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Abstract

The measurement of ship resistance is an important element in naval
architecture and marine hydrodynamics research. The prediction of ship
resistance from scaled model tests has been used for over a hundred years
but the results suffer from “scale effect”. The currently used sea trial
method which is conducted before a ship is put into service is very costly
and also suffers from the “scale effect” because it uses the wake fraction,
thrust deduction factor and propeller thrust curves obtained from scaled
model tests.

This thesis presents a new method of “measuring” the ship resistance
of full size ships by applying identification technique to the mathematical
model of ship surge motion. This method requires only a simple sea trial
during a ship’s regular voyage. Moreover, all the instruments needed for
the data collection are already onboard except for a PC based data collec-
tor. A sea trial was conducted on the tanker EXXON PHILADELPHIA
during a journey between Valdez, Alaska and San Francisco along the West
Coast. By applying the extended Kalman filtering (EKF) technique to
the data collected on this trip, and through the algorithms developed in
this thesis to derive the resistance coefficient of the ship, not only was the
ship resistance coefficient itself obtained with good accuracy, but also the
wake fraction and the thrust deduction factor. The success of this method
will not only benefit both the design of ship hulls and propellers but also
the marine hydrodynamics research, especially at high Reynolds number.
The recursive least-square technique and the recursive instrumental vari-
able technique were also studied as alternative identification tools beside
the EKF technique.

Thesis Supervisor: Dr. Martin A. Abkowitz
Title: Professor of Ocean Engineering
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Chapter 1

Introduction

It is well known that reducing the resistance of ships and making their
propulsion systems work efficiently has been one of the most important
goals for naval architects. Choosing among the complicated body forms of
ships and finding a good match between ship body anrd propulsion sysiem is
2 major task during the design stage. However, because of the complexity
of the geometric forms of ships and the complexity of the hydrodynamic
forces existing between ships and the fluid they are moving in, it is still far
beyond the ability of naval architects to meet these two goals with great
success. In order to reduce the resistance forces, the measurement of the
ship resistance and the exploration of their mechanics have been two topics
of interest to scientists and engineers for more than a century. Although
convincing explanations of the reasons behind the resistance for bodies

moving in fluids have been provided from research results, and formulae



for the approximate calculation of the resistance forces on a simply formed
body surface have been obtained, the complexity of the form of the bodies
of ships still makes it very difficult to apply these theoretical formulae
directly to the calculation of the resistance of ships. Even today, when
high speed computer systems are routinely used in solving very difficult
problems, the lack of a comprehensive theory has hindered the development
of a numerical method. The resistance forces on ships are still predicted
through conducting model tests in cooperation with sea trials rather than

by numerical methods.

1.1 History of Ship Resistance Measurement

It has not been practical to measure the ship resistance directly. The con-
ventional idea of measuring the resistance of a ship when she moves at a
certain speed is to measure the towing force or propulsive force(exclusion
of interference effects) which keeps her moving at that speed. Clearly, it
is impossible to carry out this kind of measurement on large ships, not to
mention supertankers with hundreds of thousands of dead-weight tons.
Even for small ships, the towing method is not a choice since the mechan-
ical system for the experiment is far too sophisticated (considering avoid-
ance of towing ship wake). Besides, the equipment investment is expensive
and the accuracy of the measurement results cannot be guaranteed. An-

other method of directly measuring ship resistance is to propel the ship by



means of aircraft jet engines mounted on deck and to measure the thrust of
the engines (Lucy Ashton trials). These trials were very costly and time-
consuming, and %he results were of questionable accuracy, even though the
ship was less than 200 feet long.

The use of smaller scaled models of ships to do the experiment is at-
tractive. However, from dimensional analysis we know that the resistance
acting on a body moving in a fluid is a functicn of three non-dimensional

parameters:

R =1 Jr )

where R is the resistance or the dragforce, U is the velocity of the moving
body relative to the fluid, L is the linear dimension of the moving body, v
is the kinematic viscosity coef ficient of the fluid, g is the gravitational
acceleration, p is the density of the fluid, p is the pressure in the fluid and
py is the vapor pressure.

We call Q;"— the Reynolds number, 7%5— the Froude number, and ‘;—‘,J%l is
equivalent to a number called the cavitation number. (If we do not con-
sider the free surface, R is only function of Reynolds number aﬂd cavitation
number. That is the case for submersibles.) To maintain these parameters
for both the ship model and the full scale ship is rarely possible. Although
the idea of ship model tests originated with Leonardo da Vinci, it only
became practical after the British naval architect William Froude first pro-

posed the method of extending the model result to real ships, based on the
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“Law of Comparison” stated by him in 1868.

Froude’s idea is that besides the air resistance experienced by the above-
water part of the main hull and the superstructure due to the motion of
the ship through the air, the total resistance force on a ship moving in the

water consists of three parts:

1. The frictional resistance due to the motion of the hull through the

water which is a viscous fluid.

2. The wave-making resistance due to the lost of energy of the ship to

the wave system created on the surface of the water.

3. The eddy resistance due to the energy carried away by eddies shed

from the hull and appendages.

Froude took the latter two items together under cthe name “residuary
resistance” and he mentioned in the “Law of Comparison”: “The (resid-
uary) resistance of geometrically similar ships is in the ratio of the cube of
their linear dimensions, if their speeds are in the ratio of the square roots
of their linear dimensions.” That is, the residuary resistance is assumed
independent of Reynolds number which we know is not the case. Based
on this law, the method of extending the model results to the ship is as

follows:

1. Once a real ship or its design has been chosen, its model is made to a



linear scale ratio of /\(/\ = f‘-) , and ran over a range of “correspond-
m

ing speeds” such that

Up _ Uny
VL, Lm’

where L,, is the overall length of the model, L, is the overall length

of the real ship, U,, is the speed of the model and U, is the speed of

the real ship.
. The total model resistance R;,, is measured in the towing tank.

