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OPERATION OF V,L.C.C.'S IN HEAVY WEATHER
by

Staffan Robertsson
ABSTRACT .

A short review is presented of available instrumentation systems
designed to assist the operation of ships in heavy weather by warning
against dangerous wave loads. Some systems also give guidance to

the master by predicting the outcome of evasive actions, and the bases
on which such predictions are made, such as visual observations of

the wave system, are questioned. A method is presented in which

the motions of the ship are used to determine the sea state in the
form of an "equivalent'" wave spectrum.

Two investipations of the possibility of improving the guidance capability '’

‘of warning instruments are described, in which the predictions are

based on the equivalent wave spectrum. For this purpose, recorded full-
scale data from a container ship and a tanker have been analysed and the
two methods, spectrum analysis and a statistical method, are described.

Using the equivalent spectrum, predictions of the effect of a change

of course and estimates of one response from ancther have been made and
compared to measured values. The results of these comparisons, which
are presented graphically and in the form of correlations between
measured and predicted values, are discussed with respect to error
sources and factors which limit the method's applicability.

The accuracy in predicting one response from another was found to be
higher the closer the correlation between the responses, and correct
estimations of the relative heading and the angular energy distribution
of the wave system were found to be of importance.

Theoretical calculations of ship responses to irregular waves have been
made by linear superposition of transfer functions and wave spectra and
a new way of extrapolating the transfer functions is described.



OPERATION OF V.L.C.C.'S IN HEAVY WEATHER
by

Staffan Robertsson
ABSTRACT

A short review is presented of available instrumentation systems
designed to assist the operation of ships in heavy weather by warning
against dangerous wave loads. Some systems also give guidance to
the master by predicting the outcome of evasive actions, and the bases
on which such predictions are made, such as visual observations of
the wave system, are questioned. A method is presented in which
the motions of the ship are used to determine the sea state in the
form of an "equivalent" wave spectrum.

: : . 8
Two investigations of thé possibility of improving the guidance capability
of warning instruments are described, in which the predictions are
based on the equivalent wave spectrum. For this purpose, recorded full-
scale data from a container ship and a tanker have been analysed and the
two methods, spectrum analysis and a statistical method, are described.

Using the equivalent spectrum, predictions of the effect of a change
of course and estimates of one response from another have been made and
compared to measured values. The results of these comparisons, which
are presented graphically and in the form of correlations between
measured and predicted values, are discussed with respect to error
sources and factors which limit the method's applicability.

- [
The accuracy in predicting one response from another was found to be
higher the closer the correlation between .the responses, and correct
estimations of the relative heading and the angular energy dlstrlbutlon
of the wave system were found to be of importance.

Theoretical calculations of ship responses to irregular waves have been
made by linear superposition of transfer functions and wave spectra and
a new way of extrapolating the transfer functions is described.

iti



TITLE
ACKNOWLEDGEMENTS
ABSTRACT
CONTENTS

LIST OF FIGURES
LIST OF TABLES

INTRODUCTION

CHAPTER 1

CHAPTER 2

CHAPTER 3

CHAPTER 4

'CONTENTS

Page

INSTRUMENTATIONS AS AID

FOR OPERATIbN OF SHIPS IN

HEAVY WEATHER .. ..  «+  +s
THEORY . .e ‘e ..
Ship responses in irregular
waves. ‘e .o .. .. .
Wave spectrum. . ‘e .o
Response ampliﬁude operators,
The principle of linear

superposition. . . .

Practical applications.
Significant values and
expected max values. v
Shipping of green water.

WAVE SPECTRUM DERIVED FROM THE
MOTIONS OF A SHIP - . .-
Equivalent wave spectra. .. ..
INVESTIGATION I. CONTAINERSHIP
Introduction.

Wave data

iv

ii
iii
iv
vii

xiii

11

11

11

18

24

.29

34

.37
38

“ 42

42

44



CHAPTER 5

Measured responses. .. .
Response calculations. ‘s
Derivation of equivalent

wave spectra. ce e

The use of the equivalent

wave spectrum for prediétions.
Conclusions. v e e
INVESTIGATION II. TANKER
Introduction. . . -
Data. C e . - .o .
Analysis methods. ‘e .
The manual method. .e .o
Mean response period. ..

Estimation of the spectrum
width parameter e. . .
Response values, o .
Comparison to the Rayleigh
distribution. . .o ‘e
Expected max values. .o
Spectrum analysis of the
response signals., . .
Autocorrelation function., .-
The Fourier Transform and
random processes. o e
Application. . . ‘e
Comparison of results from the
spectral analysis and the manual

method. ‘e .. . .e

66

73
75
15
76
117
78

84

85

86

86

93

102

102

103

109

117



CHAPTER 6

REFERENCES

APPENDIX

SYMBOLS

Estimation of one response from
another. .. s x .o
Wave direction and spread.

Wave héight and period of

the equivalent spectrum. -

Sensitivity to response

periods in estimating wave
heights. .. . . -

Comparison of measured and

predicted values.

Prediction of relative

motion at. the F.P. e ..
Acceleration at the F.P. e
Conclusions. e . .s
DISCUSSION OF RESULTS .-

Derivation of the equivalent

wave spectrum, . e .o
Usiné the equivalent spectrum
for predictions.

Prediction of relative motion.

Page

132

132

135

141

146

157

162

166

169

169

171
174

The manual method contra épectrum

analysis. ‘e . . .

Final conclusions.:

vi

174
175
178

Al



Fig. No.

1

10

11

12

LIST OF FIGURES

The relative range .of wave :spectrum and transfer
functions for different wave periods and A/L =
0.05 to 2.55 .. - . s e e .
Bridging of the gap between the transfer function
and the asymptot by a power function -
Derivation of the equivalent spectrum ,, .
Measurement manoeuvre., From Ref. [8] -- o
Comparison of the recorded spectrum and a
spectrum of Pierson-Moskowitz type with the
1/3 and T2 . .a .o .e . ‘e

Comparison of measured angular energy spread and

‘same H

theoretical spread functions ., . . .o
Recorded response spectrum for pitch SR(f),
and épectrum area m_ and mean response period TR

as functions of frequency .. S o -

Recorded response spectrum for vertical acceleration

at the F.P. SR(f), and spectrum area_m0 and mean
response period T, as functions of frequency
Vertical acceleration at the F.P. for different
headings, without spread e ‘s .. ..
Vertical acceleration at the F.P. for different
headings, spread function 1 .. . . ..
Vertical acceleration at the F.P. for different
headings, spread function 2 . .. e e
Acceleration period for various headings without

spread .. .o - . .o .o

vii

28

30

40

43

45

46

48

49

51

52

53

54



Fig. No.

13

14

15:

16

17

18

19

20

21

22

Acceleration period for various headings
apread fgnction 1 - .. . ‘e - .
Acceleration period for various headings
spread function 2 ., . . - - .e
Pitch angle for various headings without spread
Pitch angle for various headings witﬁ spread
function 1 . . ‘e . . ‘e -
Pitch angle for various headings with spread
function 2 .. .. s .. . .. .
Pitch periods for various headings witﬁout spread
Pitch periods for various headings with spread
function 1 . .- . .. . .-

Pitch periods for various headings with spread
function 2 o . . .. - . .

Allocation of weight to the transfer function for

heading u3 {shaded) when calculating response in

heading B ve e e ee e as
The principle of how known values of TR and R1/3
are used to determine TPjM and H1/3 .. e

23
24
25
26
27
28

29

55

56

57

58

59

60

61

62

63

67

Spectra derived from acceleration and pitch responses g9

Examples of the digitized response signals -

Pitch signal compared to the Normal distribution
Roll signal compared to the Normal distribution
Acc. eng. compared to the Normal distribution
Example of output from the "manual method"
Distribution of maxima from pitch compared to

the Rayleigh distribution - .s .o .

viii

79
80
81
82

83

90



Fig. No.

30

31

32

33

34

35

36

37

38

39
40
41

42

Distribution of maxima from roll compared

to the Rayleigh distribution .. .. .. ..
Distribution of maxima from acc. éng. compared
to the Rayleigh distribution .. .. .
Disfribution of heights from pitch compared to-
the Rayleigh distribution . . .. -
Distribution of heights from roll compared to
the Rayleigh distribution R . .
Distribution of heights from acec. eng. compared
to the Rayleigh distribution . .. | ..
Estimated versus recorded max-values for pitch.
Regression line solid, ideal relationship broken
line .. . e .o cr e . e - wn
Estimated versus recorded max-values for roll.
Regression line solid, ideal relationship
brokeﬁ line . .. .. . . .
Estimated versus recorded max-values for acc.
eng. Regression line solid, ideal relationship
broken line . . .. .s - - e
Comparison between input épectra and

corresponding spectra derived by different

lag values .. - . . . .. .
Example of response spectrum of pitch .. .-
Example of response spectrum of rolil .o o

Example of response spectrum.of acc. eng.
Recorded significant pitch versus estimated from
the manual method with regression lines. X =

without, O = with adjustment for spread. .

ix

Page

91

92

94

95

96

98

99

100

113
114
115

116

119



Fig. No.

43,

44

45

46

47

48

49

50

51

52

Recorded significant pitch versus estimated
from the spectrum method, with regression lines.
X =‘withqut, 0 = with adjustment for spread ..
Recorded significant roll versus estimated

from the manual method. ‘X = without, 0 = with-
adjustment for spread . .. .. . i
Recorded significant roll versus estimated

from the spectrum method, X = without, 0 = with
adjustment for spread . ‘e “e e
Recorded significant acc. eng. versus estimated
from the manual method. X = without, 0 = with
adjustment for spread . .o .o .. .
Recorded significant acc. eng. versus estimated
from the spectrum method. X = without, 0 = with
adjustment for spread .o .. .. .o .
Pitch periods obtained from spectrum analysis
versus manual method with regression line .
Roll periods obtained from spectrum analysis
versus manual method with regression line ..
Acc. eng. periods obtained from Spgctrum»énalysis
versus manual method with regression line,

Pitch responses, broken lines and pitch periods,
solid lines, for full load, 14 knots and spread
function 2 ..  a o . - .. ..
Roll responses,.broken lines, and roll periods,
solid lines, for full load, 14 knots and spread

function 2 . .o .o . - .. .o

Page

120

121

122

123

124

125

126

127

128

129



Fig. No.

53

54

55

56

57

58

59

60

61

62

63

Acc. :eng. responses, broken lines, and acc.

eng. periods, solid lines, for full load. 14
knots and spread function 2 . .. ‘e oo .
Significant wave heights of the équivalent

spectra obtained from pitch versus heights

from roll = X and acc. eng. = 0, Full load .. ..
Significant wave heights of the equivalent

spectra obtained from pitch versus heights

from roll = X and acc. eng. = 0. Ballast e e
Mean wave périoda of the equivalent wave spectrum

obtained from pitch versus periods from roll = X

and ace. eng. = 0, Full leoad .. o . e e

Mean wave periods of the equivalent wave spectrum
obtained from pitch versus pegiods from roll = X
and acc. eng. = 0, Ballast. oo . .. v e
Sensitivity of pitch to errors in the recorded
pitch period., Full load, 14 knots ,, .. ..
Sensitivity of roll to errors in the recorded
roll period. Full load, 14 knots Ve .
Sensitivity of acc. eng. to errors in the
recorded acc. eng. period. Full load, 14 knots
Measured pitch versus predicted from roll = X
and from acc. eng. = O, and regression lines.
Full load o . - .. . ‘e e s
Measured pitch versus predicted from roll = X

and from acc.-eng. = 0, and regression lines.
Ballast ce e .o .. - . v e

Measured roll versus predicted from pitch = X

and acc. eng. = 0, and regression lines. Full load

xi

Page

130

137

138

139

140
143
144

145

149

150

151



Fig. No.

Page

64  Measured roll versus predicted from pitch = X

and acc. eng. = 0, and regression lines. Ballast 152
65 Measured acc.. eng. versus predicted from pitch =

X and roll = 0, and regression lines. Full load 153
66 Measured acc. eng; versus predicted from pitch =

X and roll = 0, and regression lines. Ballast 154
67 Measured acc. eng. versus predicted by equivalent

spectrum = X and by correlation to pitch = 0,

Full load .. .o .. . . . .. .. 155
68 Measured roll versus predicted by equivalent

spectrum = X and by correlation to pitch = 0.

Full load .. e - .. .. ‘e . . 156
69 Relative motion estimated from Pitch versus

estimates from roll = X and acec. eng. = O,

Full lead .. . ‘e .. . o - .o 158
70 Relative motion estimated from pitch versus

estimates from roll = X and acc. eng. - 0.

