this margin
is used up, separation will occure simultaneously everywhere on the recovery
region.

Liebeck also states that the term “margin” is difficult to define in terms of
conventional BL theory.

Fig. 2.3 shows a comparison of two Stratford distributions (curve a and c)
and a modified Stratford distribution (b) for flow with constant velocity for a
given distance, and with Stratford flow at the aft part. This is typically flow
velocity in a diverging channel. Stratford made his verification of his theory
in a diverging channel with this kind of velocity profile, [30]. The Stratford
distribution is given by eq. (2.45). By comparing curves (a) and (c) we see
that the higher the Rn, the shorter is the recovery region. Both curves (a) and
(c) have the shortest possible pressure recovery region for their respectively
Reynolds numbers. Curve (b) is a modified Stratford distribution from curve
(a). We have decreased the value of g, this gives a larger region with Stratford
distribution, and an increased margin before separation. All three plots have
the same pressure recovery.

Smith has some noteworthy statements in his article [28]: “The significant
conclusion to be made from this [their] example is that tail shapes in fully
turbulent flow are not appreciably affected over a wide range of Reynolds
numbers. Thus, a tail that is optimally designed for the lower end of the
anticipated Reynolds number range will be nearly optimum with increasing
Reynolds number. Alternatively, if the design process has some built-in con-
servatism, e.g., a reduced value of the constant in [their] Eq. (2) [equivalently
here], then Reynolds number should not play an important role in tail design.”

From a practical point of view this is an important statement, and shows that
a tail design with a Stratford distribution can be applicable to a large speed
range due to the only weak Reynolds number dependency. We will use this in
our tail designs in the next chapter.
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Theory

Comparison of Stratford velocity profiles.
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Figure 2.3: The figure shows a comparison of Stratford velocity profiles with
varying the parameter B and varying Rn based on length.



Chapter 3

Numerical procedures and
optimized ship hulls

This chapter deals with the numerical procedures used to calculate the opti-
mized ship hulls. In the first section we look through what has formerly been
done on optimization methods generally, and applied to ship hulls specially.
In section 3.2 we have a look at the direct numerical procedure which is used
in the inverse method outlined in section 3.3. In section 3.4 we present the
optimized 2D profiles which we have calculated with the developed inverse
method. In the last section of this chapter the design procedure concerning
3D hull form design from our 2D profiles are outlined. Drawings and technical
data for the ship hulls are also given.

3.1 Introduction to inverse design methods in 2D
and 3D

One of the first successful inverse methods for 2D and axisymmetric flow were
developed by Bristow, and described in [4]. He uses the Douglas Neumann
boundary element surface source singularity method for direct calculation of
the velocity distribution. He then uses an iterative method which calculates
the velocity distribution over the actual body, compares this actual velocity
distribution (AVD) with the prescribed velocity distribution, PVD. The body
geometry is changed until the AVD of the body corresponds to the PVD. He
reports excellent results both for 2D and axisymmetric flows.
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Also Lewis in [19] and [20] has a similar approach. For the direct calculations
he uses a surface vorticity distribution. Also in this method he starts with
an initial geometry, calculates the AVD and compares with the PVD. Each
element of the body is changed with an incremental angle corresponding to the
difference in AVD and PVD on the actual element position. This procedure
is repeated until AVD corresponds to PVD. Lewis was kind to send us a copy
of his software. We did not find it to work satisfactorily for our bodies and
PVD.

The next method we tried out was extensively used for inverse design of tur-
bomachinery, and is oulined in [36] and [35]. This method uses a direct flow
solver, and starts with an initial geometry. The difference in AVD and PVD
is calculated and used as an input to the modification algorithm. The geom-
etry modification is in this method controlled by a transpiration model. It
considers the old blade wall porous with a normal velocity going through it,
proportional to the difference in AVD and PVD. At the same time it requires
mass balance, and the actual change of each element normal to the surface is
determined by this mass balance. This method was very sensitive to the flow
in the nose section, and gave quite large errors further aft with only a small
error in the nose section. This was because the iteration started in the nose
section and went aftwards, and accumulated small errors all the way to the
aft part. This method was also abandoned.

The areas of applications for inverse methods in fluid dynamics are extensive.
Lee et. al. [28] uses Bristows method to design minimum tail shapes for
bodies of revolution. They use Stratford flow for axisymmetric bodies as a
PVD, and the tail shape is calculated. He finds extremely short tails for some
fore geometries. He also concludes that the Bristow method is well suited to
design these type of bodies.

Inverse design tools are also used in 3D applications the latest years as hard-
ware power is increasing. In [5] Cheng-Hung Huang et al optimizes the shape of
a ships bow with the aid of an inverse design method. They use the B-splines
surface fitting and Levenberg-Marquardt method as inverse method. They
report that the bow sections were successfully designed with the developed
inverse method.

Tahara et. al. optimize the stern of a ship in [32] with respect to minimization
of delivered power to propeller. They use a CFD-based optimization method
with a Reynolds-averaged Navier-Stokes equation solver. The optimizations
are done at typical model scale Reynolds numbers (= 10°). They conclude
that the method appeared to successfully optimize the given stern form.



3.2.  Direct flow calculation with vortex distribution

In [7] Nagamatsu et. al. minimize viscous resistance of 2D bodies and 3D full
forms under certain design constraints. The frictional and viscous pressure
resistances are calculated by use of boundary layer calculations based on a
higher order theory. A direct search method is used to obtain a solution of
minimizing the viscous resistance. This is achieved by repeatedly changing
the design variables systematically until it gets to the minimum value.

The 3D optimization methods are done with a relatively small number of
control points, because the methods require much data power, or that they
will not converge with large number of control points. They conclude that
further investigations are necessary, and that inverse methods will be a useful
tool in ship design in the future.

3.2 Direct flow calculation with vortex distribution

3.2.1 Surface vorticity model for plane 2D flow

The direct flow calculations were done by a surface vorticity model for plane
2D flow outlined in [19]. This book treats this method in full detail with
programming examples. It also gives satisfactory results for 2D flow, and is a
fairly easy method to program. It was therefore decided to use this method
for the direct flow calculations which are input to the inverse method outlined
in 3.3.

The basis for the surface vorticity model is Biot Savarts law. This law gives
the velocity induced dg,, at the observation point (z,,y,) from a small
vortex element v(s,)ds, at the pivotal point (z,y,), see fig. 3.1. The induced
velocity is normal to the vector r,,, connecting the two points. Biot Savarts
law then gives the result for the induced velocity dgy,, at observation point

(Tm> Ym)-

dqmn = Yon)dsn (3.1)

2T

The induced velocity is resolved into a component parallel to the body surface,
and a component normal to the body surface.

To find the boundary condition to solve the problem, we take a quick look
into the neatness of the surface vorticity model. The surface vorticity element
induces velocities U, just outside and Uy; just inside the body surface. We
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Pivotal point (x_.y,)

Figure 3.1: Discrete surface vorticity model for a 2D body. Velocity induced
by surface element at sy

« Pivotal points (Xn,yn)

« Data input points (xn,Yn)

Figure 3.2: Representation of body surface by straight line elements.
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put a rectangular contour around the vortex element, and due to cancellation
of velocities normal to the surface, we are left with the following equation

(Uso - Usi)dSn = 'Y(sn)dsn (3'2)

That is, the circulation around the rectangular contour defined clockwise pos-
itive is equal to the total amount of vorticity enclosed by the contour.

To satisfy the boundary condition at observation point (z,,y,,) we have to
specify zero velocity on the body surface just inside the vortex sheet.

Uy =0 (3.3)

we then have
Uso =Us = 7(3n) (3-4)

Equation (3.4) gives us the necessary boundary condition at s,
1
=315+ Ko (sn)dsy + Ucosfn =0 (33)

The last term is the component of Uy, resolved parallel to the body surface at
m. The coupling coefficient is given by

k(Sm,Sn) =

| { (v = n) €08 B — (2t — n) Si“ﬁm} (3.6)

2w (xm - xn)z + (ym - yn)2
Equation (3.5) is a result of summing the induced velocities on the observation
point (&, ym) from all vortex elements around the body surface. We also
have to add the component of Uy, resolved parallel to the body surface to
these induced velocities. These sums equals the vorticity the vortex element
induces on itself, which is %fy(sm).

We also take into account the self-induced velocity of the surface vorticity
element on the observation point due to the curvature of the body at the actual
location. The self-induced velocity on the observation point then becomes

(-5~ 52 ) 1o (3.7

where AS,, is the change of profile slope from one end of the element to the
other.

27



28

Numerical procedures and optimized ship hulls

Use of sub-elements was also introduced and tested. Each vortex element were
divided into N equal sub-elements. This method gave better results for very
thin profiles, but for the profiles used in this study it had insignificant effect.
It was although used 2 or 3 sub-elements for the profiles studied here.

The numerical implementation of this method is very simple. The data input
points (X,,Y,) are specified with M+1 points, see fig. 3.2. Each pivotal point
(Zn,yn), profile slopes 5, and element lengths As,, are calculated.

The boundary condition equation (3.5), can formally be written

K~ = —UycosP (3.8)
where
Ko = K(8my 8n) = k(Sm, $Sn)Asy (3.9)
for m # n and
1 Afm
Kmm:K mySm) = T 5 T T, 1
(smr5m) = =3 = (3.10)

We now solve eqn. (3.8) to find the vortex distribution on the body surface
v = —K~! (UycospB) (3.11)

From eqn. (3.4) the potential flow velocity close to the body surface Ug is
immidiately known, being exactly equal to the surface vorticity v. The circu-
lation around the entire body is zero due to symmetri.

3.2.2 Numerical check of the surface vorticity method

The numerical check of the calculation method is done on ellipses with different
ratio between semi axis and major axis: b/a. We compare with the exact
analytical solution. In fig. 3.4 is calculated RMS of error between numerical
flow velocity and exact flow velocity

N

RMS = | > (U(i) = Ueaact(i)*/N (3.12)
1=1

We see that the numerical solution converges rapidly with increasing number
of elements. For ellipses with profile thickness ratio b/a = 0.2 and thicker, the
error is very small. The profiles used further in this study have a profile thick-
ness ratio of approximately 0.2. For these profiles we see that this numerical
method gives satisfactory results.
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In fig. 3.3 is calculated flow velocity over an ellipse with b/a = 0.04, wich
corresponds to the thinnest profile tested in fig. 3.4.

Fig. 3.5 shows a log-plot of the flow velocity in the nose section of an ellipse.
When we compare calculated results and analytical results we see that for
the elements in the front of the nose the calculated results diverge from the
analytical results. When approximating the very curved nose of an ellipse with
straight line elements we introduce an error. With this method we calculate
the velocity at the midpoint of the elements, which mean we in reality calculate
the velocity a little bit inside the real surface. The curvature correction factor
in eq. (3.7) should take care of this error to a certain extent, but we have not
achieved a full correction of this curvature effect.

—— 50 elements
—— Exact solution

Ellipse with 50 elements. b/a = 0.04

. ™

0.951

0.9f
0.85[
0.8}
0.75F
0.7

0.65[

ob— ‘ ‘ ‘ I —

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 3.3: Flow wvelocity over ellipse. Comparison between numerical calcu-
lation and ezxact calculation.

3.3 Inverse design with vortex distribution

The problem of finding the body profile with a velocity distribution U,, corre-
sponding to the desired velocity distribution Uy, is outlined in fig. 3.6. For the
inverse problem the hull form of the aft part of the ship is regarded as being
unknown, and controlled by a set of control points.
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RMS of error between calculated and exact flow velocity for ellipses with different b/a
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Figure 3.4: Convergence study of numerical calculation of flow velocity over
ellipses with different b/a
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Figure 3.5: Potential flow velocity over fore part of ellipse, /L < 0.1. Calcu-
lated with surface vorticity method. Comparison between numerical calculation
and ezact calculation.
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Initial hull shape
given Y,

U

Calculate actual velocity distribution U,
by direct flow calculation

U

Calculate Stratford velocity distribution, Uy
over aft hull

U

Smoothing of U, over aft shoulder
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for new hull shape Y, U, # Uy
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ﬂ U, = Uy

Designed aft hull shape

Figure 3.6: The optimum shape design methology
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Consider a geometry of M elements (upper half of body) illustrated in fig. 3.2
and discussed in sec. 3.2. Input to calculations are number of elements M and
xrange data input points X,. The yrange data points Y,, are variables in the
inverse process. That is find the set Y,, (1 <n < M) such that the quantity

M
1 s 1 )
wjn 5103 = Ul = a5 3 Walo) = Uatr) (3.13)

is minimized, where U, are prescribed velocity distribution along the surface
of the body on the data points X,,. U, is actual velocity distribution, and is
a function of X,,,Y,,. In other words, we want to find a set of Y, (1 <n < M)
which is a body geometry such that the actual velocity distribution U, over
the body as much as possible equals the desired velocity distribution Uy.

