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Abstract

Before the detailed design of a new vessel a designer would like to explore the design
space to identify an appropriate starting point for the concept design. The base
design needs to be done at the preliminary design level with codes that execute fast
to completely explore the design space. The intent of this thesis is to produce a
preliminary design tool that will allow the designer to predict the total resistance and
propeller wake for use in an optimization program, having total propulsive efficiency
as an objective function. There exist design tools to predict the total resistance
and propeller wake, but none that provide adequate computational times for the
preliminary design stage. The tool developed uses a potential flow solution coupled
with an integral boundary layer solver to predict the viscous resistance and propeller
wake. The wave drag is calculated using a modified linear theory, thus eliminating
the need to run fully three-dimensional free surface CFD codes. The tool developed
is validated against published Series 60 test data.
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Chapter 1

Background

1.1 Motivation

The intent of this thesis is to produce a preliminary design tool that will allow the

designer to predict the total resistance and wake characteristics of a given hull form,

to be used for global optimization purposes. The efficient computational time will

allow the designer to quickly update the design due to changing requirements. Once

the optimal hull design is established the designer can move to higher fidelity codes

to refine the hull. The tool developed uses a 3D potential flow panel method coupled

with an integral boundary layer solver to predict the viscous resistance and propeller

wake. The wave drag is calculated using a modified linear theory, thus eliminating

the need to run fully three-dimensional potential flow codes. Including an estimate

of the propeller wake will allow optimization routines to include the viscous effects of

hull shaping, therefore the optimal system or combination of hull and propeller will

be obtained for the concept design stage.

1.2 Current Tools

In the framework of early stage hull form optimization, global aspects of the hull

performance are of most importance. The local flow characteristics are only of con-

cern when entering the concept design stage. Current tools to determine the flow

13



characteristics include three dimensional fully viscous CFD codes, based on the so-

lution of the Reynolds Averaged Navier Stokes Equations (RANSE) and potential

flow panel-methods. RANSE codes will capture the local flow characteristics but

require four orders of magnitude longer computational times than the potential flow

panel method and are not required during the preliminary hull form optimization.

To obtain an estimate of the wave resistance CFD codes are again used but require

an accurate discritized free surface and require longer computational times (on the

order of two orders of magnitude, [12]) with respect the method used, even with

linearized boundary conditions. Other methods that do not require discritization of

the free surface include Michell's Thin-Ship theory and Neumann-Michell theory [6].

The Neumann-Michell theory is computationally efficient but improves the Michell

theory exaggeration of the Fvs.C curve by placing the singularities on the hull

surface, instead of the projection of the hull surface on the hull centerplane [6]. To

obtain an estimate of the viscous resistance for preliminary design purposes, the use

of correlation lines is widely used. Alternatives are to again run a RANSE simulation

that can lead to a quite accurate estimation of viscous drag [15]. An alternative to

contain computational times is to use an integral boundary layer solver on top of the

potential flow body streamlines, as is the approach taken in the code developed here.

1.3 Resistance

The resistance of a ship is a combination of a few components, namely the friction,

form, and wave drag. In model testing, the measured residual or wave drag coefficient

is assumed to be the same as the full scale ship due to testing the model at Froude

similitude. Because the models are run at Froude similitude, the Reynolds number

of the model and ship do not match, therefore the fictional resistance is determined

from a Cf correlation line for the full scale ship with the form factor determined from

the model test. The total resistance of a ship is represented as,

R =0.5 CT PSU 2 (1

14



CT is the total resistance coefficient of the ship, S is the surface area and U is the

ship speed. The total resistance coefficient is defined as,

CT= (1+ k) C +C (1.2)

where Cf and C, are the friction and wave resistance coefficients defined as,

Cf = Rf (1.3)
0.5pSU 2

CW = R.pU (1.4)
S0.5pSU2

The frictional resistance of a ship, Cf, is dependent upon the Reynolds number,

a non-dimensional number which relates the inertial and viscous forces.

UL
Re= (1.5)

The frictional resistance can either be obtained from a boundary layer code or

from model test correlation lines. One popular correlation line is the ITTC 1957 line,

0.075
Cf = 075(1.6)(log Re - 2)2

The ITTC 1957 line is developed to represent the frictional resistance of slender

ships, and is commonly modified by a form factor, 1 + k, to account for viscous

resistance, form drag. Form drag is common with fuller ships that do not experience

zero residual resistance at low Froude numbers. The form factor can be determined

in several ways. An empirical formula presented by Watanabe [8],

k = -0.095 + 25.6 (1.7)
(y)2 C

The form factor can also be determined using a low speed (FR < 0.15) model

test because the wave drag at this low speed becomes negligible. The form factor

(1 + k) is the ratio of the total resistance to the frictional resistance determined from

15



a correlation line.