Ballast .o .. - .o ... ‘e .o . 159
71  Relative motion period estimated from pitch

versus estimates from roli = X and acc, eng. = 0.

Full load .. .. .. .. .. . . . 160
72  Relative motion period estimated from pitch

versus estimates from roll = X and acc. eng. = 0.

Ballast O ()
73  Acceleration of a rigid body .. . . .. 162

X1ii



Table

2.1

4.2

4.3

4.4

4.5

5.1

5.3

5.4

LIST OF TABLES

Page

Asymptotic  values for non-dimensional RAO's
Ship particulars ., .. .o e .. . e
Calculated responses compared to recorded ..
Equivalent wave spectra Eof‘heading‘130o

and 135° Ce e e e e e
Prediction of responses on heading 90°

using equivalent spectra from Table (4.3)
Cross—prediction of one response-using spectra
derived from the other EE . .o .. ‘e
Ship particulars - .. .o .. - .
Regression coefficients for comparison between
estimated and recorded max valges of heights C
Distribution of wind speeds and wind direction
for the analysed records . e .. . o
Regression analysis for estimated and measured
values and between responses . .. .

Regression between measured responses .. .

xiii

27

50

68

71

72

76

101

134

147

148



INTRODUCTION

Optimal operation of any ship in heavy weather is governed by consideration

of three main factors, safety, economy and comfort, These. are not

necessarily of opposing nature as safe operation which leads to minimum:

damage. to the ship, cargo and crew is good economy. When consideration
of safety, however, leads to unnecessary time loss, By maintaining

too low speed or navigating excessive distances, the operation is not
the most economic possible. The responsibility- for the operation of
the ship lies with the captain whose actions are based on experience aud

judgement of the conditions.,

With the increase of ship sizes and spéedé has come an increasing interest
in shipborne instrumentation which, in heavy weather, would assist
captains of such ships in the increasingly difficult decision making
concerning the safe operation of the ship. Such instruments may monitor
and display yarious parameters such as motions, accelerations, strésses;
etc. which may be difficult for the captain. to assess, and on which he
may wish to base his decisions. A further obvious development would bg
an instrument which could also give some guidance on what actions, such
as a change of speed or course, would be most favourable under the given
circumstances. For such a system it is, however, necessary to have
infqrmatiqn not only about the ship's response to the-sea, but also

about the actual sea itself, with respect to wave height, wave period

and wave direction.

It is the aspect of deriving information about the sea from a moving
ship which has been the objective of the investigation pfésented in
this paper, and it should thus be seen as an exploration into one small

but important area of the total cdmplex of operation of ships in heavy

weather and associated instrumentation systems.



Thils paper consists of six chapters and an appendix, of which the first
three chapters contain most of the theoretical concept and the next

three applications of the theory and discussion of the results.

‘The first chapter contains a short‘review-of research ‘concerning
ships' responses to confused seas in general and presents some recent
approaches to shipborne warning and guidance instrumentation systems.
Chapter two. gives the theoretical background for calculation_of ship
responses to confused seas, based on superposition of wave spectra

and transfer functions.

In chapter three a method is proposed for deriving information about
the sea from a moving ship and may be seen as the core on which the
following 1investigations are based. It is described how a response
of a ship is used to derive an "equivalent wave spectrum" which may be
used for predicting other responses or the effects of a change of the

ship's speed and heading.

In chapter four, the method described in chapter three is tested on
measurements made on a containership. Comparisons are made between
a measured wave spectrum and "equivalent wave spectra' derived from

two different ship responses and between recorded and predicted values.

In chapter five the method is tested on recordings from a tanker. It
is also described how the recordings have been analysed in two different

ways, by spectrum analysis and a simple statistical method.
Chapter six finally, is a discussion of results from the investigations.

A great deal of effort has gone into the design of all the computer

programs used for the project. The theory and the various formulae



utilized in the programs are to be found in the text-and schematic

flow diagrams are included in the appendices, Listings of the programs
have, however, been excluded as they would only represent one possible
design rather than .an optimum solution. Most of the programs were
written in Fortran IV and executed on an ICL 1905A computer but BASIC

was also used for some programs run on an ICL 2003.

Figures are included as close as possible to the text from which they
are referred. Formulae and tables are riumbered in such a way that the
first digit refers to the chapter number and following the dot is

the order number for that chapter. Numbers in square brackets refer

" to the list of references at the end.



CHAPTER 1

INSTRUMENTATION ‘AS ‘AN AID ‘FOR OPERATION OF 'SHIPS 'IN HEAVY WEATHER |

In comparison with the rapid progress made in other scientific -areas

such as aviétion, electronics, etc. during the last century,; the long
traditions and the empirical methods used in ship-design have‘earned naval
architecture a reputation of being a comservative science_governed by

the rule of thumb. The reason.for using empirical rules in

ship design in spite of the improved methods for calculating stresses

and deflections in various constructions, is the difficulty of

determining the actual loads and forces caused by the sea which

the ship must be designed to withstand.

Full scale measurements have been made in order to establish

the load variations the ship's hull is subjected to at sea, but it

was the statistical approach, pioneered by St. Denis and Pierson in

1953 [1], which, by outlining a new method for calculation of ship
behaviour in irregular waves, sparked off the intense research in hydro-
dynamics and oceanogfaphy which has led to the rapid development of ship
design during the last few decades. One of the difficulties in ship design
today is, according to Bennet [2] , to keep the balance of knowledge
within the three éteps of all structural design: the determination of
the load, the calculation of the response, and the choice of adequate
streng£h, expressed .by stress gnd/or deflection criteria. Introduction
of digital computers and refined methods for stress analysis has called
for increased knowledge of wave loads and ship responses; and many
projects have been carried out in order to verify and improve on the
theoretical methods of predicting ships' behaviour at sea, such as
[3-16]. Effects of ship speed, wave direction, wave heights, wave

periods, angular energy spread etc. have been studied. The research has



led to the distributions of response values having been determined,
methods for short-term and long-term predictions developed, etc., but

there are still problems waiting to be solved,

There are also arguments put forward claiming the naval architects

are too traditional in their approach and methodology, such as the.rigid
body concept which means that vibrations are treated separately from

the motions of the rigid body. A more fundamental approach, which does
not make such a distinction but where the ship is treated as .a vibrating

flexible body, is advocated by Bishop and Price [17-19].

Even if the wave loads and the sﬁip‘s fesponse to them could be fully
determined the ship would, for economic reasons, still be designed

with the‘assumption that it would be handled in a seamanlike manner at
sea. This means that the officers are expected to take evasive actions
when necessary in order to reduce wave loads in extreme weather conditions.
Investigationg such as [20-23] have been carried out with the objective of
finding operational limits for various types. of ships in rough weather,
either as evaluations of various design parameters, or as guidelines for
safer ship operation, It should be remembered that ;here are no specific
limits below which the safety of the ship is assured as both the loads
from the waves and the st;ength of the ship are statistical variables

for which.any values are possible, although with different probabilities.
What can be achieved by appropriate actions is an increase of the
probability of the wave induced loads being less than the strength of

the ship.

Out of the many projects of full scale measurement of various ship

responses, involving installations of sensors, gauges, processors,



recorders, etc., grew the idea of displaying,the!ﬁeasured responses
on‘the;navigation bridge as an aid for the officers when judging the
severitf of the forces acting on ithe ship. The value of ‘such assistance
to the ship operators would be higher for the larger ships‘oﬁ which the
punishment the shié reteiVes from the sea may be difficult to appreciate
from the bridge. Instrumentation giving this kind of assfstance is
usually refer?ed to as a "hull-surveillance" or heavy weather warning system.
Interest in such systéms has been shown by the classification societies
and it is possible that some kind of system for moﬁitoring-df and
warning against wave loads may be reqﬁired on certain types of ships

in the future. As well as warniﬁg the captain against dangerous load
levels and so reducing the risks of damage, an instrumentation system
could alsa be ‘used to collect records of response values over long
periods of time which may be used for assessing the risks of fatigue

damage -

Descriptions of various surveillance systems may be found in references
[29-34]. The design and number of responses measured vary betweén the systems
but measurement of longitudinal midship stress and vertical acceleration
at one or more positions is usually incorporated. The gradual develop-
ment of a system from a simple unit with analog display and alarms to
computer orientated system with guidance facilities has been ‘described
in several papers by Lindemann [24-29]. Hoffman and Lewis [34] have
made a detailed survey of eight systems which have been used as parts of
various research projects and which may be commercially available.

The characteristics of the instruments were evaluated with respect to
the following eleven parameters:

responses considered, sensors used, display units, transmission of
signals, processing, input—output capabilities, calibration, alarms,

guidance data for manoeuvring, reliability and cost. As they found a
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great variation in tﬁe design and capabilities of the systems; Hoffman
and Lewis give specifi¢ations-for‘a‘recommended‘ﬁeavy‘WEatﬁer damage
avoidance system. A summary of tﬁeir proposal is given below.

Sensors — midship strain gauges, 1 port and 1 starboard, to give
in&ication of the combined effect of tﬁe gtatic still water load, the
slowly varying wave load and the high frequency dynamiic loads.
Accelerometers - 1 vertical and 1 lateral located at critical points, to
give indication of the combined wave-induced motions-of_heaVe; pitch

and roll. Deflection sensors consfsting of 1-5 strain gauges loqa;éd
under the fprecastle deck to monitor local wave pressures or tﬁe

effects oflwater shipped on deck. Disﬁlay - a self-contained display
unit providing information about the current status of various responses
displayed on needle gauges with warning and danger levels indicated.
Permanent records of the various responses,
Alarms - Both audio and visual with.fwo levels : warning and danger.
Guidance - Graphical presentation of the variation of responses-witﬁ

sea state, ship speed, and heading relative to the waves. Alternatively,
an interactive computer system responding to input information of ship

speed, heading etc.

At the time of their investigation they did not find any of the systems
conformed to all their criteria, but concluded that the EDO systems [ 33]
was most readily adaptable to meet their specifications.. . It was at the
time the only available system incorporating guidance information for
the selection of alternative speeds and headings. Since then other
gystems based on mini computers have become available [ 29, 30,.32].

For comparison, a gsummary of the features of some recent systems are

given here.



"HWDAS, The Heavy Weather Damage Avoidance Systeﬁ" [33].

comprises a port and starboard»strﬁin—gauge sensor which measures
longitudinal stresses in the ‘hull. The system of midship gauges is
aimed at a general indication of the severity of the sea, as well as
specific vertical and lateral bending moment responses. Vertical
motions such as heave and pitch are represented by an accelérometer at
the bow and lateré; motions are heasured‘by‘an accelerometer at the
deck side. Slamming or shipping of water are claimed to be 'detected
and analysed" without description of how this is achieved. Coverage

of additional responses may be included, either measured directly

or "calculated in a computer”. Such "calculations" are results from
theoretical calculations, stored in the computer. The software modules
give two separate modes of guidance labelled as ''the maximum response
prediction program'' and 'the manoeuvring analysis module". It is
further claimed that "by inputting the wind speed, relative heading
and forward speed, the navigator is able to determine the amount of
change necesgary in speed and/or heading in order to reduce the response
by a required amount". This guidance process is not explicitly
described, but it seems likely that the input wind speed is used

for determination of a wave spectrum which is used for the predictions.

The "Auto Ship-bridge Motions monitor" [32]

is a system similar té HWDAS and comprises accelerometers for measuring
vertical acceleration at the bow as well as rolling and pitching angles.
A strain gauge is "employed for assessing wave load". As an option
there is a computer based prediction facility which claims to predict
"hull motions, including vertical acceleration .of the bow". and
"anticipated deck wetness". The operator is to set "wave length,

wave height, direction, ship speed and ballast conditions by means of



digital switches'"., The information about the wave system is presumably

to be gathered by visual observations.

Norcontrols "WEDAR" is a hull surveillance system as outlined in [ 26].
Monitoring of vertical acceleration of the bow and the port and starboard
midshib'atresseé are included. Prediction facilities are not included
but a "trénd indicator" shows the change of responses with time. In

[ 29], Lindemﬂnn-describes."a second generation system' which "performs
global and local surveillance, carries out trend analysis and predictions,
watches the roll motion and performs as a tour recorder". ©Predictions

are made by estimation of the wave system from the motion of the ship.

The "Hull Monitoring System (HMS)" described in [ 30] comprises a computer
and "computes, analyses and displays draught and trim, stability, hull
stress; slamming, cargo lashing force and flooding". The system gives
alarms when various predetermined values are exceeded, but any prediction

facilities are not included.

It is importaﬁt to realize that any prediction by an instrumentation
system can only be at best as good as the input information about the
wave system. The obvious dilemma is the conflict between the advantages
to be gained from a guidance system and the great difficulties in

obtaining accurate information about the wave system.