In the minimization process it was used a function from Optimization Toolbox
in Matlab. The function is called Isqnonlin, and the input to the function is
another function which calculates the velocity difference Uy —U,, and an initial
geometry Y0,. The syntax is

Y = Isqunonlin(@diffudua, Y'0) (3.14)

diffudua is the function calculating the difference Uy — U,, and Y is the final
geomtry. The function Isqnonlin solves the problem with a nonlinear least
squares algorithm. It is possible to choose betweeen a Gauss-Newton method
and a Levenberg-Marquardt (LM) method in the optimization process. After
a lot of trial and error, we found that the LM method gave the best results. A
documentation of the method and its implementation into Isqnonlin is outlined
in [6]. The method is found to work very well for finding an aft hull geomtry
with Stratford flow velocity distribution. It did not work so well when we
wanted to find a whole body, say an ellipse with a known velocity distribution.

Another method was also tested. Instead of directly varying the offset value
Y, in the optimization rutine, we made a B-spline of the initial body, and
varied the coefficients in the B-spline. The coefficients in the B-spline describes
a body geometry, and the actual velocity distribution were calculated and
compared with the prescibed velocity distribution. This is equal to the method
above, but the difference is that we describe the body with a B-spline, and
varies the coefficients in the spline to find the wanted body geometry. This
method did not work well when we wanted to find an aft hull geomtry with
Stratford flow velocity distribution. It did not converge to the PVD. On the
other side it worked much better than the former method when optimizing a
whole body, for instance an ellipse as in fig. 3.7. The dotted lines are initial



3.8. Inverse design with vortex distribution

geometry and velocity. The solid-drawn line are exact goemetry and velocity,
and final geomety and velocity. The exact and final geometries correspond very
well, in the figure they plot on top of each other. The geometry is divided into
100 elements, and the calculation converged after 9 iterations.

In fig. 3.8 we have designed a body with a large region of constant velocity
with this inverse method. We see that the flow velocity for the final body
corresponds very well to the desired flow velocity.

Start, desired and final geometry and velocities. M=50, Mdel=2, Maxiter=9
1.6 e

141 N

0.4f

0.2 P

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
xlc

Figure 3.7: Inverse design of ellipse. See text for details.

3.3.1 Implementation of the Stratford distribution on 2D pro-
files

The fore part of the profiles are kept fixed, while we optimize the aft part to
give us a region with Stratford velocity distribution. As an initial aft profile
we use

y) 1~ (f_:g)m (3.15)

33



34

Numerical procedures and optimized ship hulls

Start, desired and final geometry and velocities. M=100, Mdel=2, Maxiter=8
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Figure 3.8: Inverse design of a 2D body with a large region of constant velocity.

Where T is half of maximum thickness of profile, x is length from bow, b is
the starting point of Stratford distribution along the profile length, and n is
a parameter controlling the curvature of the aft shoulder. Larger m increases
the curvature, and thereby decreases the maximum velocity over the shoulder
Uy, see fig. 3.10. The peak velocity Uy from the calculations from the initial
profile is input velocity in the Stratford distribution shown by dotted lines in
the figure. The peak velocity Uy for the initial profile will converge to a finite
velocity for all values of m of practical interest for us. We have used m = 1.25
for both profiles. The calculations are done with decreasing element length
around the aft shoulder, and the number of elements increased until the value
of Uy converged.

A profile with the shown Stratford distribution gives a very sharp peak velocity
on the aft shoulder, see fig. 3.10. This peak velocity will in theory trigger
the “almost separating” Stratford flow along the aft part of the profile. If
this peak velocity is smoothed then the flow over the shoulder will be more
conservative with respect to separation. There still will be a relatively large
area with Stratford flow. This gives a smoother flow, and will not destroy the
Stratford flow in the aft part radically. The smoothing of the flow is shown
for the final geometries in fig. 3.14 and in figs. 3.15 and 3.17. In the inverse
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design procedure we also set the exit angle of the profile in the transom. The
region of optimization is then from a small distance in front of the aft shoulder
until a small distance from the transom, for instance 5% from transom. The
remaining profile was interpolated by a spline interpolation with the given exit
angle at the transom. This spline interpolation was done for every iteration
cycle.

In fig. 3.9 is a sketch of the design parameters in the optimization procedure.
We set the exit angle for the profile and start of aft shoulder. The curvature
of aft shoulder is given by the smoothing of the PVD over the shoulder, while
the maximum slant angle is indirectly a result of the parameter S.

After the last iteration, the whole profile was smoothed with a smoothing
function. In figs. 3.16 and 3.18 we see the final aft hull geometry in the upper
plot. The slope of the profile is shown in the middle plot. In that plot we
also see the range of optimization region, and the exit angle, arctan(dy/dz) =
arctan(—0.0524) = —3° for Mod B.

The whole inverse design procedure was a fine tuning of values of m, b and
Rn (or ) which gave a 2D profile which converged to the desired velocity
distribution. This was a long and laborious process for each profile. Profile
Mod A and Mod B is optimized with respectively Rn = 7.28%10% and Rn = 40x
10%. We also could have used 3 as the varying parameter in the optimization
process instead of Rn.

As mentioned in sec. 2.2.3, the Stratford distribution is only a weak function
of Rn, and the profiles will be conservative for larger Rn than the design Rn.
The wind tunnel tests in the next chapter are done with Rn = 4 % 10° and
Rn = 6 % 10°. The towing tank tests are done with Rn = 4 % 10 — 16 * 10°.
That means for Mod A the design Rn is like the Rn in the model tests. For
Mod B we have chosen a more radical design, and use a considerably larger
Rn for design. This should give separation during model tests. But due to the
fact that we have smoothed the aft shoulder for a more useful and practical
design, the peak velocity is reduced, and the trigging of the separation after
the shoulder is reduced. This means we can increase the design Rn and avoid
separation for lower Rn. The greater region of the pressure recovery is still
with Stratford velocity distribution.
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Buttock

—==----------—------7- [Exit angle ot
Tt transom stern

Maximum
slant angle

Curvature &/”\

of aft Start of oft
shoulder shoulder

Figure 3.9: Aft hull seen from starbord side. Design parameters of the hull:
exit angle, slant angle, curvature and start of aft shoulder.

3.3.2 Performance of the method

The numerical performance and accuracy of the inverse method is determined
by iteration convergence and grid convergence. The iteration convergence is
checked by comparing the AVD and the PVD from the iterated geometry.

To see if our inverse method is grid convergent, we doubled the number of grid
points, and repeated the computation. Fig. 3.12 shows computed aft profile
for Mod A with M=400, while figs. 3.15 and 3.16 shows the same, but with
M=200. The calculations with M=200 is used as base for design of Mod A,
and we see that by doubling the number of grid points, we still get the same
profile. This shows that our inverse method converges both due to iteration
and due to grid sensitivity.

Table 3.1 shows the iteration history of convergence of the profile shown in
figs. 3.11 and 3.12. The residual is the RMS of the difference between AVD and
PVD. The function count means that the funtion calculating the difference in
AVD and PVD is called up this number of times for every iteration procedure
in the optimization function.
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RnL=7.2866, p=0.66, M=300, m=1.25, b=0.715, U0=1.4389

— — Stratford distribution
1.5 — Initial velocity profile
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XL [-]

RnL=4OE6, $=0.66, M=500, m=1.25, b=0.76, U0:1.5117

— — Stratford distribution
1.5 — Initial velocity profile
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Figure 3.10: Top: Mod A. Bottom: Mod B. Initial geometry and velocity for
2D profile together with Stratford distribution tailored for these initial profiles.
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M=200 M=400
Iter Func- Residual Func- Residual
count count

1 61 0.0395 122 0.0724

2 126 0.009487 248 0.0669

3 191 3.18%10~ 06 374 0.000475

4 256 2.33%10~12 500 2.75%x10~97

5 626 1.79%10~09

6 752 5.91x10~13

Table 3.1: [Iteration history of convergence of profile shown in figs. 3.11
and 3.12.

Inverse problem geometry iterations. Every 10. function count.

u/u

I I I I I
06 0.65 0.7 0.75 08 0.85 0.9 0.95 1
XIL -]

Figure 3.11: Geometry iterations for profile Mod A. M=200. Residual for
final difference in AVD and PVD < 10710, The extent of the iteration is from
x/L =0.65 to /L = 0.95.
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Start, desired and final geometry and velocities.
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Figure 3.12: Calculated aft hull design. M=400
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Figure 3.13: Mod A. Offset values at the aft part of 2D profile, together with
slope and curvature for 2D profile. M=400
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3.4 Calculated 2D profiles with Stratford velocity
distribution

In this section we show the calculated 2D profiles, calculated from the inverse
procedure presented in section 3.3. The detailed iteration history together
with profile before and after smoothing is shown in fig. 3.15 for Mod A, and in
fig. 3.17 for Mod B. The effect of smooting the profiles on slope and curvature
on aft part of profile itself is shown in figs. 3.16 and 3.17. We see that the
curvature of the inverse designed aft profile has a waviness. This calculation
is done with 200 elements. With a higher number of elements, this waviness
gets smaller and smaller, see fig. 3.13 which has 400 elements.

In fig. 3.14 the final smoothed geometry of Mod A and Mod B designed with
a Stratford tail is shown. The bodies are designed with the inverse method
from eqn. (3.14). The fore part of the body is corresponding to the sectional
area curve (SAC) of the ship P-1211 which is the parent hull form used in this
study, and only the aft part of the ship is changed on Mod A and Mod B.
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Final geometry and velocitiy. Base for hull M2573A. M=200, bn:0.715
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Final geometry and velocitiy. Base for hull M2573B. M=200, bn:0.76
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Figure 3.14: 2D tail design which is base for Mod A (top figure) and Mod B
(bottom figure). Flow velocity for 2D profile shown. M=200.
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Start, desired and final geometry and velocities.

or 1.4
1 Velocity for initial geometry < Initial geometry
0.01 : -11.3
« Velocity for final geometry
0.02- —11.2
Final and:smoothed geometry
0.03 111
| : 8
= « Velocity for smoothed geometry g
0.04 -1
0.05 <10.9
Desired velocity T
0.06 - 0.8
0.07 1 1 1 1 1 1 1 0.7
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
x/L

Figure 3.15: Calculated aft hull design of Mod A from iteration procedure.
M=200.
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Figure 3.16: 2D tail design which is base for Mod A. Offset values at the aft
part of 2D profile, together with slope and curvature for 2D profile. M=200.
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Start, desired and final geometry and velocities.
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Figure 3.17: Calculated aft hull design of Mod B from iteration procedure.
M=200.
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Figure 3.18: 2D tail design which is base for Mod B. Offset values at the aft
part of 2D profile, together with slope and curvature for 2D profile. M=200.
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3.5 Design of 3D ship hulls from 2D profiles

In this section we will give a description of the design procedure from 2D
profiles to 3D ship hulls.

3.5.1 Outline of design procedure

In sec. 3.3 we presented the inverse design method which is developed. This
method is now used to optimize the aft part of a given ship hull. In sec. 3.4
we found the 2D profiles which make up the centerline of the new hulls. A
schematic outline of the design procedure is given in fig. 3.19. We start with
the parent hull form, calculate the sectional area curve (SAC) of the ship, and
this SAC curve forms a 2D initial profile. The aft part of this initial profile is
shaped with the inverse design procedure to match a given prescribed velocity
distribution on the aft part of the hull. Further, this optimized aft part will
form the centerline buttock of the new ship, as shown in fig. 3.19. The midship
section is kept and a bilge radius formed for the new aft part of the hull.