. The model frictional resistance Ry, is calculated assuming the re-
sistance to be the same as that of a smooth flat plank of the same

length and surface as the model.

. The model residuary resistance R,,, is found by subtraction:
Ry = Ripm — Rfm

. The ship residuary resistance R,, is calculated by the law of com-

parison:
R,, = R,y x A3 X 2o
where p,, is density of the fluid for model test, p, is the density of the

fluid the real ship sails in.

This applies to the ship at the corresponding speed given by the

expression:




U, = [Jm\/X

6. The ship frictional resistance Ry, is calculated under the same as-
sumption as in Step 3 by using the frictional coefficient for the ship
length and speed. However, there is no reliable data on the resistance
of a flat plank at high Reynolds number, hence this step always brings

in errors.

7. The total ship resistance R;, is then given by
R, = Rfc + R,,

This method of extrapolation from model to ship has been used ever
since William Froude set up the first model experimental tank at Torquay
in 1870.

Although the Froude hypothesis is very helpful in reducing the scale
effect on the estimation of the resistance coefficient, the big difference in
Reynolds number between the model and the full scale ship still causes
obvious errors. Furthermore, the model test method can only be used for
the newly-designed or newly-constructed ships. Once the ships are put into
service, it cannot be used for the prediction of the change of the condition of
the ship hull and the propeller system due to fouling, corrosion or addition
of appendages or hull alterations. Moreover, keeping the information about
ship resistance coefficient during service is also of great importance. Since

the available knowledge will help in judging the situation of the ship hull
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and the propeller system and thereby help to determine the best time to
put the ship into dry dock.

Efforts to minimize the “scale effect” over many years have resulted in
the method currently used for estimating the resistance of the ship which
consists of a combination of tests on both a model and on the full scale ship.
The principle is to use the model test results to get the resistance curve
of the ship through extrapolation and to acquire the wake fraction w and
the thrust deduction factor t. Based on these results the sea trials of the
full scale ship are conducted to measure the resistance of the ship by means
of measuring the ship speed and the thrust. However, sea trials on the full
scale ships in these procedures are very costly in equipment, personnel and
time, since the ship has to be taken out of service and special instrumen-
tation and qualified personnel have to be placed onboard. Moreover, sea
conditions sometimes cause costly delays. Furithermore, the results are usu-
ally not satisfactory, because recording thrustmeters are not installed on
mcst merchant ships, and consequently the resistance must be estimated
from the power. Even for ships fitted with recording thrustmeters, the
noisy measurements cause inaccuracies in measuring the thrust force T.

The resistance force
R=(1-¢)T

depends on the thrust deduction factor ¢ which is assumed to be the

same as that of the model value. That assumption is incorrect. It has been




shown that the thrust deduction factor t alse suffers from “scale effect” and

so does the wake fraction w and the thrust coefficients of the propeller.

1.2 System Identification Method

As an alternative to the traditional methods, the method of applying sys-
tem identification technique, which has been developed at MIT, has shown
great potential in estimating the resistance coefficient of ships from rel-
atively simple sea trials. The system identification method is based on
a mathematical model of ship motion. Theoretically, with a mathemati-
cal model of the ship’s surge motion at hand, measuring the surge speed u
and the propeller rotating rate n, and using them as inputs into the mathe-
matical model with a proper identification technique, satisfactory identified
values of the resistance coefficient of the ship can be obtained. The suc-
cess of the application of the extended Kalman filter(EKF) technique of
system identification in the measurement of the main linear and nonlin-
ear hydrodynamic coefficients in the maneuvering of the supertanker ESSO
OSAKA, stimulated the research in this area at MIT. Using the tanker
EXXON SAN FRANCISCO as the research object, simulated data of the
surge speed u corresponding to the propeller rotating rate n for both the
deceleration operation with a wind-milling propeller and the acceleration
operation were used in the mathematical model. The results were very

encouraging indicating good probability of successful identification of the



resistance from a ship trial. In May of 1987, real sea trials were carried out
on the 75,000 deadweight ton tanker EXXON PHILADELPHIA which is a
sister ship of the tanker EXXON SAN FRANCISCO, on a routine sailing
between Valdez, Alaska and San Francisco. During the five-day voyage,
a two hour period of calm weather was chosen. The sea trials took about
40 minutes with the ship generally headed in the desired direction of the
voyage, the remainder of the time was used to conduct maneuvering trials
which are not included as part of this thesis. Measurements were made of
the ship’s surge speed u, propeller rotating rate n, ship’s heading angle 3
and the rudder angle 6. The surge speed u and propeller rotating rate n
are to be used as inputs, the heading angle ¥ and rudder angle 6 are mon-
itored to ensure that a straight course is maintained with negligible rudder
action. Two kinds of planned sea trials were conducted: one in which the
ship decelerated with a wind-milling propeller, while the other has the ship
accelerating from zero speed to cruising(equilibrium) speed. The procedure

for the sea trial is as follows:
e Maintain the ship in equilibrium state, while keeping straight course.

e Slow down the ship by cutting the power to the propeller, allowing

the propeller to wind-mill.

e After the ship slows to half speed, reverse the propeller to bring the

ship to a stop.



o After remaining at stop for a te.» minutes, speed up the ship by calling

for cruising rps on the propeller to be obtained as quickly as possible.

e Maintain cruising speed long enough for collecting data. (several

minutes)

The collected data © and n were used as inputs to identify the ship
resistance coef fictent Cp. The identified resistance coefficient is obtained
with good accuracy(probably within 1%). In addition, the full scale wake
fraction w, and the full scale thrust deduction factor t, were also deter-
mined from the identification procedure.