At the outset of this project it was felt unsatisfactory to have to rely

on visual observations of the sea for any predictions and after consultations
with Dr, Goodman and Mr. Taylor of Lloyds Register of Shipping it was decided
to investigate a method whereby the ship's motions are dtilized to define &
wave spectrum. The method which is outlined in [ 35] and will be fully
described in chapter 3 was conceived by Ragk and the auéhor at Chalmers
University of Technology when éomparing calculated and measured ships responses
and found this to be simplified by utilizing the fact that response periods‘

are affected by the periods of the existing wave system only and not by



‘the wave height. As visual estimates .of the sea with respect to wave

height, period, etc. from a moving ship are surprisingly difficult to make,
even in good visibility,; it would be regarded as ‘an important improvement
on the predicting facilities i§=they could be made ‘superfluous, The
periods of the ship'srresponses‘aaiwell as their magnitude would be needed
and' the possibility of predicting unmonitored responses as well as estimates

of results of actions in advance were to be investigated. It is interesting,

. therefore, to note that the same approach has, since this project began,

been presented in [ 29] and instruments utilizing the method are presently
being evaluated in several ships. [29] is also one of the very few pub-
lications which include mention of response periods as well as response

values.

The idea of estimating the sea state from the ship's motions appears to have
been used in[ 23] to estimate the wave height at the time of measurements,

although the procedure is not described in that paper.

Even though instruments which monitor and display various responses are

of value to the navigators, a system which could also give reliable guidance
on how to maneouvre the ship through an area of bad weather, is believed

to be of great importance as a complement to ordinary weather routing where
the objective is to minimize the number of encounters with bad weather
areas. A captain could then, for instance, consult the systém as to

when and by how much the speed could be increased after having weathered
out a storm, or, facing bad weather, work out in advancé‘whether’to avoid
it by changing course and maintaining speed or whether to slow down and
steer through the bad area. If the true sea state could be successfully
detected from the ship's motions this would be of value to the weather
routing organisations as improved feedback to their predictions could be

obtained.
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CHAPTER 2

THEORY

Thewfollowing”»invqstigation of the use of the ship as a wavebuoy is
based on a comparison between actual measured motions: of the ship
travelling in an uoknown seaway and theoretically calculated motions
in defined wave spectra. This section gives a short review of the
long established methods for calculation of a ship's responses to

irregular waves which have been employed for this project.

Ship responses in irregular waves

In 1953 the oceanographer W.T. Pierson and tlhe naval architect M. St.
Denis presented a famous paper [1] in which they made the assumption
that '"the sum of the responses of a ship to a number of simple sine
waves is equal to the response of the ship to the sum of the waves",
This was a novel idea which for the.first time outlined a method
whereby ships behaviour in, and response to, irregular waves could
be calculated. It sparked off intensive research both in the field
of naval architecture, for which it was seen as a tool for improved
design criteria, and in the field of oceanography in order to supply
realistic waverspectréw The concept has been commonly accepted since
and is a standard procedure today, see for instance [36-39]. Dis-
crepancies between theory and full scale measurements are generally
ascribed to insufficient knowledge about the actual wave spectrum
and/or unsatisfactory response -amplitude operators (RAO's) which re-
present the ship's response to the individual sine waves in the wave

spectrum,

Wave spectrum

"Modern research on wind-generated waves may be said to have started
with the first measurements and analysis of ocean wave spectra in

1948 by Barber and Ursell, to have risen to a considerable peak of

11.



activity in the. years around 1960, and then to have steadily
declined in quantity, if not in quality, to the present day",
quoted from Cartwright [40], who further states:

"Understanding of ‘the mechanisms of wave generation by wind has
made great progress since the total inadequacy of some 20 years
ago, but the mechanisms are now seen to be so complex that
realistic wave forecasting can only be attempted on national

funding".

One of the most important contributions to naval architecture

from the oceanographers' research is that of describing a seaway

by means of a wave spectrum, from which certain statistica;
parameters such as the significant wave height and the mean period
can be deduced. This is based on the assumption that the irregular
wave pattern that makes up the sea suyrface consists of an infinitely
large number of regular sinusoidal waves superimposed on each other,
each component having its own frequency, amplitude and phase.

The surface'elevation at one point as a function of time S(t) can
then be expressed:

N

S(t) = \ a, cos (mit+ui)

i=1
where ai = amplitude for component wave with frequency wy
a, = phase displacement " " " " Wy

and where &, is random and evenly distributed over the interval 0,2mw
1 -

The mean value of each component = O and the variance = } a, . As

. . . 2
the energy of a gravitational wave is E = § a"pghbi

where a = wave amplitude
b = breadth of wave
A = wave length
pg = 5pecific weight of water

12,



the energy per wunit area is proportional to %az_i.e. the variance.
‘The variance of the function S(t) is the sum of the variances

for all the:COmponehts;<and a diagram of } ag as 'a function of w
gives a representation of the energy distribution over the

components making up‘S(t).‘lWith the number of components approaching
infinity the energy spectrum Sy(y,) can be defined as:

2

Spw) du = 3 a

dw

where S,(W) is a continuous function so that the total energy of the
wave system is E = 7”Sw(w) dw = 02

2 : o , .
where ¢~ = variance of the surface elevation.
This means that for a period of time shoét enough for the wave
surface to be regarded as a stationary ergodic random process,
usually accepted to be in the order of 20-30 min, the wave system
can be represented by such a wave spectrum, Because of factors
such as wind speed, duration, fetch and previous weather conditions
the wave spectra representing the sea vary from time to time and
place to place. For theoretical computational purposes, however,
it is practical to use a mathematically defined spectrum which
will be representativé of a typical seaway. This has been an
area for extensive research for the last 30 years and various types
of spectra have been proposed [41-48].
The parameters defining the spectrum vary between the proposals

but they are generally the wind speed, wave height, wave period or

combinations of these.

The wave spectrum used in this project is of Pierson-Moskowitz
type[42] and will be referred to as the P-M spectrum. It can be

~expressed in a general form as:

13,



;5 =Blu*
Sy (w) = Afw™ e 4” : . (2.
where §;(w) is the spectrum ordinate at frequency u,
A and B are constants which are related to the spectrum's moments.

The n:th moment is defined

—_— ! n
mnw = } w Sw(w) dw

and with (2.1)

_ n/4 ;N

mnw = A/4B x B r(1 /4)
o =x t-1 . .

where F(t) = | e X dx is the Gamma function.
o

From this:

m = A/4B, the area under the spectrum

m, = Al4 Va/B

m, =

It can be shown, see for example [38]that for a random process a mean

zero up-crossing frequency can be defined from the moments so that

wy T m2/m0
and A and B can then be expressed:
B = wg/ﬂ
4
A = émowzlﬂ

Substitution into (2.)) gives

Sw(w) = bm_u? e‘(ﬁwg') 4 2.2
TI'(LIS

This represents a one-dimensional spectrum describing long crested
sea where all wave components travel in the same direction.

In reality, however, the waves usually are shortcrested die to

14,



various wave components travelling in different directions. A
spectrum containing information about such directional variation

is called two-dimensional and is more complicated to obtain from
measurements. As is the case for the shape of the spectrum the
directional properties vary from observation to observation

[49-53] so that it is practical for theoretical calculations to
use some standardized functions which will describe the direéctional
distribution of wave components. Several such functions have

been proposed, a summary of which can be found in[54] , using the

assumption that all frequencies have the same directional distribution

and are symmetrical with respect to the main wave direction. This
is, of course, not necessarily the case in real seas where

for instance newly created windwavesmay travel in a direction
different to old swell remaining from a previous storm. But unless
one is concerned with the situation at a specific location at a
certain time a general spread function isruseful. Apart from uni-
directionallsea, i.e, no energy spread, the following two distribu-
tions have been used for this project, and will henceforth be

referred to as spread function 1 and 2 respectively:

2/n coszu -n/2gugs mf2 (2.3)
(2.4)

fl ()

£, (W) = U/n cos” (u/2) -msugn

1

where p is the angle of a wave component measured from the symmetry
axig, i.e. the main wave direction. Both fulfil the necessary

condition:

y
J fu)d =1
-y (2.5)

where vy = m/2 and n respectively.
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A two dimensional spectrum can then be expressed as

S (w,u) = 8§ (w)E) (2.6)
~and the n:th moment
O N
me s i‘ w Sﬁ(m) f(p) dpdw @2.7)
i
R

Response ampilitude operators

The response amplitude operator (RAO) refers to a ship's

response to regular waves at a certain heading, speed and loading
conditions. For each wave length the response amplitude has

been shown to be approximately proportional to the wave amplitude
" when not too large, for many types of responses, such as bending
moments, motions and acceleration so that the RAO's can be

'

expressed in a non dimensional form with respect to the wave

amplitude. For example the RAO's YP'and YR
pitch YP = RP/(Zﬂa/A)
roll YR = RR/(Zwa/A)

where RP and RR are the pitch and recll angle amplitudes respectively
and obtained in a regular wave with amplitude a and frequency
and where (27a/)) is the slope of such a wave. Similarly, for
vertical acceleration

: 2
YA = RA/am

2, . .

where aw 1s the vertical acceleration of the wave.
The RAO's may be obtained from model experiments, either by repeated
tests in regular waves of varying lengths or by a "transient wave'
consisting of several waves generated so as to coincide at a given

point. Another alternative is by calculation of a ship's response

to regular waves based on hydrodynamic equations describing the

16



ship's motions [39] . By determining the ship's response to a
wide range of wave lengths or frequencies a continuous function
Y(w), often referred to as the "transfer function", may be formed.
The function is often given as a function of wavelength, A to

ship length L, Y(X/L).

The RAO's are dependent on. the ship's heading towards the waves,
its speed and the loading condition., Xeeping the latter two
constant the transfer function can be expressed as a function of y

and heading B

Strip theory is regarded as giving reliable information about the
ship's response in head and bow sea whereas.quartering and
following seas cause difficulties which have hof been

mastered to the same degree of accuracy. Nevertheless, most
available computer programs for strip calculations éo give values
* for headings smaller ‘than 900, (head sea being =180°). The
problems encountered when dealing with following seas seem to be
due to the awkward frequencies of encounter experienced in these
conditions. The frequency of encounter w, is the relative wave
frequency as experienced by a ship which itself is moving. For
gravity waves the speed .of propagation C is C = g/w

so the frequency of encounter can be expressed:

w, = w(l = Us cosp) (2.8 )
g
where w = absolute wave frequency

U = speed of the ship
B = heading relative to the direction of wave propagation
(1‘80o = opposite direction to the waves)

g = constant of gravity

17



From this definition it can be seen .that for 90p<85180°, cos B

is negative and thus.we always positive. However, in conditions
where-OPsB<90°, cos B is-positive‘and‘we can obtain negative

as well as positive and zero values depending on the speed U; so that:
me>0 for U cos B<g/uw

w, = 0 for U cos B = glw

me<0 for U cos B>g/uw

As can be seen from equation ( 2.8) there is one unique value of w,
for every given value of w. The inverse however is not true, and
it can be shown that for 00535900 and certain combinations of U and
w three different values of w gives the same absolute value of Wy
Two of. these are caused by long waves overtaking the ship and

the third from a shorter wave being overtaken by the ship. The

implications of this were fully described in the paper by St. Denis

and Pierson[l] .

The principle of linear superposition

It will be assumed that the ship's response amplitude in regular
waves is directly proportional to the wave amplitude so that
response amplitude = Ya |

where Y = response amplitude operator

and a = amplitude of regular wave

Then for the wave

S(t) = a cosw't

the response will vary as

r(t) = Ya cos (wt + a)

where a = phase difference between the wave and the response signal.
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This is only true, however, when the ship is stationary or
travelling in a direction perpendicular to the direction of the
wave propagation, because the ship is not excited by the absolute
wave frequency but by the frequency of encounter. So the response
signal is

r(t) = Ya cos (met + a)

where & = w(l- gg-cos B) as before

and g = the phase between the wave encounter frequency and the

response frequency.

Following the assumption of Pierson and St. Denis, the response in
irregular waves is the sum of responses to the regular wave
components and a response spectrum can be defined in analogy with the

wave spectrum: .