Matheson and Joubert [22] and [23] measured local pressure coefficient and
local skin friction around stations on ship forms in a wind tunnel. They found
that the measured skin friction on the ship bottom in the midship range very
much follows the Schoenherr skin friction for a flat plate. This indicates that
the flow on the bottom of this kind of ships are more or less 2D. We have
therefore used 2D profiles to optimize aft part of typically pram type ships.
The hypothesis is that since the flow on the bottom of ships are close to 2D,
we can use a 2D profile to build up the aft part of a pram type ship. This
hypothesis is verified experimentally in the next section where we show the
2D profile of the flow around the ship hulls.

The best would of course be to have a full 3D flow calculation around the ship
hull, and to do this optimization 3D. This requires a lot of data power and
much more work on the optimization method. This would be the next step.
This 2D method shows that an optimization method like this is easy to use
and gives satisfactory results.
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Figure 3.19: Schematic flow diagram of design procedure.
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3.5.2 Drawings and data of ship hulls

Table 3.2 shows the ship data for Mod A, Mod B and parent hull P-1211. The
three following figures show lines drawings of the designed ships Mod A and
Mod B, and the parent ship P-1211.

P-1211 Mod A Mod B
Symbol Unit Parent

Length overall LOA [m] 127.76 127.76 127.76
Length betw. perp. LPP [m] 117.3 117.3 117.3
Breadth moulded B [m] 21 21 21
Depth to 1st deck D [m] 16.948 16.2 16.2
Draught at LPP/2 T [m] 5.296 5.296 5.296
Draught at FP TFP [m] 5.296 5.296 5.296
Draught at AP TAP [m] 5.296 5.296 5.296
Trim (pos. aft) t [m] 0 0 0
Rake of keel [m] 0 0 0
Rise of floor [m] 0 0 0
Length on waterline LWL [m] 126.843 126.848 126.848
Breadth waterline BWL [m] 21 21 21
Volume displacement \Y% [m?] 7860.9 8073.2 8409.2
Displacement D [t] 8097.7 8316.4 8662.6
Prismatic coefficient* Cp -] 0.6403 0.6577 0.685
Block coefficient™ CB -] 0.6026 0.6188 0.6446
Midship section coefficient CM -] 0.941 0.941 0.941
Longit. C.B. from LPP/2 LCB [m] -3.637 -4.253 -5.784
Longit. C.B. from LPP/2* LCB (% LPP] -3.101 -3.626 -4.931
Longit. C.B. from AP LCB [m] 55.013 54.397 52.866
Vertical C.B. VvCB [m] 3.088 3.048 3.014
Wetted surface S [m2] 2944.08 2847.71 2882.78
Wetted surf. of trans. stern AT [m2] 0 0 0
Waterplane area AW [m2] 2213.87 2185.45 2192.97
Waterplane area coefficient CW -] 0.831 0.82 0.823
Longit. C.F. from LPP/2 LCF [m] -10.506 -9.836 -9.998
Longit. C.F. from AP LCF [m] 48.144 48.814 48.652
Immersion DP1 [t/cm] 22.692 22.401 22.478
Trim moment MT1 [t-m/cm] 204.994 195.161 194.163
Transv. metac. above keel KMT [m] 12.306 11.851 11.586
Longit. metac. above keel KML [m] 298.432 276.645 264.232

Table 3.2: Data for ships
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Chapter 4

Model test results

This chapter deals with the experimental verification of the calculated ship
models in the former chapter. In section 4.1 we go into the detailed boundary
layer flow of the ship models. The tests are performed in a wind tunnel. We
measure the boundary layer profile, and calculate boundary layer properties
from these measurements. In section 4.2 one of the two ship models (Mod B)
are tested in a towing tank. These tests will show if our inverse designed ship
models will perform in a basically sound way.

4.1 Results from wind tunnel

4.1.1 Experimental setup and measurement procedures
The models

A sketch of the body geometries used in this study is shown in figures 4.1
and 4.2. Both models are fastened upside-down to the floor in the wind tun-
nel. The models are made of divinycell foam plastics glued to a plywood plate.
The models were machined to the desired shape in a CNC milling machine.
Thereafter they were covered with polyester and sanded to the desired smooth-
ness. The models were sprayed with black paint. When they were finished, the
holes for pressure ports were drilled and copper tubes with an inner diameter
of 1 mm were installed flush with the hull surface. Thin nylon tubes connected
the ports on the hull with the pressure transducer.

o1
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The model scale is 1:47.2. The length of the models are 2.73m. The models
are identical in the fore part of the ship up to mid ship. Mod A has a longer
run from aft shoulder to transom stern than Mod B.

The models are fitted with a 10 mm broad strip of sand glued to the model for
turbulence trigging. The sand has a grain size of approximately 700pm. The
strip of sand is placed 5% of model length (137mm) downstream from the tip
of the bow.

The error in the geometry of the finished models are shown in fig. 4.3. The
models were put upside-down with the design waterline flush on an accurately
flat lofting table. We then measured the draught at stations forwards of AP
and until midship. The measuring equipment had an accuracy of less than
0.0lmm, that means about 0.01% relative error when measuring midships,
and about 0.1% when measuring at AP. From fig. 4.3 we see that the relative
error in geometry is in the order of 0.5 to 1% at all the measured points, except
the station at AP. The error from one point to the neighboring point is also
about 0.5%.

M2573A

0.05

Figure 4.1: Waterlines of model Mod A with ports for static pressure mea-
surement indicated. The figure is dimensionless with respect to total length of
model.

0.05

Figure 4.2: Waterlines of model Mod B with ports for static pressure mea-
surement indicated. The figure is dimensionless with respect to total length of
model.
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Plot of geometry of windtunnel models and designed models
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Figure 4.3: The top figure shows design buttock lines together with measured
draught on wind tunnel models. The bottom figure shows the relative error in
geometry between design and real models.
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4.1.2 The flow facility and measurement techniques

Description of the wind tunnel The tunnel is located at Institutt for
mekanikk, termo- og fluidmekanikk at NTNU in Trondheim. The tunnel is of
the closed return type and the 1.0 x 0.5m test section extends 7m downstream
of the contraction. The maximum free stream velocity in the test section is
about 40m/s. With the ship models in the tunnel, we achieved a maximum
velocity of about 32m/s which gave a Reynolds number of 6+ 10° with respect
to model length.

The tunnel is of the closed return type, and a sketch of the tunnel is shown i
fig. 4.4. The air is propelled round the circuit by a power driven fan. The fan
is turning with constant RPM, and the flow velocity in the tunnel is varied by
pitching the fan vanes.

In every corner of the tunnel there are turning vanes which helps the air deflect
at right angles. The tunnel also has a honeycomb whose function is to smooth
the flow and break up large eddies.

The heat exchanger is located in the upstream corner of the entrance section
as shown in fig. 4.4. During the tests it was possible to manually adjust the
amount of water passing through the heat exchanger, to achieve a constant
temperature in the tunnel.

The free stream turbulence level has been measured by Saetran, [29]. The
longitudial normal stress component u/? was measured with a single hot-wire at
the centerline of the test section, 105mm above the bottom plate and 1570mm
downstream of the inlet of the test section. Table 4.1 shows the longitudinal
turbulence intensity as a function of test section velocity.

The turbulence level presented in table 4.1 fits in a classification which is
regarded as “moderate stream turbulence level”. This level of turbulence is
acceptable for our measurements.

Mean velocity U m/s 15.7 22.5 25.1 28.3 32.5

Turbulence intensity \/uw'2/U % 0.38 0.32 0.33 0.31 0.34

Table 4.1: Turbulence intensity in wind tunnel as function of freestream ve-
locity.

Most of the experiments were done at a free-stream velocity of about 22m/s,
and the rest at 32m/s.
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Figure 4.4: General arrangement of wind tunnel.

Measurement techniques and equipment The free stream velocity was
measured with a pitot tube located at the start of the test section.

The pressure differences were measured with differential pressure transducer
with a characteristic of 61.4 Pa/V, see fig. 4.6. The transducers were linear up
to a pressure difference of approximately 600Pa, which is about 32m/s. For
higher flow velocities a pressure transducer with a characteristic of 1647.8Pa/V
were used. This transducer was linear far beyond the pressure differences
obtained in this study.

The local static pressures on the ship hulls were measured as a pressure dif-
ference between the static pressure in the free stream pitot tube and a port in
the ship hull on the actual location.

The boundary layer velocity were measured with pitot tubes measuring only
dynamic pressure. The outer diameter of the tube was 1.0mm. The pressure
tube was moved normal to the ship surface through the boundary layer, with
a traversing unit. The unit could be traversed with an accuracy of less than
0.01lmm, and was moved manually.

The static pressure in the boundary layer were measured using the pressure
port on the ship hull surface on the actual location. This gave insignificant
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error for measurements on locations with small or no curvature. On locations
with curvature we measured static pressure in the boundary layer, and the
results were compared, see the paragraph “Measurement errors” in the last
part of this section.

A laptop PC with a self-made Labview data collecting program was used for
logging the data and saving to files, see fig. 4.5.

A il"i' If'.

Figure 4.5: A picture of the wind tunnel with a ship model on the floor inside
the tunnel. Pressure transducers, amplifier and data logging equipment is seen
by the table.

4.1.3 Static pressure measurements

The measurements are done on both hulls, Mod A and Mod B. On model Mod
A the measurements were done at Rn = 4 * 10%, and for Mod B with both
Rn = 4%10°% and Rn = 6 * 10%. The results with the two different Rn did not
show any significant difference on the static pressures. It is obvious that the
difference in Rn is too small to give any information about the Rn dependency
of the flow. On the other hand, it is very convincing that the results for the
two independent measurements are close to identical.
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The static pressure measurements are done by measuring the pressure differ-
ence between the static free-stream pressure and local static pressure at the
pressure ports. This pressure difference is divided with the pressure differ-
ence between stagnation and static pressure for the free-stream pitot tube to
achieve the pressure coefficient for the given pressure port.

C = Piocal — Pstat AVvlocfsta,t * 02
Pstag — Pstat AVstag—stat * C

(4.1)

where AVoc—star and AViag—star is the measured voltage difference with pres-
sure transducers. This voltage difference is measured between the given pres-
sures with respectively pressure transducer nr. 2 and transducer nr. 1. These
have calibration factors Cy and Cf.

The ports for static pressure measurements are located on the ship models as
given in the table below and in figs 4.1 and 4.2. There are one row of ports
along centerline of the model. The pressure measurements here are used to
compare with calculations and the results from the inverse program.

Further are the transverse ports used to see the 2D structure of the flow
transversally on the hull, and if there are any longitudinal vortices forming.
The transverse row of ports are located at port nr 110, 100, 80, 60, 40 and 20,
see table 4.2.

Mod A Mod B

Port Distance Distance Distance Distance
nr from bulb from FP from bulb from FP

l’/Ltot l’/Lpp I/Ltot I/LPP
130 0.55 0.565 0.622 0.642
120 0.6 0.619 0.664 0.688
110 0.65 0.673 0.706 0.734
100 0.7 0.727 0.748 0.779
90 0.72 0.749 0.765 0.798
80 0.74 0.771 0.782 0.816
70 0.76 0.792 0.798 0.834
60 0.79 0.825 0.824 0.862
50 0.82 0.858 0.849 0.889
40 0.85 0.89 0.874 0.916
30 0.88 0.923 0.899 0.944
20 0.91 0.955 0.924 0.971
10 0.94 0.988 0.95 0.998

Table 4.2: Location of pressure ports for static pressure measurements.

In figure 4.7 we see the pressure distribution on centerline of Mod A. The
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2D calculated pressure distribution is given to compare with the measured
pressures.