CT =(1+k) (1.8)
Cf

A third method to determine the form factor is Prohaska's Method. The Prohaska

Method also relies on a model test, but does not have to be explicitly run at a low

Froude number to ensure the wave drag is zero. The Prohaska method is based on

the assumption that the wave resistance coefficient is proportional to Fr,

= (1 + k) + kif' (1.9)
Cf Cf

Plotting Prohaska's Method as - vs. will result in the measured data falling

on a straight line, slope is ki, with the intersection of the vertical axis being the value

1 + k. [8]

Cr

CF

direction coeff. =k

1+k

F4

CF

Figure 1-1: Prohaska Method. [8]

The combination of the friction and form drag is known as the viscous drag. In

the tool developed the friction resistance is determined from a 2D integral boundary

layer solver on the 3D streamlines from the double body solution (no free surface).
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The form factor is calculated as a pressure drag when flow separates from the hull.

The non-dimensional wave resistance of a ship, C., is governed by the non-

dimensional Froude number which relates the inertial forces to the gravitational forces

F U
F,. =

(1.10)

In determining the resistance of a ship, an accurate estimate of the wave drag is

essential as it is the dominant resistance component at higher Froude numbers, while

viscous effects dominate at low Froude numbers.

Resistance Componet Comparison
nnii

-).1 0.2 0.3 0.4
Froude Numt

0.5 0.6 0.7 0.8

Figure 1-2: Resistance component comparison.

There are a few theoretical/numerical methods to obtain an estimate for the wave

resistance of a ship associated with the generation of the free wave pattern, i.e. not

accounting for spray or breaking waves. One must either employ a fully 3D free surface

boundary element code, rely on model testing, or use the Michell Integral (Linear

Theory). None of these methods are optimal for the early stage hull optimization
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and design space exploration, as a full 3-D free surface boundary layer code does

not execute fast enough to fully explore the design space, model testing requires

the contruction of many test hulls which can be costly, and Linear Theory tends to

exaggerate the peaks in the wave drag vs. Froude number curve. As noted by Read

[12], Linear Theory does not do well ranking ships with B/T greater than 2, which is

the ratio for a typical monohull. Read descibes the reason is because Linear Theory

relies on a centerplane source distribution to represent the hull instead of placing the

singularities on the hull surface itself, see Figure 1-3.[12]

0L

W2 o

Figure 1-3: Center Plane source distribution of Michell Integral.[12]

The Michell Integral is defined as [5],

R = -ipU2 | A(9)| 2 cos3 9d9 (1.11)

1 A(0) is the complex amplitude function or the free wave spectrum. The solution

to the Michell integral with the free wave spectrum is detailed in Chapter 2. The code

developed uses the Michell Integral (Linear Theory) to determine the wave resistance

with the modification made by Read [12] to eliminate the exaggerated peaks in the

18



Linear Theory wave resistance solution.

1.4 Propeller Wake

Another important aspect in hull design is optimizing the propeller wake in order

to maximize the propeller efficiency and propulsive efficiency of the hull/propeller

system. To maximize the efficiency of the hull/propeller system, the wake fraction is

important as it is part of the hull efficiency definition. The hull efficiency is defined

as the resistance of the ship times the forward speed divided by the actual thrust the

propeller must deliver to propel the ship at velocity V with an inflow velocity to the

propeller of Va, the advance velocity.

RTV 1 - t

TVa 1 - w

where t is the thrust deduction factor and w is the wake fraction. If the designer

does not consider the hull efficiency they may optimize the resistance of just the ship

at the expense of an efficient propeller, reducing the overall system efficiency.

Due to the boundary layer around the hull, the inflow velocity to the propeller is

less than the ship's speed, where the wake fraction is defined as,

1 - "a (1.13)
V

Contours of the axial inflow velocity to the propeller with respect to the ship

speed are shown in Figure 1-4. Figure 1-4 also shows the angular variation of the

axial inflow velocity for specific radii within the propeller disk.

19



POSiTiON ANGLE
135 1W0

Figure 1-4: Wake representations, axial velocity. [8]

The propeller wake can be averaged circumferentially at each radius to aid in

designing a wake adapted propeller, as shown in Figure 1-5 where the nominal inflow

is the flow without a propeller and the effective inflow includes the effects of the

propeller present in the wake.
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V .

08 - d.--080

06 - 0A

04

NOMINAL INFLOW
--- EFFECTIVE INFLOW

02 0.4 06 0.8 10
r/RP

Figure 1-5: Wake representations, axial velocity circumferentially averaged.[8]

To calculate the wake in the code developed, the integral boundary layer solution is

solved to determine the boundary layer characteristics, then the Pretsch [11] profile is

assumed for the velocity distribution within the boundary layer . The velocity within

the boundary layer is circumferentially averaged at each radius to calculate the wake

fraction, w. Details of the wake fraction calculation are expanded upon in Section

2.3.4.
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Chapter 2

Analysis

2.1 Program Overview

The tool developed to predict the resistance and propeller wake of a ship is designed

to execute quickly, therefore fully viscous effects are not captured in the analysis as

the flow is obtained from a 3-D potential flow solver coupled with a 2-D integral

boundary layer solver. The program is broken into two modules:

1. Hull Module.

2. Resistance Module.

The Hull Module takes a meshed hull and produces the required hull geometric coef-

ficients of form, the hull wetted surface area, and potential flow solution. The results

from the Hull Module are passed to the Resitance Module for input to an integral

boundary layer solver and wave drag estimation and corrections. The integral bound-

ary layer solver is used to predict the frictional resistance and propeller wake.