All the instruments required in the sea trials are standard instruments
onboard except for a personal computer used as a digital data collector.
The ship’s routine voyage was little affected, only one extra person was
needed, and in the future the data collection can be performed by a trained
crew member, therefore keeping the expense low.

The success of the identification technique provides a new and very pow-
erful method to get more accurate and reliable power prediction methods
for ships during the design stage, accurate and timely description of the
state of the resistance of the ships in service and accurate hydrodynamic
data at extrmely large Reynolds number for use in boundary layer research.
This constitutes the first time in the field of ship hydrodynamics that the
resistance of a ship has been effectively measured through relatively sim-

ple and inexpensive sea trials with good accuracy. This is also the first
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time that the wake fraction w and the thrust deduction factor { have been
“measured” on a ship.

The identification method cannot completely replace model testing, not
only because model test results constitute a reference for system identifica-
tion, but also because when the ship is in the design stage, only model tests
can be used to gel the hydrodynamic coefficients in spite of the scale effects.
However, the more accurate identified results from ship measurements can
help improve the method now in use to extrapolate the model test results to
full scale ships and to provide accurate wake fraction to improve propeller
design with regard to efficiency, noise and cavitation.

In this thesis, a method of using system identification technique to es-
timate the resistance coefficient and the application of this method to the
identification of the resistance coefficient ef the EXXON PHILADELPHIA
is presented.

In Chapter 2, the system equation is set up by applying hydrodynamic
theory to ships and their propellers.

In Chapter 3, the design of the sea trials is determined both from the
point of view of hydrodynamics and from the point of view of the the-
ory of identification. The aims of the design of the sea trials are: getting
“the most informative data” for the purpose of identification, collecting
less noisy data, simplifying the sea trials and keeping the overall costs low.
The instruments to be used onboard and their hock-up via a personal com-

puter to form a data collecting system are also discussed. The procedure

11



for collecting data is briefly described and samples of measured data are
presented.

Five hydrodynamic coefficients are involved in the surge equation: — X
(the added-mass of the ship corresponding to surge acceleration), n,, 12,
ns(the propeller thrust coef ficients) and Cp (the ship resistance coeffi-
cient). It is not possible to get all of them directly by identification. To
get the resistance coefficient Cp, it is necessary to work several more steps
after getting the results from the identification process.

In Chapter 4, it is shown how the added-mass coefficient — X, was ob-
tained through the numerical solution of the Green theorem, and how the
resistance coefficient Cp was derived step by step. Two different procedures
are discussed.

In Chapter 5, three different identification techniques are briefly dis-
cussed and compared. They are the recursive least squares method, the
recursive instrumental varitable method and the EKF method.

In Chapter 6, the identified results and the parameter values derived
from these results are presented and discussed. To assess the results, the
simulated surge motion of the tanker EXXON PHILADELPHIA is com-
pared with the measured data.

Suggestions for future work in this area are made in Chapter 7 following

a summary of the work that was carried out.
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Chapter 2

Surge Equation

In ocean engineering, the object of study is the system consisting of the
ocean vehicle or the offshore structure and the environment in which they
exist. Besides the study of the dynamics of the fluid, an important topic
of research is the behavior of vehicles and structures in the fluid, which
includes the topics of maneuverability and sea-keeping. The complexity
of ocean systems makes it very difficult to study them directly. Studying
ocean systems with associated models is a commonly used method to avoid
these difficulties.

Broadly speaking, models of systems are simplified, abstract constructs
which are used to study the behavior of the systems. There are many kinds
of models under this definition. In ocean engineering there are two kinds
of models which are often used: one is the simplified scaled physical model

which may not resemble the real system in all its details, but possesses
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the most important characteristics of the system and hence behaves like
the true systern; the other is the mathematical model, usually a set of dif-
ference equations or differential equations, which are capable of describing
the behavior of the system. Scaled models of ships used in towing tanks
belong to the former category. As pointed out in the Introduction, they
are commonly used but suffer from “scale effects” which limit their use.
Mathematical models are also used in ocean systems research, especially in
the study of ship motions. In contrast to the scaled models, a mathematical
model generally can represent a certain type of ships by leaving a set of
parameters undetermined. The selection of these parameters will specify a
particular ship.

A mathematical model of a system is some mathematical relationship
between a set of variables and the parameters mentioned above. The vari-
ables involved are used to describe the behavior of the system. For example,
in maneuverability research for super tankers, despite differences of dis-
placement, body form, engine horsepower etc., the structure of their math-
ematical models are the same, i.e. they consist of the same set of equations.
Corresponding to any specific super tanker, the parameters have specific
values. These parameters are called hydrodynamic coefficients which may
be determined through different ways.

The complete setting up of the mathematical model can be accomplished
in two steps. The first step is to find the structure of the model, and the

second step is to determine the value of the coefficients. The first step
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is critical. Since no system can be modeled exactly, a model developed
in a suitable form can greatly reduce the complexity of actual study and
may lead to reasonable results. An overly complex and detailed model
may contain too many coefficients or parameters and make the second step
virtually impossible. On the other hand, an overly simplified model may
not be able to describe the behavior of the system properly. In this chapter
we shall concentrate on setting up the mathematical model of ship systems
for the study of the resistance and powering of ships.

Just as mentioned above, the mathematical model depends on both the
type of the ship and the environment she is in. The only characteristics
retained are the ones related to the object of this reseach. For the case
of the study of ship resistance, only the motion of the ship in the surge
direction is of interest, because the resistance of a ship is the drag force the
ship suffers when she moves in straight ahead motion. That is, the model

of a ship system for our study will only consist of the surge equation.