The total pressure distribution on the hull with centerline and transversal
pressures is shown in fig. 4.8. We see that for the first three row of ports,
which is before and on the aft shoulder, the C), values rise from centerline and
to the side of ship. This means there is an acceleration of the flow over the
shoulder. For the next three row of ports the C, values drop from centerline
to side of ship. This means the flow is retarding.

Figs. 4.8 and 4.9 show the same for Mod B. The transversal structure of the
flow tells us that it is fairly 2D, that is the flow lines follow the buttocks on the
ship hull. Mod B has a little bit more difference in C), values from centerline to
ship side than Mod A, due to its shorter aft part and larger base slant angle.
The measurements did not show any Rn dependence, see fig. 4.10.

The relative area blockage As/A, of the small tunnel with the model is 10 %.
In fig. 4.9 we have compared the pressure distribution along centerline for Mod
B in the small tunnel where most of the measurements are done, and the large
tunnel. The difference should be the blockage effects for the small tunnel. In
fig. 4.11 the relative blockage effect is plotted. We see that the velocity over
the aft shoulder is about 7-8 % larger in the small tunnel compared to the
large tunnel. Over the midship section, the velocity is 6 % larger.

The blockage effet will be dealt with further at the end of section 4.1.5.

Measurement errors The static pressure measurements were repeated four
times with reynolds numbers of Rn = 4 % 106 and Rn = 6 * 105, and all tests
were independent of each other. The results are shown in fig. 4.9. Calculations
of 95 % confidence interval gives a precision error of 6 % of the aft pressure
ports, and an error of only 0.5 % of the midship pressure ports. The pressure
ports over the shoulder have even less precision error, 0.2 %. The aft pressure
ports have a larger relative error due to smaller measured pressure values. We
can conclude that the precision error is 0.5% or below for pressure ports from
the aft shoulder and forward.

The bias error of the measurements is a function of error in the calibration of
the pressure transducer and error in the A/D convertion. The voltage range
was +/- 10 V, and a 12 bit resolution gives an error of about 0.05 % if the
measured value is about 10 V. The voltage signal output from the pressure
transducer was magified so that it was more than 5 V, and normally around
10 V.

The pressure transducers were calibrated with an inclined manometer. The
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calibration points are shown in fig. 4.6. We see that the transducers are linear
up to about 9 V. The transducer reach the saturation point at 10 V, and
we did not use the transducer for signals over 9 V. The error in calibration
is due to resolution for the inclined manometer as the readings were done
manually. This resolution in reading the vales are 0.2 mm, and as we could
incline the manometer to have almost maximum deflection (100 mm) for each
measurement, this gave a relative error of about 0.2 %.

The offset was checked and put to zero before each measurement, in case of
drift in the electrical equipment. This potential bias error was then eliminated.

Eq. (4.1) gives the relation between the measured values and the pressure
cofficient which is presented. From the arguments above, we conclude that
the largest contributing factor to the total error of the pressure cofficient will
be the errors in the calibration of the transducers. The pressure coefficient is
calculated from eq. (4.1). The relative error in pressure coefficient can then
be given by

2 2
oCp oC1 0C2 2
—f — —= P, 4.2
e \/(Cl)+(02)+(cp> (4.2)

where o symbolizes errors for the different variables, see eq. (4.1). Further
is Pcp the precision error. The total error for the pressure coefficient is then
about 0.6 % for pressure ports from the aft shoulder and forward, and the
error is up to 6% for the ports most aft.

4.1.4 Measurements of boundary layer velocity

The boundary layer velocity distribution was measured with a pitot tube tra-
versed normally from the hull surface close to a pressure port. A pitot tube
measuring only dynamic pressure was used, it had outer diameter of 1 mm.
The static pressure was given by the pressure port at the wall. This procedure
introduces an error for curved surfaces. Over the shoulder we therefore mea-
sured the BL velocity with a pitot-static tube in addition, due to the fact that
the static pressure will change from a near-wall position to the edge of BL on
a curved surface. When the surface has a small or no curvature, the static
pressure is more or less the same throughout the BL. We therefore can use
the pressure port at the wall for the static pressure measurements for surfaces
with a small curvature. It was a great advantage using the small pitot tube,
because we then could measure the BL velocity closer to the wall. This gives
a better estimate of the wall friction.

59



Model test results

Callibration points for pressure transducers

11

—— Transducer no. 1
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10

Voltage [V]

0 1 1 1 1 1 1 |
0 10 20 30 40 50 60 70
mmEtanol

Figure 4.6: Calibration points for two pressure transducers. The calibration is
done with an inclined manometer with etanol.

Pressure distribution along centerline for M2573A in wind tunnel. Rn|_=4*106
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Figure 4.7: Pressure distribution along centerline for Mod A.
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Transversal pressure distribution for M2573A in wind tunnel. Rr]_=4*106
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Figure 4.8: Transversal pressure distribution for Mod A.
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Pressure distribution along centerline for M2573B in wind tunnel
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Figure 4.9: Pressure distribution along centerline for Mod B.

Mean velocity profiles in the boundary layer are plotted on fig. 4.13 for Mod
A and 4.15 for Mod B. The profiles are plotted on four separate plots for more
clarity. Plot (a) are the profiles for the flat plate flow on the midship sections
upstream of the aft shoulder. Plot (b) shows the profiles over the aft shoulder.
Plot (c) are the profiles for the Stratford flow area, and (d) are profiles for
the exit area. This applies to both the figs. 4.13 and 4.15. Here U, is the
velocity magnitude at the edge of the boundary layer. The profiles have self
similarity on the flat plate flow area (a). On plot (c) in the figures we see that
the profiles have a wake component, and even more pronounced in plots (d).
As the flow progresses along the profile we appear to achieve self-similarity in
the boundary layer flow, see plots (d) in the figures.

Figs. 4.19, 4.20 and 4.21 show streamlines in boundary layer on the plots
on top. In the bottom plots we have calculated du/0dy along the streamlines
from the plots on top. In sec. 2.2.2 we were dealing with the derivation of the
Stratford velocity distribution. In this derivation from Bernoullis equation
we have that du/dy, see eq. (2.30), along a streamline in the outer layer is
constant in a flow with continously zero shear stress at the wall. We have
a modified Stratford distribution on both Mod A and Mod B. Mod B has a
shorter run, and is therefore closer to the continously zero shear stress run than
Mod A. From the bottom plots in figs. 4.19, 4.20 and 4.21 it is very interesting
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Transversal pressure distribution for M2573B in wind tunnel
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Figure 4.10: Transversal pressure distribution for Mod B.
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Relative effect of blockage for M2573B in wind tunnel
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Figure 4.11: The figure shows the relative blocking effects between the
small tunnel and the large tunnel. This is for flow along Cp for Mod B.

Usmalltun/Ulargetun = \/1 - Cp,smalltun/\/l - Cp,largetun

to see that Ou/dy is changing less for Mod B than for Mod A aftwards of
x/Ly, = 0.8. This is according to theory, since Mod B has a shorter aft run
and has less margin to separation than Mod A. It is also interesting to see
the Reynolds number dependency of du/dy by comparing figs. 4.20 and 4.21.
We see that du/0y is changing less for the lower Reynolds number than the
higher in the area from the aft shoulder and aftwards. The difference is small,
but there is a trend, and this is also according to theory, because for a higher
Reynolds number, we have a larger margin to separation.

We were unfortunately not able to measure close enough to the wall to achieve
information about the viscous sublayer. With the thinnest pitot tube which
was practical to use () Imm), we achieved y+ = 2 % 103. To have information
about the viscous sublayer, we should have been able to measure as close to
the wall as y™ < 5.

Measurement errors The hull is highly curved over the aft shoulder. This
means that the static pressure will vary across the boundary layer in the
vicinity of the shoulder. The main boundary layer measurements are done
with a pitot tube without static tube, and we used the static port at the wall
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as static pressure reference. This introduces errors in the measurements of BL
velocity in the vicinity of the shoulder. The reason to use the smaller pitot
tube instead of a pitot-static tube is that it can measure closer to the wall,
and will after all give a better estimate of the BL velocity.

A test was done to measure how the static pressure varied across the BL.
The results are shown in fig. 4.23. The figure shows the error between the
velocity profile how it was measured with pitot-static tube and a pitot tube
will static pressure at the wall as reference. Fig. 4.22 shows log-plots of these
velocity profiles at port #90 which has the largest static pressure variation.
From fig. 4.22 we see that the ports #70-100 (see fig. 4.1 and tab. 4.2) have
the largest error, these are also the ports in the vicinity of the shoulder.

The error in measured velocity profile velocity is about 8% close to the wall,
and 1.5% in the vicinity of the outer edge of the boundary layer. For the
velocity profiles over the curved shoulder, this source of error is larger than
the measurement errors due to pressure transducer etc. which was handled
in sec. 4.1.3. For the velocity profiles on flat surfaces, the errors handles in
sec. 4.1.3 will be the important source of error.

4.1.5 Calculations of boundary layer characteristics

I figures 4.24 to 4.30 we have calculated local friction coefficient, boundary
layer thickness, boundary layer displacement and shape factor for the mea-
surements presented in the former section.

The calculations are done with a fortran program made by P. A. Krogstad.
This program calculates boundary layer thickness, displacement thickness, mo-
mentum thickness, friction coefficient with different methods and wake param-
eters and strength. Boundary layer displacement thickness and boundary layer
momentum thickess are calculated like this

Y u
5, = / 1— —d 4.3
1 i o, W (4.3)

YU u
= Z (1= 4.4
& /0 Ue< Ue> _4 (44

where §7 is the displacement thickness, do is the momentum thickness, u is
the velocity in the boundary layer at a distance y normal to the wall, U, is
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Figure 4.12: The picture on top shows tufts on the surface of Mod A. The
bottom picture shows the same for Mod B. Both runs are done at 22 m/s.
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Velocity profiles along CL for M2573A. Rn=4*106
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Figure 4.13: FEwolution of the mean wvelocity profile along Cr of Mod A.
Rn =4%10° (a) ©/Ly, = 0.565,0.619,0.673; (b) z/L,, = 0.727,0.749,0.771;
(¢) /Ly, = 0.792,0.825,0.858,0.89; (d) =/Ly, = 0.923,0.955,0.988. Plot of
distance from the wall versus BL wvelocity.
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Velocity profiles along CL for M2573A. Rn=4*106
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Figure 4.14: Ewvolution of the mean velocity profile along Cr, of Mod A. Rn =
4 %10 (a) z/Ly, = 0.565,0.619,0.673; (b) z/L,, = 0.727,0.749,0.771; (c)
x/ Ly, = 0.792,0.825,0.858,0.89; (d) z/Lp, = 0.923,0.955,0.988. Logarithmic

plot with dimensionless variables.
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Velocity profiles along CL for M2573B. Rn=4*106
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Figure 4.15: Evolution of the mean wvelocity profile along Cy, of Mod B. Rn =
4 %10 (a) z/Ly, = 0.642,0.688,0.734; (b) z/L,, = 0.779,0.798,0.816; (c)
x/Ly, = 0.834,0.862,0.889,0.916; (d) z/L,, = 0.944,0.971,0.998. Plot of
distance from the wall versus BL wvelocity.
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Velocity profiles along CL for M2573B. Rn=4*106
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Figure 4.16: FEwvolution of the mean wvelocity profile along Cr of Mod B.
Rn = 4% 10% (a) /Ly, = 0.642,0.688,0.734; (b) z/L,, = 0.779,0.798,0.816;
(¢) /Ly, = 0.834,0.862,0.889,0.916; (d) =/Ly, = 0.944,0.971,0.998. Loga-

rithmic plot with dimensionless variables.
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Velocity profiles along CL for M2573B. Rn=6*106
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Figure 4.17: Evolution of the mean wvelocity profile along Cy, of Mod B. Rn =
6 x 105 (a) z/L,, = 0.642,0.688,0.734; (b) z/L,, = 0.779,0.798,0.816; (c)
x/Ly, = 0.834,0.862,0.889,0.916; (d) z/L,, = 0.944,0.971,0.998. Plot of
distance from the wall versus BL wvelocity.
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Velocity profiles along CL for M2573B. Rn=6*106
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Figure 4.18: FEwvolution of the mean wvelocity profile along Cr of Mod B.
Rn = 6% 10° (a) /Ly, = 0.642,0.688,0.734; (b) z/L,, = 0.779,0.798,0.816;
(¢) /Ly, = 0.834,0.862,0.889,0.916; (d) =/Ly, = 0.944,0.971,0.998. Loga-
rithmic plot with dimensionless variables.
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Streamlines in BL on aft part of Mod. A. Rn=4*10°
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Figure 4.19: The top figure shows streamlines in BL of Mod. A. The bottom
figure is a plot of Ou/dy, ref. eq. (2.30) along each of the streamlines shown
in the plot on top. Rn =4 % 106,

the local free stream velocity on the edge of the boundary layer. The integral
is taken from the innermost measurement point to the measurement point in
the free stream. The shape factor is the ratio between §; and Jo