23



2.2 Hull

2.2.1 Hull Coefficients of Form

The hull module of the program is used to determine the hull geometric coefficients

of form and surface area from the meshed hull. The hull form coefficients and surface

area are passed to the Resistance Module to determine the total resistance. The

Prismatic, Volumetric, Max Section, and ! are the coefficients the Hull ModuleT

calculates and are defined in Table 2.1.

Table 2.1: Hull Geometric Coefficients of Form

Coefficient Equation
Prismatic C=

Volumetric C, =L
Max Section C =BT

2.2.2 Potential Flow

Due to the computational time requirements of running a full free surface RANSE

calculation, this code has chosen to use a double body solution, i.e. no free surface,

with an integral boundary layer solver since the wave drag will come from Corrected or

Modified Linear Theory [12]. Using the double body solution will significantly increase

the speed of the program and allow for greater design space exploration. Figure 2-

1 shows the general double body potential flow problem where the traditional free

surface is a fixed symmetry plane.
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z j

x V

Figure 2-1: Double body potential flow. [8]

The general equation for incompressible potential flow is,

d2 #5 d2 4b d2q5
d2 + d2 + d2= 0 (2.1)
dX2  dy2  dZ2

To solve the Laplace equation the flow field must be represented by singularities.

For a non-lifting body such as a hull, the singularities used to represent the body are

sources. A source's potential and flow field are defined as,[8]

O(M)= -- Q(2.2)47rR

v(s) = 4irR 2  (2.3)

When the hull is placed in the presence of an oncoming uniform flow, the potential

and velocity field of the hull and uniform flow are superimposed to produce the

complete flow field [8].

-. Q
OP) = U x - 4 (2.4)

4Qr (2.4)

v() = U0O + 47rR 2  (2.5)

To solve the potential flow problem, the hull is discritized into panels, this is

known as the panel method. With this method singularities (in this case sources) are

25



placed on the intended hull surface at the discritized panel centers. Every panel is

given a source strength, which can either be constant or vary linearly over the panel.

With the sources placed on the intended hull surface, the potential and velocity field

of the induced flow in a uniform flow is now,

S R (2.6)

(0 .=0(.Y- II dS (2.7)VVs) = U00 + f s 47r R3 -( )d 27

where R =x - ( and is the singularity location.

Discritizing the hull surface into N panels, the velocity field equation becomes,

N

v() =U0 + o js 47r R3 . ( - )dS (2.8)
j=1

N

) =U + -(2.9)
j=1

where V is the influence coefficient vector. The influence coefficient vector corre-

sponds to the velocity induced at point x due to the source located on panel j.

The source strengths are solved given the boundary condition that the flow through

the hull surface must be zero,[8]

dob
vr - =0 (2.10)

dn

The boundary condition is enforced at a discrete set of collocation points, usually

the panel centers. Substituting the velocity flow field into the boundary condition,

N

S- ( ) -i (2.11)
j=1

Equation 2.11 forms a set of N equations with N unknowns from which the source

strengths, uj, are solved. Knowing the source strengths, the complete potential and

velocity fields are known from which the pressure field can be calculated by the

26



Bernoulli equation,

IV# VO + - + gz = constant (2.12)
2 p

From the potential flow solution the streamlines are traced for performing a 2D

integral boundary layer solution on top of the 3D streamlines. The streamlines are

traced by solving an ordinary differential equation because the velocity vector, V, is

known at an arbitrary point P [13]. The coordinates of a velocity streamline are

parameterized by t, to obtain P(t). The tangent vector to the streamline is then [13],

dP g(t)V(P(t)) (2.13)
dt

The function g(t) -- 1 by convention. Given an initial point PO on a velocity

streamline, the streamline is traced by solving the initial value problem [13],

dp V ± i(P(t)) (2.14)
dt +

where,

P(O) = PO (2.15)

2.2.3 Boundary Layer

From the potential flow solution of the double body model and body streamlines, the

boundary layer is solved to determine both the frictional resistance and boundary

layer characteristics for use in calculating the propeller wake and form drag. The

boundary layer is solved using an integral boundary layer method on the the body

streamlines. The flow around the ship is assumed turbulent, therefore only the tur-

bulent boundary layer is considered. The characteristics of a boundary layer include

the thickness, displacement thickness, and momentum thickness. The thickness of

the boundary layer is typically defined as the thickness where the velocity within the

boundary layer reaches a percentage of the potential flow velocity, typically 699% or

27



699.5%.

The displacement thickness is defined as,

(1- -)dy
SU (2.16)

The physical interpretation of the displacement thickness is that it is the virtual

thickening of the body represented in a potential flow solution. Within the the dis-

placement thickness the velocity is zero, and outside the displacement thickness is

equal the the velocity outside the boundary layer. Figure 2-2 illustrates the physical

interpretation of the displacement thickness.