[ 2
=
SR (me) dme \ i (ai Yi)

dw
e

with the wave spectrum defined as
S (w ) dw = :_-i a.2
w e e i
duw

e

it follows that
2
SR (we) =Y (me) Sw (me)

The n:th moment is

_ P n _ p n,2
Men = ( w, SR(me) dwe = wg Y (me) Sw(we) dme 2.9 )

i
(™ -

o o
The encounter wave spectrum can be found by transformation of the

wave spectrum and allowing for the conservation of energy:
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Sw (me) d“e«g Sh(w) dw

or
‘ _ 1 dw
S, (me) =5, (w)/ ‘ e|
| dw
where dme =1 - 2Uu cos is the Jacobian
—_— B
du
so that
2Uw CcoSp

S, () = S, (wy/i1 - ek

From this - it can be seen that'Sw,(me) has an infinite value for
w=g/2U cos B corresponding to

Wy = g/4U cos B

which makes the evaluatiop of the integral difficult,

One possible way to overcome this problem can be found in.[38]

and the approach employed here follows similar lines.

A wave spectrum expressed as a function of w as in (2.2 ) has a
shape when plotted which varies according to the selected value of

Woe A small value of w, gives a narrow shape with a sharp peak

2
whereas a large value makes it wide and shallow. Numerical integra-
tions of spectra expressed in such a form should thus be made

carefully and the increments selected with respect to w For this

9
reason it is an advantage if the spectrum is expressed in a
non-dimensional form. Furthermore, it was shown in [55] that if the
spectrum is of Pierson Moskowitz type and both the spectrum and the
transfer function are functions of logarithmic values, a change of
specfrum period results in a linear shift of the spectrum along

the abscissa with respect to the transfer function. For example, if

the spectrum is a function of 1n (A/kz) where

20.



Ay = Img mJm,

.and the transfer function of 1n (A/L) where L = length of the ship,

w -

then
o (A/A)) = 1n (A/L) - 1n (A,/L)

Equation (2.9 ) can now be expressed:

me = ( me“ Y* (1n A/L) s, (Im a/x,) d 1n (/) (2.10 )

w

- 0

whe?e s, (In A/AZ) = Sw(w) / l d 1n (A/Az)

dio

L2 :
which with d 1n (A/Az)‘ = | d ln(wz/w) = 2 gives
—_ — e o
dw dw
5, (1n A/kz) = ‘% s, (w) (2.11 )

By using the following relationship‘for deep water waves:
w = ving/h

‘and further

wy = /m27mo = 21r/T2
T2 = V2nA27g

so that from

My = (ylu)?

and by putting
X=1n A/Az

equation (2,11 ) becomes
_2X/w
S (In A/A)) = m, g 2X-e

T

(2.12)

having a peak at
X = 1n e

Furthermore
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which makes equation (2.13) for short crested sea:

Y

R = { f ‘e"m‘l2 fll_ 27y
—y —

‘where B = main wave direction

U = component wave direction

e */?

1 n
cos(B+u),  Y*(Z,840)5, (x)E()dxdy

(2.14)

Y = integration limit depending on the spread function used

X = 1ln (A/Az)
Z =1n (A/L)

U

ship speed

T9 = mean wave period (=27 Ymowfmzw)

and f(y) = the energy spread function.

In analogy with the mean wave period T

can be defined as:

Tog = 20 Vm p/myp

a mean response period T

2R

(2.15)

The broadness of a spectrum is represented by the spectrum width

parameter € such that:

£ = «1 - mg /mom

4

By putting

(2.16)

_ n . . . ’ .
MnR(B? = mnR/(Zn/Tz) for heading B in equation ( 2f14) equations

(2.15) and ( 2.16) can be expressed:

T,z (B) = T, /‘MOR(B)/MZR(B)

e®) = V1 - MR (B)/M_ (8) M, ()
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Practical applications

The expression in equation (2.14 ) can be numerically evaluated
using a computer and the integration performed .as a summation

according to:

Y C e, ; . O
o ‘ - 270 - L2
o o U FGof & 20 200 X2 (g™ YRz, B40)S. ()b
M o (B) = | 3 gT PR , W
nR . L 2 i
L._..I il
H=TY Lox=c, (2.17 )
u+ay
2.
where p(u) = f(u) dp = F(u+Au/2) - F(u-Au/2)
Wt
2
and ¢ S5 represents the range of summation.

For spread function 1:

F(u) = 1/2n (2p + sin 2yu) , vy = n/2

and for spread function 2:

F(w) = 1/2% (u + sinp) , y=n1

If the expression within brackets in equation ( 2.17) is set to

N(8+u) the equation becomes:

X |
M (8 = ) F(u) N(B+u).

u=-y
and it can be seen that for y = 0 and F(p) =1

M (B)= N (B)

which is the moment for heading B in longcrested sea. It is practical,
therefore, to start by calculating N{(B) for all B between O and =
for which there are available transfer functions and then apply the

spread function desired. This saves some computations since
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N (B+u) = N (2u-(B+u)) due to symmetry between starbecard and port.

For this project transfer functions for 13 headings between 0° and
180" have been used so that Ay = /12,

The. spectrum in (2.2 )

4 m m4' -1
S(uw) =" 02 e W
v 5

T W
can be transformed to be a function of 1n (A/AZ) such that

s,(ln 1/ ) = 5, (/| 45240

and from

In A/A) = In (uy/w)’

the Jacobian |d 1n (A/A) 2
|—= =
dw w

so that

SW (1n A/AZ) = 2 T -:4 o %'llw_z.) 4
\w

-and by putting
X = ln‘(k/xz) = 1n (w /m)2
Zm 2x -1, 2x 2x-1 e

. = = = = .18
5, (x) o e e (&) m T @2.18)
The area under the spectrum m is.usually related to the significant
waveheight, the mean of the highest onme third of the waves, so that
H1/3 =4 /o

1f, however, W in 2.18) 1is set at omne (mo = 1) then the response

value can be directly related to the wave system in such a way that

a response .value on a certain probability level corresponds to a

wave height on the same probability level. In this respect the
response values have been referred to the significant waveheight and are

hence to be taken as significant response/significant waveheight.

25.



It ‘should be noted that as "'waveheight" is double amplitude, trough

to crest, the response value is also double amplitude,

The summation over x should be made so that an appropriate range of
the spectrum is covered and wavelengths of interest are included. The-
spectrum decays slowly for negative x values and much more rapidly

for positive, which makes the negative summation limit awkward to
decide on. It was decided, however, that a summation over x = -4 to 2

with an increment of 0.1 would be satisfory. This gives

m = 0.999903, T2 = 1,0055, € = 0.8034

Extension of the range by 33% to x = -6 to 2 would give m = 0.999998,
T2 = 1.0008, € = 0.8676 which is an improvement of 0.01Z, 0.477 and

B7 respectively. The exact values are m = 1, T2 =1 and € = 1,

The width parameter e shows the biggest improvement of 8% but the use

of € is restricted to a correction factor for the significant response

value in ¥.1 - €7/2 which improves by 37%. The relatively small gain

in accuracy was not judged to justify a 337 increase in computer time.

The range of wavelengths covered by x = -4 to 2 are, for example,
A = 0.26m - 104m for T2 = 3 sec
and A = 1l.4m - 4615m for T2 = 20 sec,

where the peak of the spectrum is at 25m and 1107m respectively.
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The RAO's or transfer functions were provided for A/L = 0,05 to %,55
with an increment of 0.05 for the tanker and A/L = 0.1 to 5.1 with
increment of‘Oul for the containership. In Figure (1 ) can be seen
tﬁe relative range of spectrum and the transfer functions for the
tanker for some mean wave périods. It is clear that if the summation
over the range of the spectrum is constant, the transfer functions must
be ‘extrapolated outside the range for which they are given.
Nordenstrdm [54] has given asymptotic functions for various
transfer functioms in a nonfdimeﬁsional form and shown the implica-
tions of this when calculating short and léong term response values.

A similar approach which was easily included into the computer
program has been used for this project. The résponses which were
calculated are listed in Table(Z.l)togetherlwith their asymptotic

values for small and large A/L values,

TABLE 2,1

Asymptotic .. values for non-dimensional RAO's

Response Non-dimensional form | small A/L large /L

Pitch P/(2ma/}) 0 | cos 8 |
Roll R/ (2ma/2) 0 | cos (m-8)]
et | et o |

el?tive RM/a 1 f 0 :
otion . , ;

* It should be noted here that the vertical acceleration 1s that of
2 2 .
the encounter wave 8o that aw2 = a(w - Uw" cos B/g)” when evaluating

the actual value,
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In order to avoid too much of a "jump' between the last available
RAO value and the asymptotic value, a regression line was formed
from the last three RAO values and used as an extension of the
transfer function for large A/L values until the asymptotic value
was reached. The regression line was of tﬁe-form:

b

Y =ax

Z(ln xi)(ln yi)‘- (z ln*xi) (£ 1n yi) [?

where b =
r(ln xi)Z' - (Z 1n xi)z /n

a = exp [ Iln Yi - b Iln xi]
ST o4 Y
n=3
x; = A/L for the last three RAQ values and
y; = the last three RAO values

The effect of this is schematically illustrated in Figure 2,

Significant values and expected max values

The many recordings of wave conditions at sea have revealed that the
surface elevation at one point as.a function of time S(t)} closely
follows the Normal or Gaussian distribution. The same distribution
can usually be applied for many response variations with time,
exceptions beiﬁg for example, vertical bending moments where sagging
moments tend to be larger than hogging. For most engineering purposes
however, it is of interest to know the distribution of maxima rather
than the elevation in order to predict wave heights or response
amplitudes that can be expected. Short term distributions and the

max values that can be expected within 20-30 minutes are of interest to
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the captain when manoeuvring his ship in a storm, whereas long term
distributions of maxima, in the order of 20 years, are of interest
to the designer of ships and other structures exposed to wave loads.

In this project the short term situations only will be considered.

Several investigations have dealt with the distribution of such short
term maxima in order to find a mathematical expression which closel}
fits measured maxima. Andrew and Price [56] have for instance shown
how a generalised gamma function can be successfully applied for this
purpose; when the distribution is known, and extrapoiation beyond
recorded values can be made witﬁ some confidence. The method,

is, however, cumbersome and it is an advantage if a distribution can

be used which can more easily be defined from the process.

Based on a work by Rice [57], Cartwright and Longuet-Higgins [58] have
shown how the distribution of maxima can be estimated from the moments

of a Gaussian process spectrum. The following expression was obtained:

Ef l-e:2
2 : - .
£(E) = ge_ 52/211105 + E/l e -EZIZm [ 1+ 1 - Yo e-—x2/2 dx‘
o Vi m p 2 v 2 :
o o - .
o

(2.19)

where £ is a local maximum with respect to the mean level and can be
negative as well as positive.
0forZ=0 (e =1)

e dx =.

Z
( -x2/2
] , VZn /2 for Z = = (e = 0)
J :

m = the area under spectrum

and e =/¢1 - mzzlmoma the spectrum width parameter sothat Ogesl.

J1.



When the process is narrow so that€+0 it can be seen from (2,19) that
£08) E-EEfE?IZmO
m

o}

£30

qhich is the Rayleigh distribution.
For a wide spectrum on the other hand, so that e+l
£(5 = e g2/2n|10

o V2n
which is the Gaussian or Normal diatribqtion.
The shape of f(Q.in.(Z.Ig ) which is gradually changing from the.
Rayleigh distribution to the Gaussian for increasing e, can be found
in [58]. It is éften assumed that the response spectrum is narrow
enough to allow e= Owhen the probability of a maximim exceeding ar
vélue Em can be found from the Rayleigh distribution as:

-ﬁiIZm

P (£>&m) = 1 - P(ksEm) = 1 - (l-e 0) =
R TELR (2.20)
The often used significant value is defined as the mean of the
highest one -third of the maxima so that
P(&>E1/3) = 1/3

and waluation of the mean of the highest one third £ 1/3

@ 2
t13e=3 (2 JEIm, 4
\ m
v [o}
£1/3
yields
£ 1/3=2ﬁ£;

In this report significant values refer to double amplitude so that

the significant response value R 1/3 is:

R 1/3 = 4 Vmo o
2 | s !
The mean square value £~ is defined as &€~ = Ez £(g) dg
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which for the Rayleigh distribution gives

;? = é‘m

(o]

or £L/3 = /2 £2

For equation (2,19 ) ref [58] has shown

2 wu - ch

.80 that

£E1/3 = 2 /ﬁé V1 —_52/2

and the response value

R1/3 = 4 /E; V1 - 92[2
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‘Shippigg;onggéen water

'

Some of the hazards to a ship operating in rough seas, sﬁch as
shipping of green water and slamming, can be related to the relative
motion between the bow of the‘ahip and the sea surface. .Slamming

i8 normally defined as an event where the bottom of the ship after

an emergence re-enters the water at a velocity relative to the
surface exceeding a predetermined value, the so called threshold
velocity. Such an impact can cause local damage to Ehe-plating

as well as overall stresses of high mdgnitude, the 8o called whipping
stresses, Slamming is normally not experienced by large tankers

with big draughts but due to their size and full form damage to the
shell plating above the water line due to impacts with the waves |
may be .sustained., This is usually referred to as bow flare slamming
and has been subject to several invéstigationa [59-62].