01

Hiy; = —
12 3

(4.5)

Reynolds number of velocity profiles with respect to momentum thickness is

given by
Ucdo

RTL52 == (46)

The friction coefficient is calculated with two methods. In the first method
C/ is obtained by matching data to the law of the wall at (y*,u™). Where

yt = ut == (4.7)

This method is called Clausers method, and is outlined in [43]. The method
is based on equation 4.8.
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Streamlines in BL on aft part of Mod. B. Rn=4*10°
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Figure 4.20: The top figure shows streamlines in BL of Mod. B. The bottom
figure is a plot of Ou/dy, ref. eq. (2.30) along each of the streamlines shown
in the plot on top. Rn = 4 % 105

* *

U v 1. yUe 1. v
—=_—| =1 —In—+B 4.8
U. U, (/@n v +HnUe+ > (48)

where v* is the friction velocity, and v is kinematic viscosity. « and B are
near-universal constants past smooth impermeable walls. The values of x and
B used in the program is given in eq. (2.13).

The method calculated eqn 4.8 with v*/U, = /Cy/2 as parameter. The
closest match of parameters determines the skin friction coefficient Cy for the
actual set of boundary layer velocities v and distance from the wall, y. The
skin friction coefficient is defined by

Tw

Cp=—12_
I~ 17202

(4.9)

where 7, is wall shear stress.

Further the friction coefficient and wake strength are calculated by a least
squares fit to the law of the wall. This method is due to van Driest [37]. The
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Streamlines in BL on aft part of Mod. B. Rn=6+10°
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Figure 4.21: The top figure shows streamlines in BL of Mod. B. The bottom
figure is a plot of Ou/dy, ref. eq. (2.30) along each of the streamlines shown
in the plot on top. Rn = 6 % 10°
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Figure 4.22: Error in BL velocity using pressure port on wall as static pressure
reference instead of static pressure from pitot static tube. Mod A. R, = 4%10°
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Comparison between BL velocity profiles at port #90 for M2573A. Rn=4’k106
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Figure 4.23: Comparison between BL wvelocity profiles using pressure port on
wall as static pressure reference (line with dots) instead of static pressure from
pitot static tube (solid line). Mod A, port #90 (x/Ly, = 0.749). R, = 4x10°.

theory gives a continuous velocity and shear distribution for turbulent flow
near a smooth wall. The theory is based on Prandtls mixing length theory.

From the calculations of local friction velocity we see that the difference be-
tween the results from the two methods is relatively small.

It is astonishing how well the results of skin friction from measurements cor-
responds with the 2D calculations, see fig 4.24, 4.26 and 4.28. Wee see that
in the aft part of the ship the end effects are pronounced. The 2D calculations
are based on a momentum integral method, and the method is described in
[38]. For the 2D calculations we have put together the ships SAC for the fore
part of the ship, and the centerline buttock for the aft part. This is oulined
in section 3.5.1.

The Schoenherr skin friction line for local friction coefficient for flat plate flow
is also shown in the plots for comparison. This is calculated with the bow point
as the start of the plate. This relation holds for incompressible low-speed flow,
and is derived in [40]

= 4.15log(Rn,Cy) + 1.7 (4.10)

1
VCy



4.1.  Results from wind tunnel

where C is local skin friction coefficient and Rn, is local Reynolds number
from start of plate. A similar formula which gives the same results is given in
[25].

The agreement with both the measurements and the 2D calculations is good
in the midship range. This is also what Matheson and Joubert found, [22] and
[23]. This indicates that the flow on the bottom is rather 2D in the midship
range.

Figs. 4.25, 4.27, 4.29 and 4.30 shows calculated boundary layer characteristics
from measurements and 2D momentum integral calculations. Here the results
from measurements are a little higher than the calculated results for §; and
d2. That could be due to the turbulence trigging arrangement. We maybe
should have used finer grain of sand and a narrower band for the turbulence
stimulation. This could have produced a thinner boundary layer. We see from
the figures that the curves have a very similar behaviour for the two hulls.
There is good agreement of the results up to «/Ly, = 0.9, and after that the
end effects are pronounced, and gives diverging results. In fig. 4.30 the results
for two different Reynolds numbers are given.

In fig. 4.26 we have calculated local friction coefficient and corrected for the
blockage effect. That means the measured velocity profiles for each section
is multiplied with the inverse of the relative blockage from fig. 4.11. The
new reduced velocity profiles is then input to the BL calculation program
mentioned at the beginning of this section, and the new results are given as
stars in fig. 4.26. By comparing the results with blocking with those corrected
for blocking we see that even though the blocking effect has a large impact
on the pressure coefficient, it has relatively small impact on the local friction
coefficient. At section #80 (aft shoulder) the relative difference is 1.7 %. For
the boundary layer displacement and boundary layer momentum thickness the
difference was close to zero for all sections. We therefore conclude that the
blockage effects due to the ship models acceleration of the flow over the model
is not influencing our results severely.

4.1.6 Measurements of wake

In figs. 4.31, 4.32 and 4.33 the axial velocity in the propeller plane is measured.
The wake shows a satisfactory 2D structure transversally. Along the center of
the ship there is a larger wake. This is due to vortices forming from the bulb.
We could see this by moving a stick with woolen tuft into the center area of
the ship. The flow was smooth and nice away from the center, but when we
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Local friction coefficient of M2573A, calculated from velocity profiles. Rn=4*10°
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Figure 4.24: Local friction coefficient calculated from boundary layer measure-
ments on Mod A.
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Figure 4.25: Calculated boundary layer characteristics from measurements on

Mod A.
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Local friction coefficient of M2573B, calculated from velocity profiles. Rn=4*10°
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Figure 4.26: Local friction coefficient calculated from boundary layer measure-
ments on Mod B.
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Figure 4.27: Calculated boundary layer characteristics from measurements for
Mod B.
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Local friction coefficient of M2573B, calculated from velocity profiles. Rn=6+10°

35

10° [1]
N
o

15

Friction coefficient, C

— Cf" mom. integr. calc, 2D
05H o C,, Clauser

- C"

- Sch‘oenhevr Ski‘n friction co‘eﬁ

0 I I I
0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
Distance from FP, ><ILpp -1

Figure 4.28: Local friction coefficient calculated from boundary layer measure-
ments on Mod B.
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Figure 4.29: Calculated boundary layer characteristics from measurements on
Mod B.
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moved it to the center, the tufts started to flutter some. The effect is not
very pronounced, but could be observed. In fig. 4.33 we have done the wake
measurements with a center skeg. By comparing figs. 4.32 and 4.33 we see
that the skeg is influencing the wake in the measured area to a small extent.

Axial velocity in wake of M2573A. Section 1/4
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Figure 4.31: The contour lines show the azial velocity of flow relative to ship

velocity in the propeller wake. Mod A without skeg.
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Axial velocity in wake of M2573B. Section 1/4
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Figure 4.32: The contour lines show the azial velocity of flow relative to ship
velocity in the propeller wake. Mod B without skeg.
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4.2 Results from towing tank

4.2.1 The towing tank facility and measurement techniques

The towing tank is located at NTNU in Trondheim. The tank is 260 m long,
10.5 m wide and 5 m deep for the first 175 m of test length, and 10 m in the
rest. The carriage has a maximum test speed of 8.3 m/s, and an acceleration
of 1 m/s%.

The ship model in the towing tank also had ports for static pressure measure-
ments at the same locations as the model in wind tunnel. We are then able to
compare the static pressures from towing tank with those from wind tunnel
on the same hull.

All static pressure differences were done with port #130 as reference, see ta-
ble 4.2. That means we only have pressure differences relative to this location,
not relative to free stream velocity, as in the wind tunnel measurements. It
was assumed that the static pressure at port #130 which is around midship,
relative to free-stream static pressure was the same for the wind tunnel model
and the towing tank model. This will be commented further.

The tests were done with the ship model free to trim and sink, and tests with
the model locked to the carriage. With the model free, towing force, trim,
sinkage and static pressures were measured. With the model locked, only
static pressures were measured.

In the towing tank only the Mod B was tested, not Mod A. For the towing
tank tests this model is named M2574, and this is the same hullform as Mod
B.

4.2.2 Measurements of wave resistance, trim and sinkage

With the model free to sink and trim, we measured towing force, trim and
sinkage in a speed range of Froude numbers from 0.1 to 0.4. This corresponded
to from 7 knots to 29 knots. The model was towed at small velocities so that
we could use Prohaskas method to calculate the form factor of the model,
see fig. 4.39. The form factor k, was estimated to be 0.15. The measurements
below Fn=0.17 are inaccurate. This inaccuracy has several reasons. First of all
we may have considerable laminar flow on the hull surface aft of the turbulence
trigging sandstrip. Second reason is a wet transom stern, and an aft hull wave
which do not separate from the transom, but which is stowing up just at
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transom, see picture on top in fig. 4.36. A third reason to the inaccuracy
at low velocities is oscillations in towing force for Froude numbers below 0.2.
That is because the ship model, force transducer and flow around the model
behaves like a mass-spring-damping system with relatively small damping.
In the mass-spring-damping system we probably have underdamping, which
means the damping of the system is small compared to the mass and spring
constant of the force transducer. We maybe could have solved this problem
by using a force measuring equipment which had a smaller spring constant.
This could have given us an overdamped system, and the oscillations could
have been smaller.

Fig. 4.37 shows wave resistance coefficient, C,, with respect to Fn. In the
calculation of ', from measurements we have used a form factor of k=0.15,
found from Prohaska/Inuis method.

If we compare the pictures of wave formation for Fn=0.28 to Fn=0.40 in fig.
4.35, which is a zoom of fig. 4.34, it is interesting to notice that the wave
formation in the shoulder area is largest for Fn=0.31. The waves along the
aft part of hull decreases for higher Fn, and also for the lower Fn compared
to Fn=0.31. We also see that for the Fn shown, the aft trough of the wave
along the ship does not coincide with the aft shoulder which is situated around
station 2, see fig. 3.21. If the aft shoulder were coinciding with the aft trough
of wave, we should have redesigned the aft hull to avoid this to happen. The
flow acceleration over the aft shoulder will probably contribute significantly
to the wave formation from the aft hull, but the effect is largest if a trough
from the overall hull wave coincides with the aft shoulder.

The pictures in fig. 4.36 shows stern view of vessel at three diffrerent Froude
numbers. For Fn=0.28 the transom stern is still wet. At Fn=0.31 it just
separates, and at Fn=0.37 the transom is dry. As we see from fig. 3.21 the
centerline buttock at the stern meets the transom stern at the waterline. This
means there is no wet transom area at rest, and the transom stern drag will
be small.

In fig. 4.37 we have calculated wave resistance coefficient from the resistance
measurements. We have used eq. (2.7) to calculate Cyy. The air resistance
coefficient for the ship model is estimated to be 7.0+ 1075, taken from Hoerner
[12].