6

_____ ~

U Z U

1=.flu

Figure 2-2: Physical interpretation for the displacement thickness (61 = 6*).[8]

The momentum thickness is defined as,

0 =j -(1- -)dy
1U U (2.17)

The momentum thickness is often used in measuring the resistance of a an object.

Another important quantity from the boundary layer solution is the local friction

coefficient, defined as,

w r s ht2

where Trw is the local wall shear stress,

(2.18)

du
7"W =[ Iy=O

28

(2.19)



The general 2D turbulent boundary layer equations, assuming the flow is incom-

pressible, has constant dynamic viscosity, and has been time averaged (2D Reynolds

averaged Navier-Stokes equations) are,

OU Ou 1 1 1 2U 02u U OuI'I (220)
U- + V-=-----+ + - (2.20)

Ox Oy pax p OX2 ay2 Ox ay

Ov Ov 1 Op / 2 aW7 NS + V - - - + + (2.21)Vx -y=pOy p \OX2 +y2 a O y

The effects of curvature are neglected because the curvature effects on moderately

curved surfaces are negligible. This is a source of error especially in the stern of some

ships where the curvature is significant. To simplify the boundary layer equations

dimensional analysis is employed. The thickness of the boundary layer, 6, is much

smaller in magnitude when compared to the length along which the boundary layer

forms, 6 < 1, simplifying the turbulent boundary layer equations to,

U + (---- - _ (2.22)
ax ay p ax p ay2 ay

p= 0 (2.23)
ay

To obtain the integral boundary layer equations, the differential boundary layer

equations are integrated from the surface to 6, the boundary layer thickness.

The two turbulent boundary layer equations are subject to the no slip condition

and that the internal boundary layer velocity must equal the potential flow velocity

at y = 6, explicitly,

y = 0 u = V = 0 (2.24)

y = 6 u = U(x) (2.25)

To solve the boundary layer, an integral boundary layer solution is employed,
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specifically the method of Nash and Hicks, along each streamline[]. Multiplying

the continuity equation by y' and integrating from 0 to the boundary layer thickness,

6, yields a family of integral equations,

yU-y] [you fy = 6 U + J yOTy (2.26)
O8x 0 a y 0 ax a +1 ax p o Oy

T = A-- - pu'V' (2.27)
ay

To solve the integral equation Nash and Hicks used the Cole's velocity profile,

shown in Figure 2-3 [10],

u(y) = in(yi') + 5r, + I - cos (2.28)
K 2 6
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a 4t.1 0-2 - ~ 4 4- t0. 4-7- '3.8 S
Figure 2-3: Cole's velocity profile in the turbulent boundary layer. [3]

The integral quantities are derived for the method of Nash and Hicks by integrating

the Cole's velocity profile,

(2.29)

O 6*
6 6

2 U,2 +
KV2 U

1.58949uru,6
+ 2I

tn U
(2.30)

The integral quantities from the Cole's velocity profile are substituted into the

momentum equations to yield,

FlPd±Fdu$+Fdu, dU
F1 + F + F T = F4 + #Fdx dx dx dx

(2.31)

The coefficients F through F4 are dependent upon the value of a, which form a
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system of equations which are numerically integrated.

When a = 0, the momentum integral equation is obtained with the following

coefficients,

1 UU,3
2
1
-U
2

18 8

F2 =
2F14

F3 = -[4 U
K .K

U 2+

K2
1.58949uo u7

K

UU]
- ,

+ 1.58949u8 I

+ 1.58949u, - U]

F = u3+2]4 K.
U2

6 (2.32)

When a = 1, the moment of the momentum integral equation is obtained with

the following coefficients,

-Uu, (2F1 = 2 5
(16

F2 = 2 1
0(2

F3 = U7 + +
K2 K (8 v2

F4 = U3 +
(4 7r2 4 p

1 U2

S= Cr

2 )
72

332 7+U8Ur 3
42 + (4

2

72

3 0.16701 -

24K

2 -0.16701) 1U u
S2 r,

0.16701
- . 2

When a = oc, the differentiated skin friction law is obtained with the following

coefficients,

F1
K

F2 = 1.0
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F = in r +I .+C

F4 = 1.0

# = 0.0 (2.34)

To close the set of three equations, another equation is needed to solve for the

four unknowns, uT,, uf, 6, Cr.

dCT A
dC= - 6 -C) (2.35)
dx 6

where

CT = rdy (2.36)
2 pU2j O

The values of A and 0
T are determined empirically,

A = 0.15 (2.37)

= 0.025 1.0 - (2.38)
H

Where H is the shape factor,

1.4754
H = +0.9698 (2.39)

logio (Reo)

and K is the Von Karman constant equal to 0.41.

The momentum equations are solved with an iterative solution along each stream-

line to determine the boundary layer characteristics and local skin friction coefficient.

If a laminar boundary layer solution preceded, the values for the boundary layer char-

acteristics and local skin friction at the transition point would be the initial guesses

for the turbulent boundary layer, otherwise initial guesses must be supplied. [10] [1]
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2.3 Resistance

2.3.1 Viscous Resistance

The viscous resistance is comprised of both the frictional resistance and form drag.