Such damage has been reported to be inflicted even under conditions
when the pitching and heaving of the ship are negligible when it appears
to be caused by waves breaking on to the bow [ 59]

making it a design problem rather than an operational one..

in conditions when the ship is pitching and heaving, and thus con-
tributing to the relative.motioﬁ, the danger of impact damage is
increased and shipping of green water may also be experienced.

Such situations on the other hand, may be improved by correct
manoeuvring of the ship. Shipping of green water is underqtood to

be an .event where Ehe relative motion amplitude is greater than the
local freeboard so that the waves come on to the deck and the static
and dynamic forces from the water masses can cause severe damage

to the structure and deck fittings. Increasing probability of shipping

green water would indicate an increasing risk of damaging the ship.
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If the relative motion is known, the probability of, or risk for,

shipping of green water may be calculated from the following:

Let F = the local freeboard
r = relative motion amplitude.
. 2 . . .
nbr = Qr the variance of relative motion.

Assume the maxima of the relative motion variation is Rayleigh
distributed. Then:

-2
f(r) = r e ! /zmor

m
or

so that the probability of shipping green water, i.e. the

probability of an amplitude being larger than the freeboard r >F

52
F /ZmOr

P(r>F) =1~-P(rgF)=c¢e (2.21)

Response values in this report are generally expressed as significant

response in double amplitude so that for relative motion
R_1/3 =4 /m
r or

With this substituted, (2.21 ) becomes:

_ar2 /a2
8F/R. /4

P{r>F)=e
The probability can also be expressed as the relative frequency of

the event such that

—pr2 /R2
is | P(r>F) =c¢e 8F /Rr 1/3
fr
where fs = the mean frequency of shipping of water

fr = the mean frequency of the relative motion

If fr or the mean period of the relative motion is known,-the mean
time between the events TS is then

8F2 /R2
e r

T =T

5 R 1/3

where T, = 2m /mor/mé; may be predicted from another response

or evaluated by direct measurements.
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Shipping of green water may be seen as sequence of events, with
a mean frequency of occurrence = fs, which is likely to follow
some: distribution in time. 'Ochi [37] has shown good agreement
between the distribution in time of slamming events and the Poisson
distribution. It seems reasonable to assume, as the same statistical
conditions of the events are fulfilled, that the sequence of
shipping water follows the same distribution so that
P(N=K) =2A" e ?
Ki
where N = number of occurrences of the event during a specified
time T
K = integer
A = mean number of occurrences of the event in time T, so that

A=1¢T

and ¢ = mean frequency of occurrence
With ¢ = fs, the probability of at least one event occurring within
the time T = Ts’ the average time, can be found as

P(N>0)=1-P(N=0) =1-e

where A = fs TS =1

and P (N> Q) =1 - el A 0.63

Thus the probability of experiencing at least one shipping of

green water within the time Ts is about 637, where T3 is the mean

period from

2
TS = Tr e8F /Rr 1/3
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CHAPTER 3

‘WAVE SPECTRUM DERIVED FROM THE MOTIONS OF A SHIP

The methods for predicting ships' behaviour in irregular waves have been
subject to a lot of research and development since the paper by

Pierson and St. Denis [1] was presented and it is generally accepted
today that for a known seaway many ship responses can be chfidently
predicted by supéerposition of transfer functions and wave spectra.

The method is used both for'sho?t term predictions, i.e. assessing a
ship's performance in a particular seaway, and for long term-predictions
in order to estimate the maximum w;ve'loads and responses that can be
expected during a ship's service life. For such purposes, actual
measured wave spectra or wave spectra of a standardized form may be

used.

Comparisons between predicted values and values measured onboard call
for the wave spectrum at the time of measurement to be known, but
obtaining it is difficult and often costly, especially a two-dimensional
spectrum. 6ne method used is iaunching of wave buoys from which the
information is transmitted either by cables, in which cage the ship

must be stopped[8] or by radio, in which case the buoy is not always

retrieved [14].

Another is the measurement of the relative motion between the ship and the
sea surface by radar or sonar and after the ship motion components are
subtracted from the.recording a one dimensional spectrum may be

obtained. The method is felatively nev and few results have ‘been published
[15,17, 63] For recordings of wave height, the Tucker wave

recorder [64)has been extensively used, especially on weatherships, but
seems to be less reliable for measurements on moving ships. Attempts

to use the.ship itself as a wave buoy have also been reported [65]

but any results of this are not known to have been published.
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Equivalent wave spectra

It has already been mentioned that it is of importance to know the

‘wave spectrum when éomparing full scale measurements and

theoretical pfedictions. Another context, in which thiis is important, is
for shipborne warning instrumentations with.prediction and guidance
ability. 1If, in a period of heavy weather and severe ship motions,

an instrument is consulted about what action should be taken in order

to ease the situation, the wave spectum must be known. As there is

no known simple way of obtaining the wave spectrum from a

moving ship an alternative approach has been investigated

in this project,

Instead of deriving the true wave spectrum at any instant of time,

the ship's responses are used to derive a wave spectrum of standardized
shape which is defined by its significant wave height and mean wave
-period, and which would cause the same ship motions as the actual one.
The two parameter spectra used is of Pierson-Moskowitz type and referred

to as the "equivalent" wave spectrum.

The concept is based on the fact that with a very few exceptions,
response periods éalculated for a spectrum of P-M type are monotonous
functions of the mean wave period and independent of the wave height.
The procedure for deriving the equivalent wave spectrum is illustrated
in figure 3. Let figure 3, a, ¢, e represent the actual case
so that in:
a- Sw(x) is the actual wave spectrum with a mean wave period

T, = 27 /E;;7ﬁ;; and spectrum area m__
c ~ Y(x) is a resbonse‘transfer function for the actual speed

and heading

e - SR(x) is the measured corresponding response spectrum with the

mean response period TR = 21 vm__/m and area m

oR" 2R oR
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Figures 3 b, d, £, g illustrate the theoretical calculations so
‘that in:
b = ST(x) is the theoretically defined two parameter spectra, each

with the same area m ,, but different mean periods T

oT T

d - Y{(x) is the same as in c

£ - SRT are the theoretical response spectra such that

SRT(x) = ST(x) Yz(x), each with an area m_ .. and a mean

ORT

response period TRT

g - the mean response periods T T plotted as a function of the mean

R

wave period TT

h - ratio of response spectrum area and wave spectrum area mORT/mOT
as a measure of response value per unit wave height, plotted as

a function of the mean wave period T,

As the response period is independent of wave height, the recorded

period T, may be used to identify the mean wave period of the "equivalent"

R

wave spectrum T, which would cause the same response period as the

TE

actual one, as illustrated in figure 3 g. The response value per
unit wave height is usually not a monotonous function of wave period |
see 3 h, hut having identified the period TTE the theoretical value

of / can be found. Finally, division of the recorded response

Tort’ Mo1E

by m.__/

ort! MoT and hence the wave height of

B yields the area m

"or OTE

the equivalent spectrum.

In this way an equivalent wave spectrum, of a theoretically defined
shape, with a mean wave period TTE and wave height VmOTE which would
cause the ship to respond with the same magnitude and period as the

actual wave spectrum, may be found. It should be remembered though

that the objective is not to obtain the true wave spectrum but merely
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a substitute which may be used for estimating the effect 6f a change
of course and heading. Utilized in an instrumentation system this

means that a spectrum derived in this way from a response, say pitch,

at a certain speed and heading may be used by the system to estimate the
pitch response which would be experienced -should the -captain decide
to alter the course and/or the speed. Prior to any action he could

thus evaluate the respective advantages of various options open to him,

As different. responses .are sensitive to different wave components in
the wave system it is- likely that the eduivalent wave spectrum
obtained from eéch response will be different, unless the

actual wave spectrum is of the same form as the equivalent. In spite
of this, it would be of interest to know whether a spectrum

derived from one response could be used for estimation of another,

here called "cross-prediction", as this would make it possible to reduce

the number of responses which would have to be monitored by the in-

strumentation system. It seems likely that such cross-predictions
could be made between closely correlated responses as they react
similarly to the sea, but the question is how accurately it could be

made between uncorrelated responses.

The success of the method of using an equivalent spectrum for predictihg
purposes is likely to be affected by how accurately the heading towards
the waves can be estimated, the angular energy spread in the wave

system and the accuracy of the transfer functions.

As the P-M spectrum describes a fully developed sea, the described

method may be expected to be more accurate for heavy weather conditions.
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CHAPTER 4

INVESTIGATION: I,  CONTAINERSHIP

Introduction

In order to apply the previously described method of using the ship

as a ''wave buoy" it is necéssary to have information about the ship's
motions in a seaway for both magnitude and period. Although several .
full-scale recordings on.variqus ships have been made by research
organisations over the last thirty years, the published results usually
contain information about response magnitudes only, leaving out the
periods. It is also necessary to know the ship's response to known

wave spectra as predicted by theoretical calculations.

The kind co-operation of Lloyds Register of Shipping made available this
fype of information for full-scale measurements on a containership.

A full description of this full-scale trial, which was a joint project
between Lloyds Register of Shipping and the Swedish Ship Research Foundation,
can be found in reference [ 8, 9, 10]. Even though this 36,000 tonnes, 28
knot containership is not a VLCC it presents many other important problems
with respect to operaiidn in heavy weather due to its high speed and

deck cargo and is likely to benefit at least as much as a VILCC from a
reliable warning instrumentation. Because the actual wave spectrum was
recorded during measurement an opportunity was found to compare the
"equivalent spectrum" with the true one and hence to évaluate the ship's

ability to act as a "wave buoy".

Figure (4 ) shows the manceuvres carried out during a set of measurements

and it is the recordings from leg 7 which have been subject to some

detailed analysis here.
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‘The results will be commented on at the end of the chapter.

Wave data

The seaway was measured by a pitch-roll buoy sensing vertical
acceleration and two components of wave slope. Analysis of such a
recording provided estimates of the directional characteristics of

the waves as well as the uni-directional wave spectrum.

In Figure ( 5 ) the measured uni-directional spectrum is plotted
together with a spectrum of Pierson-Moskowitz type with the same aréa
and mean wave period, so that for both:

Significant wave height : H 1/3 = 3.26m

Mean wave period : T2 = 7.77s

The agreement between the shape of the two spectra appears reasonable.

The directional properties of the spectrum can be seen in Figure (4)
for the wave components containing most energy. It is evident that
the angular energy spread with respect to the main wave direction is
similar for the various components. The mean wave di;ection for
components of 0.1 Hz, representing the spectrum peak, s 329°T
whereas a weighted mean for the wave system gives 3249T. With the.
ship steering 99°T the mean wave directions relative to thé.ship

are 130° and 135° respectively when head sea is defined as 180°.

In Figure ( 6 ) .the directional distributions of the three most
energy rich components are plotted together with the two theoretical
spread functions, and it can be:seen that spread function 2

£, () = 1/n cos (u/2)

closely follows the recorded distribution.

Judging from figures (5 ) and ( 6 ) it appears that a spectrum of

P-M type with the angular spread function f2 gives a representative
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picture .of the actual sea state.

Measured responses

Spectral analysis, using a Fast Fourier Transform method, of the

digitised response signals had been carried out by Lloyds Register

and results in the form of tabulated spectrum ordinates and the

moments m - m as a function of frequency, were available for

6
this investigation. The response spectra for pitch and vertical

acceleration at F.P. together with m and T, are shown in figures

2
(7 ) and ( 8 ) respectively.

Significant response values and mean response periods were calculated
and found to be:
Pitch motion :
P1/3 =4 /m_ = 2.00°
T, = 21 vm /m, = 7.88s
P o 2
Vertical acceleration at the forward perpendicular:

Al/3 =4 vm_ = 0.21g = 2.02 m/s2

TA = 27 ¢m07m2 = 6.90s

No adjustment to the significant values due to spectrum width was

applied here following the approach of reference [9].

Information of this type enabling the response periods to be calculated

was not available for any of the other legs in figure (4 ).

Response calculations

Calculations of response values and response periods for the
containership were carried out in accordance with the method described
in the theory section. For this purpose the transfer functions for
pitch and vertical acceleration at the F.P. were available in a

tabulated form for the following conditions:
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Speed : 2B knots corresponding to Froudenumber
F- : 0.287

n .