The transom stern drag can be calculated by integrating the hydrostatic force
“missing” on the dry transom stern (D’Alemberts paradox). This only applies
when the transom is dry, that is for speeds beyond Fn=0.3 for this vessel.
The vessel has a sinkage for all speeds at the stern, and the higher the speed,
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the larger the sinkage. If we approximate the transom stern to be rectangular
with ship breadth and sinkage given, the transom stern drag cofficient is given

approximately by
2
gB (H
Cpp="—7%|— 4.11
BD =75 < i ) (4.11)

Where H is sinkage at transom stern. At Fn=0.4, the sinkage is 54 mm, and
the transom stern drag will be 1.0x10~%. When we compare both air resistance
cofficient and transom stern drag coefficient to wave resistance coefficient in
fig. 4.37, we see that these are negligible.

Fig. 4.38 shows the sinkage and trim of the full scale ship, calculated from
sinkage at FP and AP in the model tests.

Measurement errors In [10] and [27] Mo-Qin He et al. has a description
of uncertainty analysis of towing tests. They divide the error sources into four
parts according to measurement systems and conditions:

Model geometry
e Carriage speed

Resistance

Water temperature

Each of these items have individual variables that have bias and precision
errors.

The models were manufactured with an error allowances of less than 0.1%.
The carriage speed is measured with a higly accurate method. The water
temperature were measured every day, and changed very little during the
tests.

The resistance is measured with a force transducer, and the bias is a product
of bias from transducer, bias from amplifier and from A/D converter. The
bias from resistance measurements is less than 1% according to Marinteks
specifications.

IITC handles uncertainty analysis for resistance tests in [17]. An Excel spread-
sheet is attached to this manual, and this spreadsheet is used to estimate the
uncertainty for these towing tests.



4.2. Results from towing tank

Input to the spreadsheet is measurements accuracy of thermometer, model
length, breadth and depth accuracy, errors in model speed measurement like
AD/DA conversion error. These errors form the error for the total resistance
measurement, and further for wave resistance coefficient.

The error in model resistance measurements were about 0.5%, and consists
mostly of bias error due to transducer calibration. The total resistance coef-
ficient error is calculated to be 0.6%. This error consists half and half of bias
error due to speed and bias error due to resistance measurement.

The error in form factor & is estimated to be 0.02. This gives a relative error
of about 7-8%.

The error in wave resistance coefficient is 2.5%, and consists of bias errors due
to total resistance coefficient, form factor and frictional resistance coefficient.
The two former errors are about equal, and much larger than the latter.

In this error estimation we have not taken into account the problems we faced
for low Fn (below 0.18) mention above. The estimation of error below this
limit is difficult, because we are dealing with unstable and unpredictable flow
phenomenon.

4.2.3 Measurements of static pressure on ship hull

The pressure distribution on centerline of ship model is shown in fig. 4.40. The
top figure is for ship free to trim, and the lower figure for ship locked in trim.
Pressure port #130 was used as reference pressure for all the other pressure
ports. This makes us only able to see the relative pressure between the ports,
and not relative to free stream as in the wind tunnel. On second thoughts
we should have used a free stream pitot tube to have the absolute pressure
on the ports, and not only pressures relative to port #130. We see that in
the aft part the measurements from the small wind tunnel diverges from the
other measurements. This is due to blockage effect in the small tunnel. The
measurements in the large tunnel agrees well with the towing tank results. In
the shoulder area it seems that the wave formation for higher Fn gives lower
pressure. From pictures of the towing tests we see there is a wave trough just
aft of the shoulder area. It is evident that the lower C), values at Fn=0.28 in
the shoulder area is due to the larger wave formation for this velocity compared
to Fn=0.37 and 0.15.

Another interesting result is that there is no significant difference in C), for
ship locked in trim compared to ship free to trim. That means change of trim
have a negligible effect on the flow in the aft part.
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Figure 4.34: The figures show side view of Mod B. From left to right: 19.1 kn
(Fn=0.28), 21.1 kn (Fn=0.31), 25.1 kn (Fn=0.37) and 28.8 kn (Fn=0.40).
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Figure 4.35: Zoom of side view of Mod B. From top to bottom: 19.1 kn
(Fn=0.28), 21.1 kn (Fn=0.31), 25.1 kn (Fn=0.37) and 28.8 kn (Fn=0.40).
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Figure 4.36: The figures show stern view of Mod B. Top:19.1 kn (Fn=0.28).
Middle: 21.1 kn (Fn=0.81). Bottom: 25.1 kn (Fn=0.537)



4.2. Results from towing tank

x10° Wave resistance coefficient for Mod B. 1+k=1.15

-1

N Yo

N wn w o
T T T T

Wave resistance coefficient, C

=
&)
T

0 1 1 1 1 1 1 1 ]
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Froude number, Fn [-]
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Figure 4.39: Prohaska/Inuis method to find the value of formfactor (1+k) on
measurements of wave resistance of Mod B.

In figs. 4.41 and 4.42 we have presented the pressure distribution on the ship,
both free to trim and locked in trim. Also here we see there is no significant
difference in C), for the two cases. The Fn dependency is a little bit stronger
on the ship side than to the center, which is to be expected due to larger wave
formation at intermediate Fn.
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Pressure distribution for ship free to trim, M2574
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Figure 4.40: Pressure distribution on centerline of Mod B. Measurements from

towing tank and wind tunnel.
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Pressure distribution for ship free to trim, M2574
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Figure 4.41: Transversal pressure distribution for Mod B. Ship free to trim

and sink.
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Pressure distribution for ship locked in trim, M2574
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Figure 4.42: Transversal pressure distribution for Mod B. Ship locked in trim
and sinkage.
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Chapter 5

Results from calculations and
towing tests of a coastal
tanker

This chapter presents a practical application of the developed theory. The
author was fortunate to be a part of a commercial ship development project
run by a consultancy firm, Rolls Royce Marine, Nord-Vest Consult. There were
designed three hull forms, one conventional designed by the consultancy firm,
and two hulls where the aftbody of the hulls were designed by the developed
optimization technique presented in this thesis.

CFD calculations for all three hulls were done by CFDnorway. This is a
small consultancy firm specialized in aerodynamics and hydrodynamics. Both
viscous ship flow and free surface non-viscous calculations were done. This is
presented in section 5.2.

On the basis of the ship calculations it was decided to build a ship model of
hull alt. 3 and test this model in the towing tank at Marintek. These results
are presented in section 5.3.

5.1 The hulls of the coastal tankers

In fig. 5.1 hull alt. 1 is the conventional hull. It has straight buttock lines in
the aftbody.
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Aft part of hull alt. 2 and 3 is designed with the optimization program. Hull
alt. 2 has the shortest run from aft bottom shoulder to transom stern. The
wetted transom is the same for hull alt. 1 and alt. 2. Hull alt. 3 has larger
wetted surface at transom stern due to the larger immersion of the transom
stern. From fig. 5.10 we see that the transom is wet for hull alt. 3 with a ship
velocity of 13 knots. The same will apply for hull 1 and 2.

All tree hulls have a V-shape at the transom stern of approximately 14°, see
fig. 5.2. The optimization theory of this thesis is first of all meant for hulls with
flat transom, but introducing V-shaped transom stern only means a smaller
angle from the aft knuckle at the bottom to the transom stern at the centerline
of the ship. The “Stratford flow profile” is the buttock 5 m from centerline.
At this buttock the bilge curvature starts. This means that buttocks closer to
the centerline have more conservative run. This design method can of course
be questioned. But if we take a look at fig. 5.3, we see that for alt. 3 the wall
friction lines on the bottom of the ship are fairly parallell to centerline.

The fore part of the three ships are not identical. They have a slightly different
bulb form. This influences the wavemaking resistance to a certain extent.

5.2 CFD calculations

The CFD calculations are performed by CFDnorway, with their in-house soft-
ware. The method used for the solution of the incompressible Reynolds-
averaged Navier-Stokes (RANS) equations is a finite volume method based on
central differences in space co-ordinates and an explicit Runge-Kutta method
for the integration in time [44]. The method starts from an initial field which
is marched in time until a stationary condition is reached. At this stationary
condition is the conservation equations for mass and momentum satisfied. The
time step is calculated locally in each control volume to increase the rate of
convergence. The k-epsilon model was applied for the generation of turbulence.

The flow solver facilitates multi-block grids with a general and flexible speci-
fication of boundary conditions. The cell centred finite volume discretisation
stems from the integral form of the Navier-Stokes equations which describes
conservation of mass and momentum when viscous forces are neglected.

5.2.1 Geometrical modelling and surface mesh of the ship hulls

The hulls are modelled with a surface mesh which has a finer resolution in
the bow part and aft part than midship. Around the hull a volume grid of



5.2. CFD calculations

HULL ALT. 1
12
10
8
6
i 4
2
i —
—~ )
-1 0 L 2 3 4 5 6 7 8
AP B0 Z 6% m e oreer
Towl = 6.00 m
HULL ALT. 2
12
10
8
6
] 4
| S 2
‘ 0
-1 0 L 2 3 4 5 6 7 8
AP B0 Z 6% n e e ™
Towl = 6.00 m
HULL ALT. 3
12
10
8
6
] 4
2
e —
0
-1 0 1 2 3 4 5 6 7 8
AP B0 Z 165 n AR
Towl = 6.00 m

Figure 5.1:

Buttocks of hull alt. 1 (top), 2 and 3 seen from starbord side.
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Figure 5.2: Body plan of hull alt. 1, 2 and 3 seen from aft.

2 million control-volumes are stretched such that the velocity gradients are
resolved sufficiently.

5.2.2 Discussion of results

The above mentioned method was used to calculate the flow field around the
ship hulls. Two Azipull thrusters are mounted for propulsion. The Reynolds
number based on ship lenght at a ship velocity of 12.5 kn is about 5 * 108.

The calculations are done without propulsion on the thrusters.

Further it was done calculations with free surface which includes wave re-
sistance at velocities 10.5, 11.5, 12.5 and 13.5 kn. These calculations were
non-viscous.

Fig. 5.3 shows a calculation of the distribution of pressure coefficient and wall
friction lines under the aft part of the three different hulls. We clearly see
that hull alt. 2 has a much sharper bottom shoulder from the dark blue color,
which means large flow velocities. Hull alt. 3 has the smoothest bottom
shoulder, and lower flow velocities over the shoulder which gives less pressure
forces trying to trim the vessel. We also see that hull alt. 3 has larger flow
velocities in the aft departure. This is supposed to give a lifting effect of the
aftbody of the vessel, and also reducing the waves generated by the aftbody
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of the vessel. In [8] Yamano shows how the design of the stern form effects
the generated waves, and thereby the wave resistance. He concludes that this
kind of S-shaped aft run have superior hydrodynamic performances in energy
savings, maximum speed and following waves compared with a conventional
stern form.

In fig. 5.1 we see that hull alt. 1 has the largest buttock angle close to transom,
ca 12.5° with horizontal at the centerline, alt. 2 has ca 10° and alt. 3 has only
ca 7.5°. Figs. 5.5, 5.6 and 5.7 shows the wave pattern from the three hulls
at three different vessel speeds. We see that hull alt. 3 has significantly lower
stern waves than alt. 1 and 2. Alt. 2 also has lower stern waves than alt. 1.
Clearly this is due to the buttock angle in the stern, and the “S”-form of the
bottom of the aftbody.

From the calculated pressure distribution and wall friction lines in fig. 5.3 we
see that the flow is more or less parallell for hull alt. 1 and 3. For hull alt. 2,
the flow is more 3D, especially between the pods where the flow is converging
towards a separation line. This is due to that hull alt. 2 has the largest stern
slope, exceeding what would be recommended for this kind of vessel due to
unfavourable 3D flow effects.

Table 5.1 shows calculated viscous pressure resistance coefficient and frictional
resistance coeflicient. It is interesting to see that both hull alt 2 and 3 have
lower viscous pressure resistance than hull alt. 1. The difference in frictional
resistance is only marginal. Due to the fact that our design objective was to
reduce the frictional resistance and at the same time have a fuller aftbody,
we have succeeded. The viscous pressure resistance is significantly lower for
the two “optimized” hull, alt. 2 and 3, while the frictional resistance is only
marginal lower.