2.1 Resistance and Resistance Coefficient of
Ships

The resistance force on a ship when she moves in water is the total force
against her motion. The resistance has several components: the frictional

resistance acting on the wetted surface of the ship body caused by the vis-
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cosity of water; the eddy resistance or the form resistance directly caused
by the energy lost due to the formation of eddies in the boundary layer;
and the wave-making resistance caused by the energy lost in the wave made
by surface ships when they are moving. The ship resistance is the function
of her surge speed u, the Reynolds number and the Froude number. In a
certain region of the Reynolds number and the Froude number, its ampli-
tude is proportional to the square of the speed of the ship relative to the
water. i.e.

R o u?

So it can be written as
R =Cu?
where C is a constant. This constant C can be non-dimensionalized and

the corresponding non-dimensionalized constant Cp is defined as

o4
Cr=1—=
B 2pSu?
where S is the wetted surface area of the ship body.

Then the ship resistance R can be written as

R = %pSCRu2

Cpr is called the ship resistance coefficient. Research on Cp has revealed
that it is a function of the Reynolds number and the Froude number, and
strictly speaking is not constant when the ship’s speed is changing. Never-

theless, while the ship’s speed varies within a narrow interval, correspond-
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ingly the Reynolds number also varies in a narrow region, and the resistance
coefficient of the ship varies very slightly, and therefore in such regions the
ship resistaince coefficient can be taken as a constant.

The resistance coefficient depends heavily on the characteristics of the
ship: body form, wetted surface area, roughness of the surface, etc. When
ships sail in the same environment, the value of the resistance coefficient can
be changed by the change of the body condition: damage, fouling, corrosion
and so on. The resistance coefficient value can increase significantly for the
above reasons, and this will decrease the operational efficiency of ships
drastically. The survey of the change of the resistance coefficient value
is very important to the ship owners as well as the managers. And the

resistance of a ship is of great importance to the ship designer.

2.2 Thrust and Thrust Coeflicients, n's

From the derivation in Appendix A, the thrust force of the propeller can

be expressed as

T = nu? + naun + ngn’

With the characteristic that n; and n, are always negative, and 7n; is
always positive, then it can be considered that the thrust force of a propeller
is in fact the synthesis of three components with the physical meaning as

some kind of hydrodynamic forces. And the thrust force is not necessarily
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always positive.
These three components of propeller thrust force can be understood in

the following way:

1. ngn? can be understood as a positive thrust source of the propeller.
When the surge speed of the ship is zero, the thrust force of the
propeller is from this part only. Because at u = 0, the thrust force
provided by a propelier is the lifting force acting on its blades, nsn®
can be referred to as the l¢ ft-thrust and the non-dimensional coeffi-

cient np3 = F'BT is then referred to as the li ft-thrust coef ficient.

2. nyu? has the same apparence as the drag of the locked propeller.
When n = 0 and u # 0, the propeller provides a drag of this amount.

Since this component of the propeller thrust is always negative and

its value is proportional to the square of the forward speed, which is

- just the type of hydrodynamic drag force a body suffers while moving
in the fluid with speed . Hence n;u? can be referred to as the drag-
thrust and the non-dimensional coefficient n,, = ;'g; is referred to as

the drag-thrust coef ficient, even though it is not equal fo the actual

drag coefficient of a locked propeller.

3. n,un exists only when both n and u are not zero. It is also some
kind of drag, since it is always negative. It is the result of the cor-

relation between u and n. Since it increases the value of the drag,
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nsun will be referred to as the associated drag-thrust and the non-
dimensional coefficient 1y, = -Hs is referred to as the associated

drag-thrust coef ficient.

These three coefficients will play important roles during the identifi-
cation of the resistance coefficient of the ship, as will be seen in ensuing

chapters.

2.3 Surge Equation of the Ship

When a ship keeps her straight course, the external forces acting on her
consist of the thrust force provided by the propeller and the resistance
force from the fluid. With the application of Newton's law, and without

considering the interaction between the propeller and the ship hull,
. 1
(m — X))t = pD*n,u® + pD*nyoun + pD*p,sn® — EpSC’Ru.2 (2.1)

where — X; is the added-mass of the ship in the surge direction as men-
tioned in Chapter 1, and D is the ship propeller diameter. From now
on, 7,/s are used to represent the ship propeller thrust coef ficients to be
distinguished from its model propeller thrust coef ficients represented by
nyls.

However, the interaction between the propeller and the ship hull is not
negligible. To include this interaction, Equation(2.1) has to be modified.

First, it is noticed that the speed of the flow in front of the propeller is
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not the same as the ship’s surge speed u, since the water in front of the
propeller has been disturbed by the passage of the ship hull. The advancing
speed of the propeller u,, which is the velocity of the flow relative to the

propeller, is usually lower than u.
ug = (1 —w)u

where w is the wake fraction, which is usually less than one.

Second, because of the interaction between the propeller and the ship
hull, the hydrodynamic pressure at the stern of the ship changes because
of the presence of the propeller. The suction effect changes the flow past
the ship hull and usually increases the resistance of the ship. There are two

different ways to affect the modification:

o Introduce the resistance augmentation fraction a,
R=R,(1+a)

where R, is the resistance of the ship hull without considering the

influence caused by the existence of the ship propeller.
e Accept the concept of the thrust-deduction factor ¢,
T="T,(1-t)

where T, is the thrust force provided by the ship propeller without

the interaction between the ship hull and the ship propeller.
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Both the thrust-deduction factor ¢t and the resistance augmentation frac-
tion a are used in this thesis.