AL = 0.1 to 5.1 with increment of 0.1

Headings : 0% to 180° with increment of 15°

The ship particulars are listed in table (4.1), It has a bulbous
bow and a transom stern and the accommodation deckhouse i's situated
one third of the ship's length from stern. The draught on the trial was 9.1 m.

TABLE (4.1)

Ship particulars

Length Oa 275.27m
Length bp ‘ '257.60m
Breadth moulded ‘ 32.21m

Depth moulded ' 23.90m
Draught on trials 9.10m

Block coefficient _ 0.58
Deadweight loaded 35000 tonnes
Displacemenf loaded 58446 tonnes
Service power 75000 bhp
Service speed ) - 26 knots

Some results from the calculations of response values and periods for
various mean wave periods are plotted in figures (9 ) - (20 ):
Response in uni-directional sea can be calculated only for headings
for which the transfer function is available whereas response for

any heading in short-crested sea can be evaluated when an energy

spread function is applied. This is schematically shown in figure (21 ).
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where the shaded area represents relative proportion or weight
allocated to the unidirectional response for heading My when
applying the spread function. THPRRTS etc-represgnted headings

for which RAQ's are available, and B the heading for which the
responsé is wanted. In this case where RAO's are known for:heaﬁings
qnly’lSo.apart this is not of significant importance but it AEVer—
theless made it possible to evaluate the response at heading 1309,

corresponding to that of the spectrum peak ffequencyu

The computer program was not designed so that spectra of arbitrary
shape could be used, which would have been necessary had the aim
been to investigate‘any discrepancies in response spectra iﬁ order
to improve on the transfer functions. Instead, all theoretical
responses have been calculated for spectra of P-M type since the
object was to test the idea of usiﬁg an equivalent spectrum. Listed
in Table ( 4.2 ) below are the results for headings 130° and 1350
obtained for such a spectrum with a significant wave height

H 1/3 = 3.26m and a mean period T, = 7.77s. Values are double

2
amplitude.
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Derivation of equivalent wave spectra

What ‘is labelled as an equivalent wave spectrum is a spectrum of
P-M type which when applied to the transfer funcfions gives a
response valie and a response period equal to those caused by the
actual sea. 8o from the measured values of the two parameters,
significant vélue and mean‘responée peried, it is possible to find
the equivalent-wave spectrum.

The first step is to find the mean spectrum period which corresponds

to the known response period. As the mean response period is

defided as

TR = 27 JmOR?méR
h = f S ( d
where m__ = ! R w) duw
v
o
and m,, = f?mz S_(w) dw
2R R
J
o

the period is independent of the magnitude of the response and
hence the wave height. The only condition that must be fulfilled is

that TR is a monotonous increasing or decreasing function of Ty

the mean wave period in the P-M spectrum. A large slope, i.e. a high
dependency of TT upon Tf—M is an advantage as error in the estima-

tion of TR has less effect on the estimated value of T This

pP-M’
step is illustrated in figure (22 ), From figure (18 ) it can be
seen that this procedure is not applicable.for pitch in unidirectional
sea for headings 0° and 30° as there are two values of TP-M which
result in the same TR, It is uncertain how limiting this is with
respect to an eventual instrumentation ba;ed on this technique, but

it can be seen from figures (19 ) and (20 ) that when a spfead

function is applied the condition of monotony is fulfilled. It is

also a generally held view that transfer functions as derived from
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strip theory are somewhat less teliable for following and quartering
seas which affect resbonse calculations for these headings. Using

a spread function of some kind is also justified ‘by the fact that

"the sea waves are generally short-crested.

Having determined the wave period, the corresponding significant
response value.per“unit‘significant waveheight is found and finally
a devision .of the measured value by the theoretical yields the
significant waveheight of the equivalent wave spectrum. See

figure (22 ).

In Table (4.3 ) the equivalent wave spectra derived by this method

for headings 130° and 135° are listed.

TABLE (4.3 )

Equivalent wave spectra for heading 130° and 135°

Acceleration F.P. Pitch
Heading Spread " H 1/3(m)‘ TP_M(S) M'H 1/3(m) ‘ TP_M(S)
135° - | 1.70 7.53 2.79 ' 8.87
135°  fnc 1 | 1.96 7.52 3,27  8.75
135° ez | 223 | 7.4 | 402 | 7.83
130°  fne 1 1.99 7.49 3.37 8.65
130°  fnc 2 | 2.26 7.47 4.18 7.69

Recorded value H 1/3 = 3.26m T, = 7.77s

In practice the actual heading or main relative wave direction is
difficult to estimate and in order to find the effects of a misjudge-
ment of the heading, the equivalent spectra were derived for various

other headings as well. The results are plotted in figure ( 23 ).
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The use of the equivalent spectrum for predictions

As can be seen from figure ( 23 ) none of the equivalent spectra
obtained has both of the parameters height and period coinciding with
those of the measured spectrum. Whether this is due to the difference
in shape between the actual spectrum and that of the P-M spectrum or
whether it is due to erroneous transfer functions, is difficult to
conclude: IF may be a mixture of the two reasons. The important
point however, is not whether thé ship may be used as a wave buoy in
the sense that it would give the true spectrum, but whether the
derived equivalent spectrum canlbe employed for predicting the
response that would be experienced after a chéngé of course and/or

speed,

The response values, but not periods, for vertical acceleration at
the forward perpendicular and pitch.were available fof leg 8 in
figure (4 ) which corresponds to a heédipg of 90°, (Corresponding
values were available for other legs as well, but the theoretical
calculations were carried out only for a speed of 28 knots). Table
(4.4) was compiled by using the equivalent spectra listed in -
Table (4.35 to .estimate the response in heading 900, in such a way
that a spectrum obtained from pitch assuming spread function 1 was

used to predict pitch in 90° also with spread function 1 and so .on.

70.









Conclusions
It .is not possible to draw any far-reaching conclusions from this

eXample alone, but a few points are worth mentioning.

The recorded spectrum is in goodfagreement‘with the P-M spectrum but

a sharper peak .as well as a swell compoment are notiéeabLe~and the
calculated responses differ somewhat from those recorded as can be

seen in Table (4.2). Response periods are in good agreement whereas
acceleration values are over-estimated and pitch values slightly
underestimated. For 90° heading both acceleration and pitch are over-

estimated as shown in Table {4.4).

From Table (4.3) and figure (23) may be concluded that the equivalent
wave spectra as defined from the ship's motions are different from the
actual one and that a difference in the estimated wave direction has a
marked effect, How large theldiscrepancies-would ée, had the true wave
spectrum had a shape completely different from that of the P-M type, is

not possible to assess from this example, but it seems reasonable to

assume that they would increase.

What is particularly interesting is the remarkable consistency in the
predicted values in Table (4.5)-even though the parameters of the spectra
used are quite different. The predicted response value is not right but

the errors are almost constant and the response periods are in good agreement,

Judging from the results in Table (4.4) the predicted value would not
have improved had the parameters of the equivalent spectra been the

same as the recorded.

The overall accuracy of the prediction procedure is acceptable but any
far reaching conclusions about the method's general tendency to over

or under estimate responses cannot be made from this example alone.

The correct parameters of the actual wave spectrum -were not obtained
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from either pitch or acceleration .and whether the parameters: may be
obtained from a combination of equivalent spectra from different

responses is undertain. As an example, it may be seen from Table

(4.3) that the mean of the values derived from acceleration and pitch

with spread function 2 in heading 135° gives H 1/3 = 3.13m and T,_, = 7.66s
which is close to the actual one. But if this tendency as well as

the constant errors in the crogs-prediction are consistent can

only be assessed by further in;estigations‘of the same type. Only

then, if ever, could the appropriate correlation factors be established.
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CHAPTER 5. -

INVESTIGATION II, TANKER

Introdiction

The recordings of ship motions, ship speed, wind speed, etc. used
for this analysis were made by the British Ship Research Association on
board a 250,000 tDW tanker during a return journey Europe-Persian

Gulf in the summer of 1972.

Recordings were made every 12 hours for about 20 minutes regardless
of the weather situation, but no special recording manoeuvres were .

carried out and no wave measurements were made,

The records were produced by a data logger which sensed and
digitized the output from various sensors, producing a time record

consisting of circa 1200 values for -each sensor.

The recordings available for the containership, as described in a
previous chapter, were used in an attempt to estimate one response
from the spectrum deduced from énother, but no firm conclusions could
be drawn from that single sample. Fo? this analysis on the other
hand, several recordings were available and the aim was to find out
how reliably such cross-predictions can be made. 42 records from

the ballast voyage and 47 from the laden voyage were anavysed,:but
not all could be used for cross-prediction purposes as will be

explained later.

As ‘there are 12 hours between each measurement it was not possible
to investigate the method to predict the effect of a change of

course as was employed for the containership.
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A different investigation by B.S.R.A. of these records is described in

reference [66].

DATA
Table 5nl

Ship particulars

Loaded Ballast

Lpp ' 330, 71m 330.71m
B 51.82m 51.82m
D 25.60m 25.60m
d 19.58m 6.02m
A 284,700 tonnes 76,700 tonnes
Cy 0.828 0.765
Service speed 16 knots

The ship has a bulbous bow, the accommodation deckhouse and bridge

structure is situated at the aft end.

For this investigation the following nine signals were used, all of

which were digitized once a second:

1. Ship speed, from the ship\s own instruments

2, Course, from the ship's own instruments

3. Relative wind speed, from a cup type anemometer driving a
tdchogenerator

4, Relative wind direction, from a wind vane driving a

potentiometer. Together with the anemometer positioned
high up a mast on the superstructure to minimize inter-
ference by the superstructure.

5. Pitch angle
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6. Roll ;ngle

7. Heave acceleration. The .gyroscopes and ‘the heave accelero-
meter were positioned in the engine room close to the centre
line. This "heav,r-z*.I acceleration is thus a combination of
heave acceleration and pitch acceleration and will be referred

to. as "acc. eng.'" meaning vertical acceleration in the engine

room,
8. Rudder angle, from the ship's own instruments.
9. Thrust, from a thrustmeter,

The appropria£e units for these siignals were yielded by a calibration
function such that

Y =A (V+ B)

where V is the "raw" digital value

A and B constants

and Y the value in dimensional form.

For all signals the mean value and the variance were calculated,
The three responses, pitch, roll and acc. eng. were to be used for the
cross-prediction method and thus had to be analysed with respect to

response periods as well as response values.

Analysis methods

It was decided to subject the signals representing pitch, roll
and acc. eng. to two different methods of analysis which would yield

and T_ in two different ways for comparison.

the desired parameters R1/3 R

One method was spectral analysis of the records which gave the
moments of the spectra, from which response values, response periods

and broadness were calculéted, and a plot '‘of the spectra.
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The other method can be regarded as a computerized "manual" method

were maxima, zero-crossings, etc. were registered as the signals

were analysed. This: method, henceforth referred to as the "manual
R

method", gave apart from ,1/3, T_ and & plots of maxima. and ‘height

distributions compared to the Rayleigh distribution.

Prior to these analyses the signals were transformed to a zero-mean
level. In order to avoid errors due to instrumental zero-drift,

this was done in a wéy described in [67]that the .mean values of the
first and last one third of the points were calculated, and a line
paésing-through the mean values at one sixth from the beginning and end
was the zero line. Another possibility which has been used by

other authors is to take the regression line from all the points

as zero line., An example of the three signals is shown in Figure (24 ).

A few records were selected at random in order to check whether the
agssumption that the ordinates were Normal distributed was reasonable.
This was done simply by visual inspection and the agreement was

found to be satisfactory. Fig. 25. See Figures (25 - 27)

The manual method

The first step for this method was to cut off the ends of the signal
in such a way that the first and last positive values preceded by a
negative value, i.e. positive slope, were made the starting point and

the end point respectively, thus forming a signal with an exact

number of cycles.

Three values at a time were studied so that if X(i) denotes the i:th
value of the time series forming the signal, then maxima, minimum
and zero up-crossings were registered according to the following

definitions:
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X(i) is a maximum if X(i-1)<X(i):X(i+1)

X(1) is a minimum if X(i-1)>X(i)gX(i+1)

a zero up—crossing occurred if X(i)30 and X(i-1)<0,

This means that even though the ‘continuous signal could have values
exceeding X(i), the digitized value closest to the peak, X(i) was

tgken to be the maximum and no attempt was made to fit a curve. to the
points in order to approximate the tfue maximum. With a sampling interval
of one second and typical zero crossing periods for the signal of ten

seconds, this is not expected to introduce any significant errors.