Hull Cyp * 10° Rel. alt.1 Cr * 103 Rel. alt.1
] in % -] in %

Alt. 1 0.57 - 1.50 -
Alt. 2 0.53 -7.0 1.49 -0.7
Alt. 3 0.49 -14.0 1.49 -0.7

Table 5.1: Calculated viscous pressure- and frictional resistance coefficients.

Table 5.2 shows calculated wave resistance coefficient for the three hulls at
vessel speeds 12.5, 11.5 and 10.5 kn, as well as the total resistance coefficient.
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This is calculated by summing the non-viscous wave resistance with the viscous
pressure resistance and frictional resistance calculated with the viscous CFD
routine. Hull forms 2 and 3 show here a significantly lower wave making
resistance. The total resistance is 7.1 % lower for hull alt. 3 than alt. 1 at
12.5 kn.

Hull Vs Cy 103 Rel. alt.1 Cr103 Rel. alt.1

[kn] -] in % [-] in %
Alt.1 12.5 1.03 - 2.67 -
Alt.2 12.5 0.892 -13.4 2.55 -4.5
Alt.3 12.5 0.844 -18.1 2.48 7.1
Alt.1 11.5 0.968 - 2.60 -
Alt.2 11.5 0.869 -10.2 2.52 -3.1
Alt.3 11.5 0.869 -10.2 2.51 -3.5
Alt.1 10.5 0.894 - 2.53 -
Alt.2 10.5 0.855 -4.4 2.51 -0.8

Table 5.2: Calculated wave resistance and total resistance coefficients for the
three hulls forms at different vessel speeds.
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Figure 5.3: Distribution of pressure coefficient and wall friction lines on ship
surface for hull alt. 1 (top), 2 and 3. Without thrust.
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Figure 5.5: Wawve pattern at 11.5 kn. Figure on top shows hull alt. 1 over
centerline and hull alt. 2 below centerline. Bottom figure shows hull alt. 2
over centerline and hull olt. 3 below centerline. Note different scaling on the

two figures!
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Figure 5.6: Wave pattern at 12.5 kn. Figure on top shows hull alt. 1 over
centerline and hull alt. 3 below centerline. Bottom figure shows hull alt. 2
over centerline and hull alt. 3 below centerline.
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Figure 5.7: Wave pattern at 13.5 kn. Figure on top shows hull alt. 1 over
centerline and hull alt. 2 below centerline. Bottom figure shows hull alt. 2

over centerline and hull alt. 3 below centerline.
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5.3 Towing tank tests

Due to the encouraging results from the CFD calculations it was decided to
proceed with towing tank tests with hull alt. 3. This hull has the characteristic
S-shaped aft run like alt. 2, but has a longer run from aft shoulder to transom
stern. Hull alt. 2 showed the best hydrodynamic performance with respect to
viscous resistance and wave making resistance of the three. It must of course
be mentioned that the bow part of the three vessels are a little different from
each other, but we believe that the trend clearly shows that hull alt. 3 would
be a reasonable choice. The towing tank tests were performed at the towing
tank facilities at Marintek in Trondheim.

From the resistance plot, fig. 5.8 we see that the Hollenbach empirical for-
mula [13], is in very good agreement with the towing tank tests. It is also a
relief to see that the towing tank results gives a little lower resistance than
the Hollenbach predictions. This indicates that the our hull lines are better
than most other ships with the same main dimensions. The CFD calculations
underestimates the resistance, especially for larger velocities.

In fig. 5.8 the resistance is calculated with Waveres, which is an in-house
software at Marintek. This is a linear potential flow panel method program
with a non-linear correction in the bow region. Waveres slightly overestimates
the resistance when compared to towing tank results, and it underestimates
sinkage and trim, see fig. 5.9.

Fig. 5.10 shows pictures of the wave formation at the bow part and aft part
of the model. As from hull Mod B in the former chapter, we see that the aft
hull wave formation is quite small. It is evident that we gain a wave damping
effect from the aft hull due to the S-shaped form. The Froude number here is
0.24.
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Chapter 6

Discussions and
recommendations for further
work

6.1 The ship hulls designed

In section 3.4 we used the inverse geometry design procedure to find two
2D profiles which are basis for the 3D ship hulls in section 3.5. The two
profiles had different lengths of the run from aft shoulder to transom stern.
When optimzing the 2D profiles, we changed the parameters 5 (or Reynolds
number), see fig. 2.3, the parameter m in eq. (3.15), start of shoulder and exit
angle of keel line at the stern. Fig. 3.9 shows a sketch of the parameters to
vary. Mod A and Mod B was designed with the model scale Reynolds number
(4%105). The parameter 8 was set to 0.66, which means an ordinary Stratford
flow, non-conservative for the model scale. The flow will be conservative at
full scale, see again fig. 2.3 since the Stratford flow has larger margin before
separation at higher Reynolds numbers.

The profiles for hull alt. 2 and alt. 3 in chapter 5 were designed at full
scale Reynolds number (4.6 x 10%), and with 8 = 0.7. We then changed the
parameters m and the position of start of aft shoulder to achieve a converged
optimized profile. The exit angle at the transom was set to 14.5° for alt. 2 and
12° for alt. 3. The parameter m decides the curvature over the aft shoulder.

A small value of m (typically 1.2) gives a large curvature and a large peak
velocity Uy over the aft shoulder. A large value of m (typically 1.4-1.5) gives
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a smoother curvature, and a smaller peak velocity. A larger value of m also
give acceptence of a larger value of 3, due to the smooting of the aft shoulder.
At last, we changed the posistion of the aft shoulder to fine-tune the profile
to achieve a perfect fit at both ends for the optimization length. The length
of optimization was from just forward of the shoulder and aft to 95% of the
total length of the profile. We could use the whole length of the profile, but
that gave an inappropriate large use of calculation capacity. It was also an
advantage to input the exit angle at the transom stern to the optimization
process.

We should notice here, that by smoothing the aft shoulder, we could increase
B. Increasing 8 means we are making a more radical Stratford flow, but at the
same time smooting out the shoulder decreases the trigging of the separation
over the shoulder, which implies that it is acceptable to increase f.

The length of the run from the aft shoulder to the transom stern should not be
too short, that means the angle of the slanted surface has a maximum. A large
angle can form longitudinal vortices because of the accelerated flow velocities
over the aft shoulder and separation of the flow. The larger the slanted angle,
the higher the flow velocities will be, see figs. 6.1, 6.2 and 6.3. Extensive wind
tunnel testing on cars with fastback, see [1], [2], [3], [14] and [26] shows that
for slant angles less than 10° the flow over the aft run is nice and smooth. For
slant angles between 10° and 15°, longitudinal vortices are starting to form,
and at a slant angle of 25°, these two longitudinal vortices are strong, and gives
a strong downwash behind the car. Fig. 6.3 shows an illustration from wind
tunnel tests of the surface flow on a car with two different slant angles. These
results can not necessairily be used for our ship hull form design, but they
give an indication of the limiting slant angles for the aft part of a streamlined
body to avoid separation over the side edge. To the authors knowledge there
has not been done a study of this aspect on pram-type ships.

For the models in section 3.5.2, Mod A and Mod B, we ended up with a slant
angle of approximately 10°, see fig. 3.16 for Mod A, and about 11 — 12° for
Mod B, see fig. 3.18. This should be inside the recommended slant angles. The
tuft tests, see fig. 4.12 did not show any sign of longitudinal vortices forming.
The transverse pressure measurements, figs. 4.8 and 4.10 shows that the flow
accelerates close to the side edge for the first two sections after the shoulder,
thereafter the flow decelerates. This effect is slightly more pronounced on Mod
B than Mod A, which is to be expected since this model has a larger slant
angle.

As we have seen from the results in chapter 5, a pram-type ship with the
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Figure 6.1: [llustration of three dimensional flow pattern with separation over
aft part of hull. From [26].
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Figure 6.2: Illustration of surface flow lines over aft part of hull. From [26].
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Figure 6.3: Surface flow over aft part of cars with fastback. The car on top
has a slant angle of 5°, and the bottom car has 15° slant angle. From [2].
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characteristic S-shape seem to have a damping effect on the generated waves
from the aft ship. Hamaéldinen et al has the same findings in [11].

For a further study it would also be interesting to investigate the wave making
resistance with different slant angles of the aft bottom run. It would be quite
straightforward to link a wave making calculation code with our optimization
routine. We then could calculate hull lines which were optimized with respect
to wave making resistance. As a concequence of the findings in chapter 5 it is
evident that the potential reduction of wave making resistance is larger than
the potential reduction of frictional resistance. On the other hand; the viscous
flow point of view is vital for an understanding of the 3D flow over the aft
hull.

The hull forms in chapter 5 have V-shaped sections in the aft part. This will of
course give a more three dimensional flow picture than a flat shaped pram-type
aft ship. For the optimization process we chose the buttock where the transom
meets the DWL. That means the buttock which have zero submerged draft at
the transom. This buttock were optimized in the 2D optimization process, and
the other buttocks for the aft ship were multiplied with a factor to achieve the
V-shaped sections. This is of course even less accurate in terms of Stratford
flow than for the flat pram-type ship, but still gives the favourable S-shaped
buttocks. From fig. 5.3 we see that the streamlines more or less follows the
buttocks for hull alt. 3. For alt. 1 and 2, the flow seems to have a slightly
more pronounced 3D structure.

From fig. 5.3 we also see the typical flow structure over the ship side edge
where a weak longitudinal vortex is forming. This is more pronounced on alt.
1 and 2 which have larger slant angles than alt. 3, respectively 16° and 18°
compared to 14° for alt. 3. It seems that the lines layed down by the research
on fastback cars are reasonable guide lines for the slanted angle for the aft
part of pram-type ship hulls. They recommend not to exceed 15° to achive a
relatively smooth flow with no strong longitudinal vortices forming. From our
results we see that alt. 1 and alt. 2 have an area with converging streamlines
between the pods and the side edges. These converging streamlines could
indicate a reattachment line due to a longitudinal vortex forming from the
side edge. Alt. 3 seems to have less converging lines in the same area. Fig.
5.4 which shows transverse velocity vectors indicates that a vortex is starting
to form for alt. 1 and alt. 2. The cut is 3.3 m upstream of AP. We see that in
the vicinity of the bilge, the flow vectors for alt. 1 and alt. 2 are larger than
for alt. 3. This makes sense due to the stronger converging lines aft of this
cut indicated in fig. 5.3.
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Due to these results and results from fastback cars, it would not be advisable
to design pram-type ships with slanted angles exceeding 15°.

The method and routine used for the CFD calculations are partly presented
in the PhD thesis of I. Oye, see [44]. A. Ostman is currently finishing his
PhD where he has extended the work of ye to be applicable to ships. The
calculations presented in the former chapter were done with separate viscous
flow with the vessel in infinite fluid, and non-viscous flow with free surface.
Fig. 5.8 shows the calculated results compared with the towing test results. We
see that the CFD calculations give significantly lower results than the towing
tests. This is of concern, but the relative difference in resistance between the
three ship hulls will probably be more or less correct. The flow picture which
is calculated will give a good view of the reality.

6.1.1 Pros and cons of the ship hulls designed

The inverse design method we have examined gives the possibility of designing
ships with a larger displacement for the same powering performance.

The block coefficient of Mod B is 0.64, and the parent ship has C'p = 0.60,
see tab. 3.2. In the book of Watson [39], we can find a relationship between
block coefficient and deadweight/displacement ratio, Dwt/Disp. For Mod B
we find that Dwt/Disp=0.69, and for the parent ship we get Dwt/Disp=0.64.
The deadweight for Mod B is then 5977 tons, and for the parent ship 5182
tons. This means Mod B can carry about 15% more cargo than the parent
ship according to this relationship.

The LCB position of our Mod B is 4.9% aft of midship. The designed ships
have LCB radically more aft than the “optimum range” presented in [39],
which for Mod B would be 1-2.5% aft of midship. He writes that the lines of
a twin-screw ship almost entirely can be designed with respect to minimizing
resistance of bare hull, and not so much on flow to propeller like for single-
screw ships. Since our inverse design method first of all is for twin-screw ships,
and we have optimized with respect to resistance, we can accept a more aft
LCB than recommended. He also writes that the optimum LCB is further aft
for twin-screw ships than for single-screw ships. We are therefore confident
that our ships will behave well although they are not in the range of optimum
LCB position.