Frictional Resistance

The frictional resistance is calculated from the local skin friction coefficients obtained

from the integral boundary layer solution on each streamline. The local skin friction

coefficients are mapped to the centers of each panel on the hull. The friction coeffi-

cient calculated in the boundary layer analysis is the friction in the direction of the

streamline, therefore only the local x-component of the friction is used in the total

skin friction calculation. The total skin friction resistance is,

N

Rf = 0.5 pU2  cf Ai -n.,, (2.40)
i=O

where N is the number of panels defining the hull.

Form Drag

The form drag is calculated when the flow separates from the hull by considering the

hull curvature in the direction of the streamline and the pressure as it changes along

the streamline. Separation typically occurs in viscous flows in the presence of a strong

positive pressure gradient along the surface, slowing the inner layers [2]. When the

flow separates, the coefficient of pressure, C, is assumed constant from that point aft.

The form drag is calculated as a pressure force,

Rf,m = PA (2.41)

where the pressure (P) is the dynamic pressure based on the velocity difference

from the potential flow solution,

P = p6U2 (2.42)
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The velocity difference is determined from the coefficient of pressure, Cp, before

and after separation

6U2 = U2 (C , - Cow (2.43)

The form drag is calculated over the panels in which the flow is separated by

summing the force each panel contributes in the x-direction.

Nsep

Rfom = 0.5 pU 2  Cw - CP,,) Ai - n (2.44)
i=O

The form factor, k, is calculated as the ratio of the form drag to the frictional

drag,

k Rform (2.45)
Rf

2.3.2 Wave Resistance

The wave resistance is calculated by the Michell Integral (Linear Theory) and cor-

rected/modified based on the hull geometric coefficients of form and Froude number

[12]. The Michell Integral for wave resistance is based on Thin-Ship Theory which

linearizes the hull boundary condition and imposes the boundary conditions on the

hull centerplane rather than at the hull surface.

Thin-Ship Theory

The potential for a ship moving at velocity U in the x-direction is,

4D (x, y, z) = Ux + # (x, y, z) (2.46)

The gradient of the potential describes the flow field,

+o ±# (2. 47
V<D (X, y, z) =U + Z + j1 + -k (2.47)

ax) ay az
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The flow must satisfy both the Laplace equation and the Neumann boundary

condition of no flow through the hull,

V 2 D (x, y, z) = x + Dy2

n - ViD = 0

(2.48)

(2.49)

The Neumann boundary condition defines the vector on the hull as,

= DY iY
(2.50)

where Y(x, z) defines the hull surface. This yields,

DY(x, z)
OxDy

Do DY(x, z)
Dz Dz

(2.51)

which is valid on the hull surface. Thin-ship uses a linearized condition on the

hull center-plane to yield the Michell boundary condition,

D$ Y(x, z) oi=
y U on y = 0ay ax

(2.52)

The second boundary states the velocity potential approaches zero as z goes to

-00

The third boundary condition applies the Neumann condition of no flow through

the free surface and the Bernoulli equation on the free surface. The Neumann condi-

tion gives,

-Z Z
n = -

Ix, ' y '
(2.53)
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z Bex

The Bernoulli equation is,

1
gZ(x, y) + -

2
(U +

aZ(x, z)

Ox

)o 2
19x

+ayZ(x, Z)
ay ay

+ +-ay Oaz]
= U2

For Linear Theory the velocity squared terms are ignored, resulting in a simplified

Bernoulli equation,

Z(x, y) -
T #A

(2.56)
y ul;

Differentiating the simplified Bernoulli equation with respect to x and y,

OZ(x, y) U 20

Ox g Ox 2

aZ(x, y)
ay

(2.57)

(2.58)
U a (a
g ay Ox)

Substituting 2.57 and 2.58 into 2.54,

z =[U + axJ(
U 2\

g aX2)

a+ / U a 2 0
1Y(g ayaxJ

In Linear Theory only the linear terms remain and the boundary condition is

moved to the undisturbed free surface (z = 0), yielding the Stokes Boundary condi-

tion,

az
(2.60)

U21920
+ = 0
g 19X2

Free Wave Spectrum

The Free-Wave Spectrum, IA(6)1, in infinite depth is defined as [51,

A(O) 2i k2 sec4 0 [P(9) + iQ(6)]
7r
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JP(O)j and IQ(9)j are defined as,

P(9) = F(x,0) cos(kox sec O)dx (2.62)

Q(O) = F(x,0) sin(kox sec O)dx (2.63)

The function's IP()I and IQ(O)j are integrated from bow to stern.

IF(x, 0)1 is defined as,

F(9) = Y(x, z)exp(koz sec2 O)dz (2.64)

where the offsets Y(x, z) are the half breadths of the hull and the function is

integrated in the vertical z-direction from the keel to the free surface, z = 0, with

ko = g.

The wave resistance is calculated using 1.11 by the numerical method of Tuck,

Lazaukas, and Scullen. [5]

Linear Theory Improvement

As Figure 1-2 shows, Linear Theory exaggerates the peaks of the wave resistance vs.