The number of negative maxima were also counted as well as the
largest maximum and smallest minimum between zero crossings. An

example of the results obtained by this method is shown in Figure (28},

Mean response period

The period of one cycle was recorded as the number of intervalé between

two values larger than or equal to zero preéeded by negative values. Thus,
as the sampling interval was one sécond, each cycle would be given
periodsvin integer values of seconds only. A better approximation

of the actual period could have been achieved by interpolation between

the negative and positive value. This would not make any difference

to the calculated mean response period, but would have some effect

on the standard deviation of the period. Mean response perio& was

found by
N

n=1

and the standard deviation from
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where Tn = period for cyecle n

and N = total number of cycles

The reason for calculating the standard deviation of the periods

was to get a genéral idea of how "regular" the irregular signal

wds with respect to periods and the accuracy in ¢ calculated in

this way was considered adequate for this purpose. The distribution
of periods was also célculated and tabulated. The theoretical
distribution of intervals between zetro crossings is, however,

very complicated, see for example [38] and no comparison between

measured and theoretical periods was made.

Estimation of the spectrum width parameter ¢

The parameter ¢ is a measure of the width of the spectrum and is

defined in terms of the spectrum's moments as

2 2

e =1 - m21/ m_m

4

When the spectrum is not calculated and therefore, the momentswm2 and

m, not known Cartwright and Longuet-Higgins[58]hdve shown how the

4

parameter ¢ can be estimated from the ratio of negative maxima and
the total number of maxima over a long time interval. The
following relationship was derived:

e -1 - (-0



where r = number of negative maxima
total number of maxima

The width parameter & was estimated in this way.

Response values

In Chapter 2 it was shown how the significant response values

could bevfﬁund from

Ry = 4/m A - 212

where m  was the area under spectrum.l But the area m is also the
variance of the irregular signals ordinate. So in this case the
varianéé Gi of all the points forming the signal was calculated and
the significant response value found from

Lk T

Ry/3

Comparison to the Rayleigh distribution

It was earlier shown that the distribution of maxima for a Gaussian
process follows the Rayleiph distribution when the process is

narrow, i.e. g = 0,

The probabiiity density function for a Rayleigh distributed variable
X can be expressed as
—x2
.f(x):z_x e R
R
where R is a parameter.
When comparing a:sample of N Xi to the theoretical distribution it

can be 'shown [37] by the maximum likelihood method that the most

efficient-estimator’Re of the parameter R is:

e

where X~ is the mean square value of X.
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Re is random variable which has the gamma probability distribution
and refl[37]recommends N>120 for the estimation. For samples in the
order of N>30 ithe confidence limits of R increase and can be

determined from the Normal probabiliity distribution, so that

e e
]
- al2 _ L) < R <( of2 + 1)
N VN
where Ua/2 = critical value of the normal distribution for

a given g.
The significant valué, defined -as the mean of the highest one third
_of the X-values can be found as follows. Let-a be the lower limit
of the one third hiéhest values so. that
.P (X»>a) =1 - F(a) = 1/3

-x2
where F(X) =1 - e

/R is the cumulative probability
function of f(X).

Then

e _aZ/R = 1/3
giving

a= VRln 3

The mean of the values larger than of equal to a can be found by

the moment -aboiut the origin so that

X =3
1/3

- 3{ae @R v /R Q- (/TR

—x2
xEm ax = 3 o e XR gx -
: a

o pE—y3g
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_ . J?a/R ' 9
where ¢ ( ¢23/R_) =i%— U[ e U /2 du

—0

is the cumulative Gaussian probability function.
Substitution of a gives

X
1/3
for convenience often approximated to

X/3 ¥ AR = 2%

S VR(/In3+3v (1-¢ (VT3 = 1.4158 (R

and the ratio

X

D W St

VXE/Z

For programming purposes, the comparison between the distribution

of the variable and the Rayleigh distribution is simplified by using
a normalized Rayleigh function which is accomplished by putting

y = X/V iQ/Z

and so that

d
I |

f(y) = f(x) dy

which gives
E(y) =y Y22

This function was plotted together with the histogram of the variable.

The histogram was formed by dividing all values by X2/2 sorting in
ascending order and counting the number of occurrences in eatﬁ interval Ay,
Each bar f(yi) is thus given a height of |

fQy;) = My )/Nay _

where M(yi) = number of values in the interval y; t Ay/2 and N =

total number of values,
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The actual mean of the hHighest one third was also calculatéd by

N
) N7
Vi = _1° '
, 1/3 N-2N/3. \> Yi (5.1 )
, / » .

i=2N/3

which for agreement with the Rayleigh distribution should give

yl)3”% 2

The following three variables were tested for agreement:

a) maxima, as thé distance from the mean level to a
maximum (can be negative)

b) heights, as the distance between a maximum and the
following minimum or a minimum and the following
maximum

c) heights, as the distance from the largest/smallest
maximum/minimum between zero crossings and the mean
of the smallest/largest preceding and procéeding

minima/maxima between zero crossings.

The progrém was designed to plot the Histogram‘with a Ay = 0.2
which wdrked well for heights as from b) and c¢). For maxima
deeVer;rand especially for the pitch signal, Ay should have been
given a larger value as the largest pitch amplitude usuélly.was less
than 10 quantization levels of the digitized signal, Therefore,
aithough Ehe nbndimensional value of significant maxima was near 2
the histogram‘showed litéle resemblance to the Rayleigh distribution
as seen from-Figures (29-31 ). An improvement would probably

have been obtained by the inclusion of minima reflected in the zeroline.
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laden condition.

In the figures the broken line represents a perfect relationship and

the solid line is ‘the regression line fér the points. Agreement

between registered and estimated max values are reasonable .although

it can be seen from Table 5.2 Ehat the values estimated from the formula (5.3)
are generally slightly larger than the recorded,-with the exception

of pitch values from the ballast journey.

The results may be summarized by the coefficients A and B of the
regression lines such that

Estimated value = A { Recorded value;+B

and the coefficient of derermination r

defined as

2 [sxy - £ x zy/N ]°

2. 2
[ - o]l - Gy
where N = the number of values

N = 38 for laden voyage and 41 for ballast.

TABLE 5,2

Regression coefficients for comparison between estimated and

recorded max values of heights C (defined on page 8Y )

Estimated = A x Rec. + B

_Fulihtoad Ballast
Pitch Roll  Acc. Eng. Pitch Roll Acc. Eng.
A 1.15 1.16 1.11 0.99 1.08 1.02
B -0.10 -0.04 -0.03 0.06 0.05 -0.00
2 .93 .99 .97 0.79 0.96 0.96
Largest o : o] - 2 o] o 2
Recorded 2.59° 11,23 1.83m/s 1.38 9,53 1.77m/s
Value ) e
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Spectrum analysis of the response signals

The recorded variations in time of the responses are assumed to be
realisations of stationary ergodic processes. Spectral density func-—
tions as ‘defined in chapter two, for these realisations have been

derived from the estimated auto-correlation functions, see [38, 69, 70, 71].

Autocorrelation function

For a realisation of a random process r(t) ‘the mean of the product at

times t1 and‘t2 is called the autocorrelation function and is defined:

R (tl, t2) =-E>[ r(tl) r(tz):
It is a measure of the correlation between two values spaced

v=t apart. Some properties may be established for the auto-

2~ 4
correlation function when the random process, of which r(t) is a
realisation, can be assumed to be stationary and ergodic. A process

is said to be stationary if none of the statistical properties of

the process change with time. It is ergodic if each'realisation of

the process has the same statistical properties as any other realisation
at a fixed time or if the expectations are equal to the corresponding
temporal avefages taken along a single realisation. An ergodic ﬁrqcess
must thus be stationmary, but the reverse need not be true. For the
autocorrelation function of an ergodic process then

R (t

tz)'= R (t1 +t, t, +t) for all t,

1, 2

and in particular

R (O, t, - tl) = R (v) vet, -t
Furthermore,
R =E{e@® rt+v) = E[r (t-WE@® = RV

so that R(v) is a real and even function of v.
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From .the. inequality

E [ (o) £ r@N?] 20

it follows |

2 R(0) 2 2R (v) 20

so that

R (o) 2 R (v)

and generally

R (v) +0 for v+ @

So, the autocarrélation function has a4 maximum for v = O at.the'

value

2

R (o} = E c

r (t)? = VAR [r(t); =0

F
!
L -

The Fourier Transform and random processes

Consider a function which, as opposed to a realisation of a random
process, is periodic with period T but not simple harmonic. Such a

function may be expressed in form of a Fourier series such that

u (t) = a /2 + v (a cos w t +b sinw t) 5.4 )
0 ./ - n n n n

———

n=1

T/2
, -~
where a = 2/T K u(s) cos w s ds

-1/2
1/2

b = 2/T ( u(s) sin w s ds
n : n ,
J
-T/2

and w = 2nm/T
n

both t and s refer to time.
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‘Substitution of an‘and\bn into (5.4 ) and adopting the complex
notation so that
a coswt+b sinwt = g ettt E_ e—rmnt
= [ - i .
where By 1/2 (an bn)

and its complex conjugate E; = 1/2 (an + ibn)

The following eXpression can be derived

o0

(8 =v’ RN % T_'{g A T N g olunt
L. L.
n= "o —£i2 n=-w
T/2 (5.5 )
where gn ="% u(s) e_iwnS ds

-T/2

is referred to as the Fourier transform of the periodic function.

With the autocorrelation of the periodic function given by

T/2

R(v) = ul(t) u (t + v) dv

=

-1/2

this can be expressed in terms of the Fourier transform coefficients

as
T/2 ®
1 » iwg (t+v)
R(v) = T u(t) . dt
Y
~T/2 n=-=

or after rearrangement
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o T/2
R(v) = E g e nY 1 u(tD‘elwnt dt =
n T
L
" ~T/2
o0 o0
. "\_" 2 .
' 1l vV — i 1, .V
= F n = / win =
, 8, ® g, P g 1T e
n=—m n=-co
- ® -
- \*—"' F elmnv
) n
.'/ XY
n=—«
where Fn = |gn|2 is the two sided spectral density function. The

autocorrelation function R(v) and the spectral density function Fn

form a Fourier transform pair so that:

R(v) =% F e'nV
n
/.
n=—co
T/2
- 1 -iw v ‘
F,o= 7 R(v) e ' n dv (5.6 )
-T/2

An aperiodic, non-periodic function such as a realisation of a random
process can only be expressed as a Fourier serieé if the period of the
series tends to infinity. Allowing for this, equation (5.3) can be
rewritten so that for T =» =, mn becomes the continuous angular fre-

quency w and lim 1/T = dw/2w, the expression becomes:
T
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u(t) = 2_}[_J. e]_‘u.‘lt du f u(s) e,_l-(ﬂS ds =

‘f ‘G(m) eiujt dw
‘ (5.7)

8

iws

u{s) e ds

where G(w) E%

-0

And similar to the derivation of ( 5.6) the Fourier transform
pair of the autocorrelation function and the two sided spectral

density function can be formed

[re]

R(v) =Jr F(w) eimV dw

TV gy (5.8)

Two conditions regarding u(t) must however, be fulfilled in order

to make equation ( 5.7) valid. These are:

[=+]

[ lu(t)| dt must exist and

o
-co

{ 2
I u (t) dt be finite.
b

Al
-0
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A realiéation of a random process r(t) does not meet these conditions
so that the spectrium cannot be calculated from the autocorrelation
function straight away. Instead an approximation of spectrum may be
obtained from an estimate of the autocorrelation function from a
truncated realisation. Thus by defining
r(c) = (o) in the interval I O,T]
; o] otherwise

‘the autocorrelation function for this interval can be found from

T- | v| '
s r(t) r(t + v) dt |v] T ( 5.9)

RT (v) =

|~

A%

o}

and R® (v) = 0 |v|>T

The expected value of this is

: T—|v1 :
E[R (] =E[ 1 r(e) r(t +v) dt | =
T*|v| o
/
= % \ R(v) dt = R(v) (1 - l¥l)‘ IvlsT
J 0 |v|>T
o]

The error introduced by using 1./T instead of 1/(T-|v|) is small when
T»Lv| and the estimate using 1/T does. usually have a smaller least
square error thén that derived by using 1/(T—|v|) apart from being an
advantage for computational purposes.