The designed hulls in sec. 3.5 provides about 20% shorter exposed propeller
shafts for Mod A, and 30% shorter exposed propeller shafts for Mod B than
for the parent ship. By exposed propeller shafts we mean the part of the shaft
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which is exposed to the flow underneath the hull. This flow crosses the shaft,
and gives appendage resistance. By shortening the flow exposed length of the
shaft, we decrease appendage resistance.

The designed aft hull can give a flow to the propell which is relatively smaller
than the speed of the ship, see figs 4.31, 4.32, 4.33 and 5.4. When comparing
the top and bottom plot in fig. 5.4 we see that the axial velocity for alt. 3
is a little lower than the axial velocity for alt. 1 which is the original ship.
Unfortunately we do not have any calculated value of the wake fraction. A
lower wake velocity means a higher propeller wake fraction. The increase
in the wake fraction gives higher propeller loading which again gives lower
propeller efficiency. On the other hand, this decrease of propeller efficiency is
compensated for by a higher hull efficiency due to the higher wake fraction.
All in all it means the propulsive efficiency is more or less unchanged.

This kind of pram-type ships are exposed to slamming in certain conditions. A
series of cruise ferries were built with a flat pram-type aft body. These vessels
experienced very uncomfortable slamming induced motions and vibrations in
following seas in relatively small seastates. These motions and vibrations
mostly occured for zero speed and ship speed below the phase speed of the
following waves. The waves would then catch up with the ship, and slam under
the flat part of the aft hull. Wedges were built on the flat part, and the result
was that aft slamming was more or less eliminated. Our ship designs are first
of all meant for trade ships, or Ro-Pax which do not anchor like a cruise ship
in unsheltered waters. The normal operating profile of these ships are a given
forward speed in a given seastate. The waves will then seldom catch up with
the ship, and slamming will not occure in the aft part.

The flat aft part of the ship gives us no longitudinal area at the transom,
see figs. 3.20 and 3.21. These ships will be nonlifting bodies with a pointed
tail, see [24], and the vessels will allways be directional unstable without a
proper skeg. Ships with a deadrise at the aft part of the hull, or cruiser stern
ships have a longitudinal area at the transom. This longitudinal area helps
increasing the directional stability of the ship, as in the case of an arrow or a
wind vane. Our designed pram-type ships therefore depend on a well suited
skeg to have satisfactory directional stability. For ships with pods, the fin at
which the pod is fitted to, will increase the directional stability. This also
applies to a vessel with two rudders (twin screw) or one centerline rudder
(single screw). The directional stability of the ship alt. 3 in chapter 5 was
measured in the towing tank. The requirements to the directional stability
of the vessel was high due to its operating profile in coastal waters. It was
therefore decided to make the fins for the pod a little larger. This gave the
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ship a satisfying directional stability. The vessel has been decided to be built.

6.2 Experimental results and testing technique

The numerical results required experimental testing for verification. The main
experiments would have to be performed in the towing tank to check out
the behaviour of the vessel at sea. In the planning of the experiments it
was decided that it also was essential to verify the boundary layer flows and
boundary layer characteristics like local friction coefficient etc. We decided to
do this in a wind tunnel. To do boundary layer measurements in the towing
tank would be unnecessairy difficult, and would probably not give us more
information.

It then was decided to build Mod A and Mod B for the wind tunnel tests,
and only Mod B for the towing tank tests. We thought that if Mod B behaves
well, which has the shortest aft run, then also Mod A would behave well in
flat waters.

The models in the wind tunnel had an area blockage ration of 10%. The
blockage effect seems rather large, see 4.11. On the other side it would be
difficult to get good results of the boundary layer velocity if we had a smaller
model. The measuring pitot tube would be reltively larger compared with the
boundary layer thickness. We would also have lower Reynolds number of the
flow. All in all our wind tunnel model size seems to be a reasonable choice.
As we see from fig. 4.26 the error due to blockage effect on the local friction
coefficient is rather small, from 1.2 to 1.9%.

An interesting results from the wind tunnel tests are the calculations of ‘g—’; for
different streamlines, refer to eq. (2.30). This is in fact Bernoullis equation
for a streamline rewritten. If this term is equal along a streamline for all
streamlines in the outer sub-layer of the boundary layer, we might have a
Stratford flow. This is a requirement to achieve Stratford flow. We also
have to fulfill the requirements for the inner sub-layer as well, see sect. 2.2.2.
With our measuring equipment we were not able to measure the boundary
layer velocity in the inner sub-layer, we therefore do not have information
about those quantities. In figs. 4.19, 4.20 and 4.21 the quatity g—z is plotted.
It is very interesting to see the trend of these results when comparing the
two models and the two different Reynolds numbers for Mod B. Mod B at
Rn = 4 x 10 is closest to Stratford flow, and also has the most horisontal g—z

for each streamline compared to Mod A, and Mod B at Rn = 6 * 10°.
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It was decided to do towing tests with the model free to trim, and locked in
trim. This was done to investigate if there were any differences in the static
pressures on the hull surface for the two modes, because the aft hull is designed
with the design water line as the flat water surface. The vessel at speed will
trim, and it would be interesting to see to what extent the trim influenced the
static pressure. The conclusion was that there were practically no difference
in the two modes, see figs 4.41 and 4.42.

It was embarrassing not to use static pitot tube for the static pressure mea-
surements on the ship hull. This could have given us more iformation about
the absolute flow velocities over the hull surface in infinite fluid, instead of
only static pressures relative to pressure port # 130.

The wave making around the hull gave an effect on the static pressures, see
figs 4.41 and 4.42. For Froude numbers around 0.28 we had the largest aft
body generated waves. For larger and lower Froude numbers, the generated
waves decreased, and so did the influence on the static pressure measurements.

We did not perform seagoing towing tests for neither the Mod B in chapt. 4
nor the models in chapt. 5. Due to the flat underwater bottom in the aft
hull, it would be interesting to see the performance of the vessels in realistic
seastates. HEspecially will the aft hull be exposed to wet deck slamming in
following seas. This has showed to be a major problem on cruise boats which
have this kind of aft hull. On the other hand, a Ro-Ro vessel will allways be
heading forward, and not anchor like a cruise ship.

There were done directional stability tests on hull alt. 3 in chapt. 5. The
results in the first round of tests were a little discouraging. The vessel had
a little less directional stability than wanted. The problem was solved by
adding lateral area in the aft part in terms of fins and larger headboxes for
the azipods.

6.3 Numerical procedures - lessons learned

The inverse method with the surface vorticity model for the direct flow calcu-
lation was probably not the best choice of method for direct flow calculation.
On second thoughts it would probably have been better to use a source/sink
method. The vortex distribution method was though available and easier to
program, and due to lack of time it was used. In this method the flow velocity
was calculated in the middle of an element. In the optimization process the
body profile is changed vertically in the node points, refer to eq. (3.14), to
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achieve the desired velocity profile. We then had to interpolate to find the ve-
locity in the node points. This gave rise to error and the typical wavy profiles,
see fig. 3.15. If we increased the number of node points, the waviness more or
less disappeared, but this of course required a long calculation time.

Another method for direct flow calculation which was tested but rejected was a
finite element method. This method calculates the potential flow in a designed
subdomain with given boundary conditions. This method gave very good
results for direct flow calculations of different 2D bodies. The force of this
method is that it calculates the flow velocity directly in the given node points
for the profile. This was a big advatage compared to the vortex method. The
disadvantage with the finite element method linked to the inverse geometry
optimization code was that it did not converge when the number of body
elements exceeded a certain limit. We did not succeed in finding the reason
for this, and therefore the method was not used.

The optimization routine which is a part of Matlab, showed to be very effective
and powerful. During the work on the thesis this routine was used in different
applications with great success and save of time. For instance was it used for
zero-finding purposes in implicitly defined equations. It was also used to find
parameters in a formula describing the bilge radius of the hulls.

The optimization routine could have been extended to yield 3D ship hull op-
timization without too much difficulties. In that case we could calculate the
3D potential flow over the ship hull. The flow along the centerline of the ship
is input to the inverse routine where the actual velocity is compared with the
desired velocity given by the Stratford equation. A new keelline is then found.
This process is the same as for the 2D optimization. When the new keelline
is found, a new pram-type ship hull is easily found with a given bilge radius.
This bilge radius will be a function of the longitudinal position aftwards. This
3D flow calculation could have been done with a Hess & Smith method, but
this was unfortunately not available.

The finite element routine mentioned is found in Femlab which is a toolbox
in Matlab. This software is now extended to 3D, and this was tested by the
author. The software is promising, but unfortuneately there were difficulties
due to the very small surfaces on the hull surface which was necessary to have
an acceptable resolution of the hull. These small surfaces had in comparison
very large neighbouring sufaces; the vertical mirror plane in the centerline,
and the horisontal mirror plane which was the free surface. The software gave
an error when the area ratio between two neighbouring surfaces were larger
than a certain limit. This is obviuosly a weak point, and will hopefully be
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corrected in later versions.
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Chapter 7

Conclusions

The main contribution of this thesis is on the study of optimization methods
in aft hull design. The optimization methods are inverse geometry design
methods to find an aft hull with the flow velocities we specify. The analytic
foundation for the flow is given by Stratford in [31], and gives a prescribed
velocity distribution on the aft body. With the parameter S we have adjusted
this flow to have a certain margin to separation all along the pressure recovery
region.

The main results presented in this thesis are shortly presented below.

e Inverse geometry optimization methods with prescribed velocity distri-
bution are successfully applied to design of ships with pram-type aft
hull.

e We have shown that Stratfords original pressure distribution for pressure
recovery region for Reynolds numbers up to 107 can be used for ship full
scale Reynolds numbers ut to 10°.

e There is a potential of reducing the total resistance of pram-type ships
with up to 7% compared to conventional design. The frictional resistance
is about half of the total resistance, and we found it could be reduced by
about 1%. The viscous resistance is about 15% of the total resistance,
and can be reduced by up to 14%. Finally the wave making resistance can
be reduced with as much as 15-18% with the presented type of aft hull,
and this resistance component is typically 35% of the total resistance.
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Conclusions

We can increase cargo capacity with the same power consumption com-
pared to conventional aft hull. We can also achieve a more favourable
distribution of the displacement in the aft hull.

For conventional twin-screw the length of the propeller shafts exposed to
the flow will be shorter. This is an advantage with respect to appendix
resistance for the ship. The propeller shafts will also be shorter, which
affects weight and cost.

The designed aft hull can give a flow to the propell which is relatively
smaller than the speed of the ship. This means a higher propeller wake
fraction. The increase in the wake fraction gives higher propeller load-
ing which again gives lower propeller efficiency. On the other hand, this
decrease of propeller efficiency is compensated for by a higher hull effi-
ciency due to the higher wake fraction. All in all it means the propulsive
efficiency is more or less unchanged.

The designed aft hull is a well suited platform for podded driven propul-
sion (POD). The hull has a long, relatively flat aft part which gives the
POD good space for rotation in all directions.

The measured local skin friction coefficient for the windtunnel models
corresponded very well to the calculated skin friction for the 2D opti-
mized profiles. This shows that the flow over the ship hull surface from
midship and aft along centerline has a 2D structure. This is another
result which supports the fact that the flat plate friction line is suitable
for predicting the frictional resistance of slender ships. This result also
supports our design procedure where we extend a 2D centerline buttock
transversally to form a 3D hull.

When optimizing our ship hulls we had to define a certain margin for
separation to avoid too large slant angles. Slant angles should not exceed
15° due to danger of separation over the bilge, and longitudinal vortices
forming.

At low speeds and relatively small following waves we can get slamming
in the aft part of the hull. Slamming induced vibrations and motions
decrease with increasing speed, and will normally disappear when the
ship velocity is higher than the velocity of the following waves.

Pram-type hulls are flat or with a small deadrise at the aft part of the
hull. This can give rise to insufficient directional stability, and these
hulls therefore need a well suited skeg.
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