Froude number curve. Read [12] corrects the linear theory results to a set of panel

code results by two methods. The two Methods are referred to as Corrected Theory

and Modified Theory. Both methods use the B/T, Volumetric, Maximum Section,

and Prismatic hull coefficients to correct/modify the linear theory results. The two

methods differ in that the Corrected Theory corrects the linear theory result at every

Froude number and therefore requires Froude number as an input. The Modified

Theory applies to the entire Froude number range and therefore does not require

Froude number as an input. Both Methods are based on training a Neural network

using boundary element code results of a fixed hull, i.e. the hull is not free to sink and

trim. The two methods may be used with a model free to sink and trim by providing

the new submerged geometry of the hull to either method. Both methods are trained
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using the Taylor Series hull form and provide a significant reduction in computational

time versus boundary element methods. Read's corrections retain the speed of linear

theory, providing a computational time reduction of three-orders of magnitude when

compared to the fully non-linear CFD case. If the linear CFD solution is acceptable,

i.e. the free surface is not iterated upon, there is a two-order of magnitude reduction

in computational time. [12]

Corrected Theory

The Corrected Theory is straight forward in that a scale factor is applied to the

Linear Theory result as determined through the Neural Network training. Figure 2-4

shows the typical results of the Corrected Theory correction, C' Ratio, for a specified

C,, C_, and C, combination.

0

I1-

0.8-

0.6-

O.2
/ I-

Figure 2-4: Results of Corrected Theory training.[12]
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Modified Theory

Modified Theory reduces the neural network complexity by eliminating Froude num-

ber as an input. The Froude number is eliminated from the network by going back to

the boundary conditions from which Linear Theory is derived and adding a correction

term that will work at all Froude numbers. The linearized boundary condition from

which the Michell Integral is based is,

ko#2 + # = on z = 0; (2.65)

Read revisited the full free surface boundary condition derived from the Bernoulli

and Neumann condition to find a term with unknown constants to be trained in a

Neural Network with boundary element code results [12]. Read experimented with

various terms in the full boundary condition to find one that altered the wave drag

in the desired manner, resulting in the new boundary condition,

koo2 + Oxx + U2 020# = 0 on z = 0; (2.66)

Read linearizes the 2 term assuming it is a function of the hull coefficients. The

function is determined with the training data. Read trains the Modified Theory with

two correction coefficients, C1 and C2 as shown in Figure 2-5 [12].
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Figure 2-5: Results of Modified Theory training. [12]

The behavior of both correction methods is shown in the results section of Chapter

3.

2.3.3 Transom Stern Correction

The use of the Michell Integral requires that the hull closes, i.e. there is no transom

stern. To calculate the wave drag of a hull with a transom stern, the hollow left

behind the transom stern hull is modeled as an extension of the hull that closes.

Doctors [4] performed model tests of transom stern ships to form equations based on

a regression analysis to model the hollow left behind the ship.
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Figure 2-6: Transom stern problem definition. [4]

With the geometry of the hollow defined, the ships transom can be modified

to close at the stern with the geometry of the hollow. Doctors study yielded two

formulas, one that represents the ventilated portion of the transom ((*) and another

that represents the hollow length (L*).

- =C1F - Rif

L* 2B c3
T C

(2.67)

(2.68)

In the above equations, T is the draft of the transom, FnT and RnT are the Froude

and Reynolds numbers based on the transom draft, respectfully. The coefficients for

the regresions depend on the number of coefficients used in the fit and whether the

analysis is for a static or dynamic configuration. The static or dynamic configuration

refers to the transom draft being measured at rest or underway.

42



Table I: Coefficients of transom-ventilamion equation

Type of Number of RegrsionCoefficients
Analysis Coefficients BrsinCefcet

Nft C1  C 2  CG C4

2 0.1570 1.835
Static 3 0.1559 1.830 0.01580

4 0.002472 1.862 0.2859 0.3588
2 0.1767 1.774

Dynamic 3 0.1795 1.786 -0.03566
4 0.004856 1.821 0.1990 0.3126

Table 2.2: Transom stern coefficients for transom-ventilation. [4]

Table 2.3: Transom stern coefficients for hollow-length. [4]

2.3.4 Propeller Wake

The wake calculated is the nominal propeller wake, the wake without a propeller as

the presence of the propeller will alter the flow (effective wake). The wake is calculated

using the boundary layer characteristics and a velocity profile within the boundary

layer. The velocity profile assumed is from that of Pretsch [11] who expanded upon

a general power law distribution. The general power-law velocity distribution is,

U =(y)
(2.69)

where n is typically 4 or j
Pretsch expanded upon the power law to include a shape factor, H.

U y H- 21

U J H (H + )

43

Type of Number of
Analysis Coefficients S C c

Nflt C C C3 O4

2 0.1135 3.025
Static 3 0.09409 2.839 0.4603

4 0.6095 2.733 0.3468 -0.1514
2 0.06209 3.276

Dynamic 3 0.05598 3.179 0.2507
4 0.2491 3.107 0.1598 -0.1225

(2.70)



The shape factor, H, is the ratio of the boundary layer displacement thickness to

the momentum thickness,

6*
H =(2.71)

To calculate the velocity field at the propeller plane, the velocity in the boundary

layer is calculated using Equation 2.70 by traversing perpendicular to the hull at each

streamline from the hull to 6, the boundary layer thickness.