After the modification, Equation(2.1) becomes

0 (pD*ng1ua’ + pDPnuan + pD*y,sn?)(1 — t) — 1pSCpru?
m — X.',

(2.2)

Using u instead of u4 and introducing new coefficients, the surge equa-

tion becomes

4 = PD*nnv’ + pD’nyaun + pDmygn? — pSCru’

m_X, (2.3)
where
m = na(l-t)1 - w)?
Mz = Ma2(l—t)(1-w)
ms = ms(l—t) (24)
Combining the two stems of u? into one,
. pD*(ny1 — 355Cr)u® + pD3nygun + pDnysn’
%= (2.5)
m — Xc.
Now defining
. S
m = M- ﬁcn
n = Nt2
ns’ = ts (2~6)
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then the ship surge motion equation becomes

. mtul +ntun + ng'n?
U =
m— Xg

(2.7)

This is the system equation to be used in the system identification

procedure which leads to the estimate of the ship resistance coefficient.
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Chapter 3

Experiment Design and

Measurement Data

3.1 Experiment Design

3.1.1 Sea trial pattern

Experiment design is an important stage in the overall identification pro-
cedure. A thoughtfully designed experiment is crucial, since the quality of
the identification results, especially the accuracy of the identified parame-
ters, depends on both the identification technique chosen and the quality
of the data obtained in the experiment. A well designed experiment will
produce sufficient relevant information about the dynamics of the system.

Furthermore, in the event of failure in the identification due to an unsuit-
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able choice of input signals, the whole experiment has to be repeated which
is an expensive and time-consuming proposition. The case of the sea trial
for collecting the data to be used in ideatification, which is now under dis-
cussion, is a good example. The sea trial is simple, and almost every ship
can be submitted to it. However, since this technique is still in the stage of
testing, it is necessary to convince the ship owners to lend their support.
Before the voyage, it is necessary to prepare for the test by checking in-
struments onboard and rehearsing. This procedure is time consuming, and
had the test failed, to carry it out again would have been very costly.

The goal of the experiment design is to maximize the information con-
tent of the data within the limits imposed by the given constraints and
in the minimum time. To achieve this goal, the design of the experiment
should include: choice of input variables, test signal design, choice of sam-
pling rate, choice of experiment time length and presampling filters design.
Each of these has a significant bearing on the information provided by an
experiment and thus on the final identification result. At one extreme, a
poorly chosen input may result in violer* system disturbances with subse-
quent damage or loss to the system. At the other extreme, an input can
be so conservative as to yield little or no information about the system’s
dynamic behavior. It would be a wasted effort even though a lot of (useless)
data may have been collected. In most cases, the components of the exper-
iment design are closely interrelated. Hence, the design of an experiment

is generally an integrated problem. That is, in order to get an efficient ex-
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periment or an optimal experiment, all the above mentioned factors should
be considered simultaneously, although in the literature, these factors are
usually discussed separately.

In practice, the experiment design cannot be accomplished by merely
working with theories on optimal control and identification. Sometimes, a
perfectly designed experiment plan based on the application of theoretical
analyses may not be feasible due to the constraints existing in the experi-
mental environment. Therefore, a priori knowledge of the system plays an
important role. The limitations brought by constraints such as instrument
availability, accuracy of equipment, etc. can affect all the components of
the experiment design and sometimes lea;vés no room for flexibility. So in
practice, once the goal of the identification has been set, the best thing to
do is to first examine the environment of the experiment carefully to see
what the constraints are and which part of the experiment as designed can
be done under these constraints and how much room is left for the design
flexibility etc. Then set up the design strategy and start to make the plan
of the experiment.[8][10][16] [23]

For the identification of the resistance coefficient of ships, since the
system equation is already established, the structure of the model is set
and the only unknowns are the parameters which are assumed constant.
The task of identification is therefore to estimate these parameters. The
ship surge motion system, from the point of view of system theory, is a

single-input single-output system. The input variable is the ship propeller
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rotating rate n, and the output variable is the surge speed u of the ship.
It is evident that to identify the resistance coefficient of the ship through a
very simple maneuver of the ship and using instruments originally onboard
ship, u and n automatically become the choice of variables to be measured
in the experiment. Therefore the experiment design problem is reduced to
a choice of suitable input signals for the input variable n and the choice
of suitable sampling rate so that the desired parameter accuracy can be
obtained in minimum time.

To get accurate values of the parameters through identification, the in-
put signal n should possess two properties. One property is that it will
guarantee that the results of the identification are consistent. This means
that for the parameters n*/s in the model, the input signal n should be
able to discriminate between different groups of parameter values. In other
words, if two different groups of values are assigned to the n*/s, the same
input signal n will correspondingly produce different values of output u.
The other property is that the variance of the estimates of the parameters
should be minimized. This, of course, depends on both the input signal
shape and on the sampling rate. However, the choice of the input sig-
nal shape is the more important and difficult problem. The input signals
possessing these characteristics are called the persistent ezciting signals,
and an experiment conducted with that class of input signals is called an
tnformative experiment.

Starting from this principle, different criteria of optimal experiment de-
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sign, both in the time domain and in the frequency domain, have been
derived mainly from linear system theory. According to Goodwin et al,
[9] for sensibly chosen criteria, the choice is often not critical, i.e. usually
a good experiment according to one criterion will be deemed good by an-
other criterion. Therefore one can pick any criterion which is meaningful
and convenient. It is often preferable for the criterion to be posed in the
frequency domain rather than in the time domain. The reason is that al-
though the time domain analysis is carried directly on the signal itself, the
frequency domain analysis gives more insight of the effects of the input sig-
nals on the system. Ljung[16] pointed out that very different input signals
having the same spectrum can be equally good as far as input signal design
is concerned. So one way the input signal design can be carried out is by
first determining the best input spectrum and then selecting a realization
of that spectrum by taking into consideration practical aspects of signal
generation and input limits. To realize the signals, one can first choose
an input signal which fits the physical system withcut conflicting with the
constraints and then compare its spectrum with the best input spectrum.
For the identification of the resistance coefficient of ships, the constraint
for the design of the input signal for n is that the value of n should not
be changed too rapidly. Also for the sake of the safety of the engine and
propeller system, a high frequency change in n is to be avoided.

Based on these ideas, two patterns of simple maneuvering are consid-

ered. The first one is the accelerating maneuver or “speeding up”, which is
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to start the propeller from zero rps to full rps. It is hoped that through this
procedure, the measurements of u and n can lead to the estimates of n,",
n2* and n3* simultaneously. The second one is the decelerating procedure
or “wind-milling” maneuver. During this procedure, the ship is slowing
down with the propeller in the wind-milling mode. The ship moves foward
under its own inertia and is slowed down by the hydrodynamic resistance.
Since the ratio of surge speed u and the propeller shaft rotating rate n
keeps constant during this procedure, it can either be taken as a closed-
loop identification or be taken as a new system, whose system equation
is -
i = %’? e (3.1)
where ¢, is the noise and Cp is the integrated resistance coefficient,
which includes a part corresponding to the resistance of the wind-milling
propeller. One reason to consider this maneuver, is that evidently Cp can
be estimated very accurately from a system equation containing only one
unknown parameter. Furthermore, from ship hydrodynamics it is known
that in the wind-milling mode, the resistance of the propellgr should be
the order of 5% of that of the ship. So the result from this procedure can
be used as a reference value to compare with the result identified from the
acceleration maneuver. Since the ship is sailing under the equilibrium con-

dition, the deceleration maneuver can be accomplished by bringing the ship

to a stop for the initiation of the acceleration maneuver. Therefore adding a
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deceleration maneuver (with wir.d-milling propeller) to the procedure con-
sisting of the acceleration maneuver represents little additional effort. Since
some ships cannot make the propeller wind-mill, this maneuver may not be
applicable for a wide range of application to ships.

Experiment design is also based on the analysis of the covariance of the
estimator which is used in the identification. However, since the exact co-
variance of a particular estimator is very difficult to ascertain, one proceeds
with the assumption of the existence of an asymptotically efficient param-
eter estimator. The parameter covariance matrix is then approximated by

the Fisher information matriz M which is defined as

oin (y16) " 3ln (y]0)

M=(—5") (=35 )

(3.2)

where y is the output variable vector, 0 is the parameter vector, the index
T means the transpose of a matrix or a vector.[9]

Two particulars of the analysis have been addressed. One is whether
the input signal is persistently exciting, which means that the input signal
is sufficiently rich to excite all process modes of interest, so that the iden-
tifiability of the parameters can be guaranteed. According to Rothenberg,
local parameter identificability is equivalent to non-singularity of the infor-
mation matrix.[23] In the frequency domain analysis, Ljung has shown that
this implies the minimum number of spectral lines of the input signal.[17]

Zarrop has shown in his thesis, that for a linear single-input single-output

system, the necessary condition for the input signal to be persistently ex-
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citing, corresponding to the identification of N parameters, is that the
spectrum of the input signal should have at least % spectral lines.[23]

Though the model of ship surge motion is nonlinear in the variables u
and n, it is linear in the parameters 7,°, ;" and n3*. The analysis men-
tioned above can be applied to the ship surge motion system without too
many difficulties. Checking the two experimental procedures: “speeding-
up” and “wind-milling”, it is evident that signals of n in both procedures
are persistently exciting for the identification of n*'s.

The other subject of analysis is to find an optimal input signal by min-

imizing I = f(M)—the per formance index of M. One choice of I is
I = In(det M)

where det M is the determinant of M.

The conclusion of studies by several authors is that the optimal signal
can always be realized through carefully chosen binary signals. Examples
for nonlinear systems given by Goodwin lead to the same conclusion.|8]
However, for the ship system, since there is a limitation on the engine and

propeller performance, binary signals of n are not practical.

3.1.2 Sampling rate and experiment length

Sampling rate is also a factor relating to the accuracy of the identification.
Sampling rate is one of the components of the experiment design for general

cases. For the identification of the resistance ccefficient, one has to avoid
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the aliasing phenomenon which occurs when the sampling interval is larger
than the time constant of the system. In the experiment in which ':ta
for identifying the ship resistance is collected, the principle is to sample the
data as fast as possible, since the increase in cost due to an increase of the
sampling rate for such a simple problem is negligible. The time constant
concept is used in linear system analysis. Although, the ship surge motion
system is a nonlinear system, for a step input n, the response of u is an
exponential-like function. Following the definition of the time coiistant of
a linear system, the pseudo time constant r for ship surge motion system
can be defined as

Le

T = -
Ug

where u, is the value of the u at the equilibrium state, and %, is the value
of © at time ¢ = 0. For the tanker EXXON PHILADELPHIA, a pseudo
time constant 7 for the ship surge motion system of ~ 410 seconds has been
obtained both by solving the equation analytically, and by the simulation
of the ship motion based on the mathematical model.(see Appendix B)
The sample interval of the measurement in the sea trial is 1 second which
avoids aliasing. When the data are put into the estimator to estimate the
coefficients in the identification stage, re-sampling on the measured data at
a multiple of 1 second will be considered.