Yeval =Yhull+ ny6- for i=0: N (2.72)

i
Zeval = ZhulI + nz6- for i = 0: N (2.73)

N

where N is the number of evaluation points within the boundary layer. The

evaluation points are shown in Figure 2-7.
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Figure 2-7: Boundary layer evaluation points used to determine propeller wake.
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Chapter 3

Results and Discussion

3.1 Results

For validation, Series 60 results for CB = 0.6 - 0.7 hull forms were utilized due to

the extensive test data available. Figures 3-1 through 3-3 show the body and profile

plans for the Series 60 hulls used for validation. The body and profile plans are used

to generate a meshed hull, shown in Figures 3-4 through 3-6. The meshed hulls do

not show the actual stem and stern profiles because the meshes are rectangular with

a zero offset for locations outside the actual hull surface.
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Figure 3-4: Series 60 CB = 0.6 meshed hull.
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Figure 3-5: Series 60 CB = 0.65 meshed hull.
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Figure 3-6: Series 60 CB = 0.7 meshed hull.
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The first step of the tool is to calculate the potential flow around the hull and

trace the body streamlines.

-4

4 O

-60.

0~0.2

0 0.1

60 -- 0.1

-- 2
4- OA

-6 0.6

0 20 40 60 80 100

Figure 3-7: Potential flow C, distribution and body streamlines for use with integral

boundary layer calculation for CB =0.6. Bow to stern (top), stern to bow (middle),

and side view (bottom).

Figure 3-7 is the potential flow solution for the Series 60 CB = 0.6 hull depicting

the pressure coefficient C~, and body streamlines. The pressure distribution is as

expected with a high C~, (low velocity) at the bow and stern with a negative C,

(high velocity) midships. The change in the pressure coefficient is easily visible by

examining C, along a streamline, as shown in Figure 3-8.
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Figure 3-8: Potential flow C, distribution along body streamlines for use with integral

boundary layer calculation for CB = 0.6.
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Figure 3-9: Potential flow Cp distribution and body streamlines for use with integral

boundary layer calculation for CB = 0.65. Bow to stern (top), stern to bow (middle),

and side view (bottom).
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Figure 3-10: Potential flow C, distribution and body streamlines for use with integral

boundary layer calculation for CB = 0.70. Bow to stern (top), stern to bow (middle),

and side view (bottom).

Figures 3-7 through 3-10 show as the ship becomes fuller, the C, at the bow

becomes larger, acting more like a true stagnation point. The fuller ships also have a

lower midship C,, as expected.

On top of the streamlines, an integral boundary layer calculation is performed to

determine the local skin friction coefficient and the boundary layer characteristics for

use in calculating the viscous resistance and nominal propeller wake. To validate the

frictional resistance, the predicted skin friction is compared to that of the ITTC 1957

method for a range of Froude numbers.
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Figure 3-11: Skin friction coefficient from the integral boundary layer method com-

pared to ITTC 1957.

Figure 3-11 shows the skin friction coefficient predicted from the integral boundary

layer calculation compares well with the ITTC 1957 prediction.

The local skin friction coeficient is also plotted on the hull surface for the Series

60 CB = 0.60 hull.
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Figure 3-12: Skin friction Cf distribution from the integral boundary layer solution

for CB = 0.60.

The local skin friction results shown in Figure 3-12 are as expected with a de-

creasing Cf as the Reynolds number increases along the length of the ship.

The boundary layer and displacement thickness are also plotted on the hull surface.
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Figure 3-13: Boundary layer thickness, 6, distribution from the integral boundary

layer solution for CB = 0.60.
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Figure 3-14: Boundary layer displacement thickness, 6*, distribution from the integral

boundary layer solution for CB = 0.60.

Figures 3-13 and 3-14 both show results as expected, where the boundary layer

thickness, 6, and the displacement thickness, 6*, increase along the length of the ship.

To compare the total resistance of the Series 60 hull at full scale to the predicted

resistance, the extrapolated model tests results based on the ATTC friction line are

corrected to the ITTC friction line [14]. The predicted results are adjusted because the

ATTC friction line tends to underestimate the friction drag, especially at low Reynolds

numbers (model tests) and therefore results in a larger residual drag coefficient and

overestimate of the drag at full scale.

61

120



Figure 3-15:

lines.

Skin friction coefficient comparison of the ATTC and ITTC friction

Figure 3-15 shows in the range of the model tests logl 0(R,) ~ 6.5 the ITTC friction

resistance is approximately 15% greater than the ATTC prediction, this means the

model tests based on the ATTC friction line will have a larger residual resistance

coefficient. To correct the Series 60 test data to the ITTC friction line, the ATTC

friction line is used to determine the model derived residual resistance coefficient.

Crmodel - CTTest - CfATTC (3.1)

The total model scale resistance is calculated using the residual model scale drag

with the ATTC friction line at model scale.