The duration of the experiment should be as long as possible for the

sake of reliability of the data and of the accuracy of the results of identi-
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fication. Insufficient tirne for an experiment may lead to a pitfall; in some
instances, an accurate model that fits the data very well may be obtained
through identification, however the model may be wrong. Data from an-
other similar experiment :nay also lead to an “accurate” model but with
quite different parameters obtained through the same identification proce-
dure by the same identification method. Furthermore, the variance of the
estimates is usually proportional to the inverse of the experiment length.
Consequently, in order to improve the standard deviation of the estimates
by a factor of two, the experiment has to be four times as long. Never-
theless, for the experiment duration, longer may not mean better, because
extra disturbances are often introduced in a long time experiment, espe-
cially during a sea trial. According to Gustavsson(10|, a rule of thumb is
that the experiment should last at ieast ten ttmes the major time constant.
However, Zarrop in his thesis[23] cited an example where time duration is
only twice the time constant in practice.

As mentioned above, the time constant for the ship surge motion system
is about 410 seconds while the sea trial experiment length for each proce-
dure was over 1000 seconds. It does not meet Gustavsson’s rule. However,
the identification on the simulated data showed that this time duration is

good enough.
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3.2 Instrument Layout

As mentioned earlier, some of the most important features of the method
developed for estimating the resistance coefficient of ships is the simplicity
of the sea trial, and the fact that all the necessary equipment is originally
onboard. During the sea trial, to maintain the synchronization in the sam-
pling of different variables, and to convert the measured data into digital
records, a PC based datalogger was brought on board and connected with
the onboard equipment through interface and ancillary units. A brief de-

scription of instruments follows.

1. The datalogger for data collecting is a Sperry Marine Data Acquisi-
tion System(SMDAS). It is based on a system developed by the Ship
Performance Department(Code 1561) of DTNSRDC. A Sperry PC
is augmented with additional hardware for the datalogging and dis-
play functions and uses the software developed by DTNSRDC. The
time history data is converted intc ASCII files. In its present config-
uration the SMDAS can collect up to 16 simultaneous channels of
analog data in the voltage +10volts at sample rate up fo 3 samples
per second. Only 5 channels were used in the experiment. This cys-
tem does not occupy large room, and the PC can be used for other

performance as a micro computer besides datalogging.(see Fig. 3.1)
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Figure 3.1: Sperry Marine Data Acquisition System

2. The Rudder Angle Indicator is made by SIEMENS Gmbh(Germany).
It was originally onboard ship. It is a 50 volt 60 Hz synchro system
with a three faced indicator on the ship’s bridge. (see Fig. 3.2) A
connected parallel synchro to analog converter has a sensitivity of

9.615 degrees per volt.(see Fig. 3.3) It is connected to the datalog-
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ger through channell. This converter is small and very easy to be

arranged on the bridge.

Figure 3.2: Rudder Angle Indicator
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Figure 3.3: Signal Converter

3. The model IC-8PR. Shaft Tachometer with remote meters is used to
measure the rpm(revolutions per minute) of the propeller shaft. It is
made by Electric Tachometer Corporation, (Philadelphia, Pa.). The
high impedance monitor across the bridge meter has a sensitivity of
57.778 revolutions per volt. It is connected to the datalogger through

channel 2. (see Fig. 3.4)
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Figure 3.4: RPM Meter

4. The M K 227 Gyro-Compass is used for the measurement of the head-
ing angles. It is made by Sperry Marine . It is connected to the dat-

alogger through two channels: channel 3 and channel 4.(see Fig. 3.5)

e Channel 3 records the heading angle within the range of +180°.
he 115 volt 80 H2 Synchro is geared at 1 : 1 to compass. Syn-
chro to analog conversion gives £10volts for +180° of absolute

heading.

e Channel4 records the heading angle change ranging from —5° to

+5°. The Synchro is geared to analog conversion gives +10volts
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for +5° heading change.

Figure 3.5: Gyro-Compass

5. The SRD 301B Sperry Marine Doppler Speed Log is used to mea-
sure the ship forward speed. The serial data to analog conversion
gives 2.5 knots per volt. It is connected to the datalogger through
channel 5. (see Fig. 3.6)
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As mentioned before, the measurement of heading angle is only used to
survey of the course of the ship; it is not necessary to record the heading
angles and the rudder angles.

The whole network is shown in Fig. 3.7

Figure 3.6: Doppler Speed Log
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Figure 3.7: Network of Data Measurement

3.3 Results of Measurements

The sea trial for the measurement of u and n was conducted on May
12, 1987. On that day the 763 feet long, 76,000 dead-wetght ton tanker
EXXON PHILADELPHIA was on the way back from Valdez, Alaska to
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San Francisco along the West Coast. The displacement of the tanker was
90,600¢o0ns. The initial position of the sea trial was chosen in calm sea at
58°38.67' north and 143°29.25' west. At that time there was a slight swell
of 1 to 2 feet and no wind.

First, the deceleration procedure of the ship was conducted by cutting
the steam to the engine and letting the propeller of the ship wind-mill. The
ship kept moving straight foward. When the speed of the ship slowed down
to half of the cruising speed, the engine was set in reverse which brought the
speed of the tanker to zero. The acceleration procedure was then initiated
by bringing the propeller rotating rate n to 70 rpm as quickly as possible.
The whole experiment took about 35 minutes and went very smoothly.

The data raeasured during the experiment were directly recorded on
floppy diskettes in ASCII form which are readable on any IBM compatible
PC. The measurements of v and n from both acceleration and deceleration
procedures are shown in Fig.s 3.8 ~ 3.11. The noise analyses of these

measurements are presented in Appendix C(Fig.sC.2 ~ C.9).
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Figure 3.8: Measurement of u(Deceleration)
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Chapter 4

Strategy of Coefficient

Estimation

Once the system equation has been derived, the next step is to find a way to
estimate the parameters through an identification technique. System iden-
tification is part of system science. In system analysis, a major problem
is the determination of the output signal based on the input time history
and the properties of the system. The model of the system including its
structure and the values of its parameters is already known. For the case
of the surge motion of a shiyp, the object is to determine the signal « when
the input signal » is given. System identification can be recognized as an
“inverse problem” of system analysis, since it deals with the problem of
determining the system model which describes the system behavior when

both the input and output signals are known{17]. When the structure of the
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system is known, the estimation of the parameters in the model becomes
the main task of system identification. Different methods for parameter
estimation, especially for the estimation of the parameters in linear sys-
tems, have been developed. Their common goal is to make the estimated
values as accurate as possible. Methods such as the least squares method,
maximum likelihood method, and the instrumental variable method have
been extensively used. However, only those parameters which are identifi-
able can be estimated by the identification technique. Sometimes, because
of the characteristic of the system model or because of lack of sufficient
information, one or several parameters may not be estimated by any of the
developed identification methods, especially for a system model with too
raany unknown parameters.

The examination on the ship surge motion Equation(2.5) shows that
there are seven parameters to be estimated. They are — Xy, 7,1, 752, 7.3,
Cr, t and w. Their values, except for — X}, are usually obtained from model
tests prior to the full scale ship trials. They suffer from the scale effect.
From identification theory, it is evident that only three coefficients n,*, n,*
and n3* can be estimated directly by the identification technique. Since
the seven parameters mentioned above are combined inte three identifiable
parameters, it is not possible to get the resistance coefficient Cg of the ship
directly through any identification technique. It is more practical to obtain
the resistance coefficient Cg from the n*'s after they have been estimated

through identification. To achieve this goal, one needs to work by steps, and
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before Cg is determined the other unknowns among the seven parameters
mentioned above need to be determined first. The details of the approaches

are discussed in the following sections.

4.1 Calculation of the Added-Mass Coeffi-
cient

It is known that — X, has a physical meaning as the added-mass coefficient
corresponding to longitudinal acceleration. Until now, it has generally been
given a rough estimated value for a reai ship by consulting the calculations
for ellipsoids based on length-beam ratio and it is of the order of 5% of the
displacement of the ship. The choice of the length-beam ratio is difficult
but critical. For example, for a tanker, the difference between the width
and the depth is obvious, so the equivalent ellipsoid will have two different
length-beam ratios and consequently there should be two different values
for its added-mass. Also, ship bows and sterns do not resemble ellipsoids.
Although a small error in the value of —X; would not cause a serious error
in the identified result of the resistance coefficient, in the hope of improving
the result as much as possible —X; is calculated on the computer through
the application of the Green theorem. In brief, from G-een theorem, the
distribution of hydrodynamic potentials on the wetted surface of the ship

is a function of the shape of the surface, and the added-mass of the ship

48



corresponding to longitudinal acceleration is just

~ X = p// ¢19?—‘-ds (4.1)

where ¢, represents the velocity potential due to a body motion with
unit velocity in the surge direction and ¢, is a function of (})[18} Because
of the complexity of the shape of the body surface of ships, this formula
had not been used in practice, save for the simpler three dimensional bodies
like spheroids and ellipsoids of revolution. However, the recently developed
MIT Radiation and Refraction Frogram provides a numerical solution for
the velocity potential and added-mass coefficient for arbitrary shapes. The
program was used to calculate the added-mass — X, for the tanker EXXON
PHILADELPHIA. To perform the calculation, the first step is to divide the
wetted surface of the ship into small quadrilateral panels. These panels do
not have to be equal in size or shape. The coordinates of the vertices of each
panel are collected in the clockwise direction and constitute the input for
the computer program. Since the ship body is port-starboard symmetric,
only half of the wetted surface of the ship is needed.

For the tanker. the wetted surface was divided in the following way: 20
water planes were used to divide the under water part of the ship body
into layers, then 30 transverse section planes were used to cut the wetted
surface between each two layers into panels. It is known that every tanker
has a large parallel middle body, where the distances between each two

transverse sections are larger than that at the bow and at the stern. As
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shown in Fig. 4.1 and Fig. 4.2, half of the wetted surface of the ship
is divided into 550 panels.(If both sides of the ship body are considered,
there are 1,100 panels altogether.)

The procedure of obtaining the coordinates of the these panels is now
briefly described:

First, all the coordinates of the vertices of the panels are collected from
the layout of the ship hull and put into an input file.(See T'eble 4.1) Because
these coordinates from the layout are in feet, inches and féls, they need
to be converted into decimeals in feet to be used in the program. After the
conversion, the coordinates of each panel are put into the order that the
vertices of each panel are in the clockwise direction. (See Table 4.2). These
data are then used as the input to the program calculating the added-mass
coefficients of the ship. For the case involved in this thesis, —X;—the
added-mass coefficient of the ship corresponding to longitudinal accelera-
tion is to be calculated.

The calculated —X; for EXXON PHILADELPHIA is 4.71% of the dis-
placement of the tanker. The value of the added-mass for an equivalent
ellipsoid is of the same order of magnitude. (see Fig. 4.3). The value of
the added-mass coefficient of the ship corresponding to longitudinal accel-

eration obtained by this numerical method is reasonable and reliable.
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Table 4.2: Coordinates of Panels(Part)
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Figure 4.1: Panels of the Wetted Ship Surface(1)
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Figure 4.2: Panels of the Wetted Ship Surface(2)
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