CTd = 
0

fATTC + Crmodel (3.2)
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The total resistance of the model does not change when using either the ITTC

or ATTC friction lines, only the breakdown between the friction drag and residual

drag changes. Therefore to determine the residual drag for the ITTC friction line,

the ITTC skin friction is subtracted from the total model test resistance coefficient.

CrmodelITTC - CTodel - CfITTC (3.3)

Knowing the residual drag form the model based on the ITTC friction line, the

full scale results of the model test can be extrapolated to full scale using the ITTC

friction line and residual drag based on the ITTC friction line.

CTITTC,FullScale = CfITTCFullScale + 0
TmodelITTC (3.4)

The form factor for each block coefficient of the Series 60 models is determined by

the Watanabe formula and numerically at model scale from the separation prediction

of the integral boundary layer solver.
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Figure 3-16: Form factor calculation comparison.

Figure 3-16 shows the numerical model scale prediction of the form factor compares

well with the analytical prediction. The difference in magnitude is the numerical con-

dition accounts for the actual geometry of the hull where the empirical method only

uses coefficients of form to predict separation. The validation results are compared

using both the empirical and numerical method for determining the form factor.
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Figure 3-17: Total resistance comparison between extrapolated model test results and

prediction for Cb = 0.6 with numerical model scale form factor.
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Figure 3-18: Total resistance comparison between extrapolated model test results and

prediction for C = 0.6 with empirical form factor.
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Figure 3-19: Total resistance comparison between extrapolated model test results and

prediction for Cb = 0.65 with numerical model scale form factor.
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Figure 3-20: Total resistance comparison between extrapolated model test results and

prediction for CO = 0.65 with empirical form factor.
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Figure 3-21: Total resistance comparison between extrapolated model test results and

prediction for C = 0.70 with numerical model scale form factor.
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Figure 3-22: Total resistance comparison between extrapolated model test results and

prediction for Cb = 0.70 with empirical form factor.

Figures 3-17 through 3-22 show the results using Corrected Theory and Modified

Theory for the wave drag compare well to the experimental results extrapolated to

full scale. Figures 3-17 through 3-22 also show how the use of Linear Theory for the

wave drag significantly overestimates the drag at higher Froude numbers and thus

does not provide accurate results for a parametric study. It is also noted that the

numerical predictions for the form factor at model scale improve as the fullness, CB,
of the ship increases while the empirical formula of Watanabe predicts the form factor

better for slender ships.
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From the integral boundary layer solution and the assumed velocity profile within

the boundary layer (2.70), the flow at the propeller plane (at model scale) is visualized

and compared to model test results

CI~

o .6 A 2.

Figure 3-23: Predicted vs measured axial wake velocity contours, -.

The wake prediction is compared to the measured wake of a Series 60 CB = 0.6

model test [16]. A higher fidelity estimate of the wake could be obtained by a fully

coupled or weakly iterative coupled viscous/inviscid interaction (VII) method [9].
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Wake Fraction for Series 60 Cb=0.6, L=4m
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Figure 3-24: Predicted vs measured wake from model test.

Figure 3-24 shows the predicted nominal wake compares well to the measured

wake and is indicatively good for preliminary design purposes. Preliminary design

codes do not require a high fidelity prediction of hydrodynamic performance as the

goal is to only to predict the order of merit for different global variations of an initial

hull form in terms of resistance and wake.

3.2 Conclusions

The code developed is a preliminary design tool that will allow the designer to predict

the total resistance and wake characteristics of a given hull form, to be used for global

optimization purposes, using propulsive efficiency as an objective function. The code
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uses a 3D double body potential flow solution coupled with an integral boundary layer

solver to determine the viscous drag and nominal propeller wake. The wave drag is

calculated using Thin-Ship (Linear) Theory and is corrected by a series of trained

panel code results [12]. The predicted results of the tool compares well to published

test data of Series 60 hulls for a block coefficient range of 0.6 to 0.7. Larger block

coefficients are not investigated as the Corrected and Modified Theories for wave drag

are only trained to a block coefficient of 0.7. Comparing all of the validation results,

the Modified Theory for wave drag best represents the test data and eliminates the

additional peaks present in the Linear and Corrected Theories. To determine the

form factor, the numerical method is recommended as it matches the test data well

and captures the actual geometry of the hull.

Based on this work there are recommendations for tool improvement and utiliza-

tion. To improve the tool the transom stern correction needs to be validated with

systematic series test data. An estimate of sinkage and trim needs to be accounted

for as Read [12] suggests. The integral boundary layer code could also be coupled

with free surface potential flow code for determining the wave drag instead of using

the double body solution and Thin-Ship Theory [7]. Another alternative is to use

the double body potential flow solution with Neumann Michell theory in place of

Corrected/Modified Linear Theory for the wave drag. Another tool enhancement is

to validate the wake prediction of a twin screw ship as the validation was done with

a single screw ship.

For future tool utilization, the code is well suited for integration into an optimiza-

tion routine with a propeller. This will allow for the design a wake adapted propeller,

creating an optimization objective function of total propulsive efficiency.
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