From the estimated correlation function the one sided spectral density
function, autospectrum, S(w) defined as

S(w) = 2F(w) w0

can be estimated in accordance with ( 5.8}:
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.1 Jr rRev) @ - vl e av (5.10)

where‘ST(@) is the estimate of S(w) from an interval of length T,
and .so that
lim E[sTw] = = { RW e gy = s
T " \
J
By putting
wv) = {1 - [v]/T |v|sT
0 . |v|>T

equation (5.10 ) can be expressed

4]

E | sT(m)\]i=% J R(v) wiv) e 1V gy ( 5.1D)

where-w(v) is called the lag window through which R(v) is viewed,

The Fourier transform of w(v), called the spectral window, is

T QT/2 \ )

equation (5.11) can now be expressed

-]

E[s'w] %sw J W(Q) d = S(w)  for large T.
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The variance of the estimate is, however, large compared to the
éstimated value. An improvement has been 'shown to ‘be obtained by
dividing the realisation into parts, of length M'evaluatigg SM(m)
for each part and forming the mean of all SM(N). Such a mean is
called the smoothed estimate of S(®w) -and will be denotedigf(w).

This method can bé\shown‘tO‘have the same effect as substituting T

in equation (5.12)by M so that
M - sinoM/2 P

W /2

which is called Barlett's window.

There are several proposed spectral windows for various applications

and a general expression for the smoothed spectrum estimate is

oo

;T(m) - Jﬁ w(v) RT(v) e-imv dv

ERE

-0

Since the dutocorrelation is a real and even function it follows

finally:

T p T _
$° (w) = o j w(v) R {v) cos wv dv ( 5.13)
Application

The numerical evaluations of these formulas have been made for
responses where the continuous signal r(t) was sampled at intervals

At and thus forming a series of N values Xi i=1,2, 3, ... N

so that

T = NAt

where T is the total length of the realisation, The following discrete

versions of the previous formulas has been used.
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For the auto-correlation function according to (5.9)

N-k

Ty - 1
R = E % Xk K=0,1, 2 ... M1

=1

'where M is the number of‘lags;-

The spectrum ordinates according t0(5r13)‘were.found'from

— . M-1 _
R =1
_n i i,
where w, = AE N i o, 1, 2 ... NS

so that the total frequency interval [ 0, W/At]‘was divided into

parts s¢ that the ordinates for N, + 1 values of w were obtained.

S

The lag window proposed by Tuckey (Hanning) was selected so that:

wg) =3 [ 1 F o8]

For the signals analysed here At was 1 second and N_ was put to

5

157 giving spectrum ordinates with a spacing of @ = 0.02, The

moments of the spectrum according to

[re]

m =f W S{w) dw

n
)
were calculated from
c
- n . s
m ? wy S(wi) Aw (5.15)
' i=0 ' :

where Aw = 0.02

and ¢ = a truncation value.

As the analysed response signals, pitch angle, roll angle and vertical

acceleration in the engine room can be regarded as relatively narrow-—
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banded processes, possibly with the exception of acceleration, it

was considered justifiable to truncate the high frequency tail of
spectrum at a frequency w = w,. This would seem reasonable even for
vertical acceleration as this signal might contain frequencies. caused
by vibration and the results of the spectrum analysis were .to be
compared to calculated values of vertical acceleration, due to a
combination of pitch and heave only. Thus the information lost by
excluding any hipgh frequenecy tails was not considered as being:éf
importance to this investigation., A reasonable check on how much was
lost could also be made by comparing the area under spectrum m from
equation (5.15) and the value of RT(o) as both represent the variance
o2 of the process, bearing in mind that ;T is an estimate of the
true spectrum. The ratio mO/RT(o) gave in this way an indication of
the area under spectrum lost by the truncation. Reference [72]has
investigated the effects of the truncation frequency for broad banded
wave spectra of Pierson—-Moskowtiz type and given a lower limit. of
three times the frequency of spectrum's max for mean periods 37

seconds. The following truncation frequency w,. was used:

W

w. for ST {w.) g ST max/200 w.>1
c i i i

w. = w. for w., = 3w,(ST max) w.>1
i i i

These are also similar to those used by Loukakis [5].

From the moments the mean response period T, was found by

R
T = 2n Mmo7m (5.16 )

R 2
the significant response value adjusted for the spectrum width from

R1/3 =4 /m (1- e2/2) (5.17 )

where
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i 2.
= - "/ 5.18
€ 1 mzlmop ( }

4

The effects on the moments from a triuncation is larger for higher
moments- so that o, is more reduced than-mb, and the spectrum width
will be smaller, As the width parameter is used in { 5.17 )
the significant value is affecéed by this. However, the correction
factor which is '
/1 - 52/2=j 1 for e=0
2’1/2 2 0.707 for e =1

was not believed to change dramatically because of the truncation.

For the value of M, the lag number, Marks [70] has recommended
30-60 as being satisfactory for most seakeeping events. 60 lags were

also used by Loukakis [5].

In order tc test the method of analysis and the effects of some

different M values a test signal X(t) was produced from

N
X(t) = ? a, cos (mit + ai)
FY

i=1

where o, is a phase angle evenly distributed between 0, 27 and randomly
selected

a, = the ordinates of the components and selected from a predetermined
spectrum,.

N = the number of components used to form the signal, here put = 30.
Figure (38) shows the outcome of this test, and as predicted a higher
value of M gives a better represent;tion of the peaks but can also
generate false peaks. It was decided that M = 60 would give a repres—
entative picture of the spectrum as well as keeping computer time at

a reasonable level. Figures (39-41) are examples of output from the

analysis of response signals by the spectral analysis program.
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Comparison of results from the spectral analysis and the '"manual

me thod"

The mean of the largest one third recorded heights has been compared
to the significant values estimated from the two methods of analysis.
The recorded heights are according to definition c) page 89 the

mean of the distance from the largest peak between zero-crossings to the
preceding and following smallest minimum between zero-crossings. It
could be argued that a comparison should instead hgve been made
between significant single amplitudes, measured and recorded, as the .
theoretical distribution has been derived for maxima rather than
heights [58). Many of the analysed records were, however, from
conditions where the motions of the ship Qere small resulting in a
low ratio of amplitude to quantization level, say in the order 3-5
for pitch angle. By using the heights that ratio is doubled and

thus improves accuracy. It is also common to relate responses to
significant waveheight which is double amplitude and it is logical
then to lét the significant response also be double amplitude.
Loukakis [5] has also found good relationship between heights

defined as above, and theoretical estimates.

In Figures (42-47) the recorded significant values versus estimated
are- plotted for the two methods of analysis from the laden voyage.

Crosses represent values estimated from

R1/3 = 4 JE; for the spectrum analysis and
R1/3 = 4 /gj for the manual method

whereas circles were obtained by including the adjustment for

spread such ‘that .

R = 4 /E; Yl - 52/2 and

1/3
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R /3

= 4 /62 vl - 52/2‘ respectively

In figﬁres,(39.ahd (40 the broken line with dots is the regression
line for the crosses, the solid Tine for' the circles and the ‘broken
line.represents the perféct relationship. The regression Tines

are not shown in figures 644-47) as they are very close to the
perfect line, The reasons for the slight difference in responée
values obtained from the two methods without adjustments for
spectrum width are due partly to the signal being shortened by
cutting the endsbbefdre applying the manual method, and partly to
m0 being calculatéd ffom the. area under the.truncated spectruﬁ

rather than from the variance.

The mean response periods obtained from the spectral analysis
method as

—_—
'TR =27 1‘m0/n12
have been compared to those obtained by the manual méthod. In
figures (48-50) the results from the laden voyage are plot£ed, and
it can be seen that there are some discrepancies between the periods
obtained from the two‘methpds. This is an interesting and
important result. As the mean spectrum period in the equivalent
wave spectrum is determined by the measured response period as
described in Chapter 3 it is important to get as accurate an
estimate as possible of the response period. In figures (51-53) the
calculated response periodé for wave spectra of P-M type are plotted,
solid lines, together with the significant_response values per metre
significant wave height, broken lines for laden condition and
14 knots, a speed which corresponds to most of the records. A

comparison of the measured and calculated response periods reveals
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As seen from the ;abie‘the predbminént wind direction was following
for the laden voyage and head for the ballast voyage. In order

to minimize the errors which may have been introduced by assuming

the wave direction being the same 35 that of the wind, the directional
spread has been'assumed to be_éccording to spread function 2, i,e.

the widest spread.

The ratios of the measured pitch and roll values were also calculated

in the hope of using these as indication of the wave direction, high
values indicating head or following sea and low values beam sea,.

This attempt was, however, not fruitful as the Fheoretically calculated
values are dependent on the mean wave period, which in turn only can

be determined when the heading is known.

Thus, the results described in the following have been obtained using

spread function 2 and assuming wind and wave directions to be the same.

Wave height and period of the equivalent spectrum

For each record the three responses - pitch motion, roll motion and
vertical accelerapion in the engine room were compared with respect
to significant value and period to the theoretically calculated

values and the two parameters significant wéve height Hl/3 and mean

wave period T for the equivalent spectrum were determined., It

P-M
was not expected that the three responses would yield the same wave
spectrum as their receptance to various wave components are different.
None of the spectra defined by the responses in this way should be
assumed to be the true spectrum at the time of the recording, but
merely equivalent spectra of Pierson-Moskowitz type and nothing but
theoretical substitutes. The actual wave spectrum may, naturally, be

very different in shape to that of the P-M type. Figures (34-57)

show the significant wave heights and mean periods derived from the
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three responses. They are plotted for comparison in such a way
that values obtained from pitch are along the X~axis and those from roll

and acc. eng. along the y-axis.
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Sensitivity to response periods in estimating wave heights

From figures (51-53} it can be seen that the slope of the curves
representing response periods are levelling out to a relatively small
value after the initial rise. For parts of the area where the slope

iis small, the slope of the curves representing significant response
value per unit. significant wave height is large. This has the effect
that a small error in the measured mean response period, i.e. a small
difference on the vertical scale, has a relatively larger effect on the
horizontal scale, affecting-tﬁe two parameters which are to be estimated,
i.e. the mean spectrum period and the response value. The wave height

of the equivalent wave spectrum is derived by division of the measured

value by the value from the graph, so that
Hy/3 = Ry/Rp

where RM
and RT

measured response

]

theoretical response value per unit wave height

As the significant wave height derived in this way is inversely pro-
portional to RT it will be affected by differences in RT.
This is illustrated graphically in figures (58-60) in such a way that

for any response period? along the horizontal axis, the effect in metres
per second difference error, in the meaSurgd response period, per

unit response value, can be found at the vertical axis. Hence the

vertical scale is denoted

Am/ATR R1/3
where ATR = error in measured response period
R1/3 = measured significant response value
and Am = difference in wave height
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For example, assume measured significant pitch angle is 2° and mean
pitch period is 13 seconds in following sea. Then from figure (58):

Am/QTP P 0.8 for T, = 13 seconds so that the difference in the

1/3

estimated wave height is Am = 0.8 x 2 = 1.6m per second deviation in

P

the recorded response period. .

It can be seen from the figures thaf for response periods for pitch

and roll less than about 12 seconds, the estimated wave hgight'beéomes
uncertain, whereas no such .obvious lower limit fs founq for acceleration.
In fact, none of the analyséd records had to be discarded due. to

critically small response periods.
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-.Comparison of measured and predicted values

*

The meagured significant response value for any one response was S

compared to those predicted from each of the other two responses,

For example, the equivalent spectra derived fromlthe‘rdll motion was
used to estimate the pitch motion in such a wave spectrum. The estimated
values were then compared to the measured value. In figures (01-66) .
these comparisons are plotted with the measured quantity along the X-axis
and the two estimated values along the y-axis. The values are from

all headings and speeds as listed in Table 5.3 . In all figures the
solid lines are the regression line and the associated 957 confidence
lines for the crosses, and the broken lines are the corresponding

for the circles. Even though the measured quantity is along the
horizontal axis it was used as the dependent variable for fhe

regression analysis. The horizontal distance between the regression
line and the lines representing the 957 confidence limits are +2 x the
standard error of. estimates Se. The regression lihes, coefficients

of determination and standard érror of estimates for figures (61-60)

are listed in Table 5.4 below. It can be seen that predictions between
pitch and acc. eng. are generally more reliable than any estimate of
roll. This is probably due te the fact that vertical acceleration and
pitch motion are closer correlated than the roll motion and any of

the other responses. The generally rather wide confidence bands,

and especially for predictions between uncorrelated responses, raiseé
the question of whether the method provides an improvement on the

values which may be intuitively expected from the overall motion of

the ship. In other words, when the angular spread of energy in the

wave system is large, which has here been assumed to be the case, then

one would expect a high value for one response to be associated with high
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values for the others, i.e. a'high correlation between different

responses. In order to evaluate this ‘assumption the correlations

; . !
between the measured responses were calculated and regression -analysis
applied. The results from this are also included in the Table 5.5

below.

TABLE 5.4

Regression analysis for estimated and measured values

Regression line : Measured value = a Estimated + b

. . : , . 2
Coefficient of determination : T

= oy /{-; r2

Standard error of estimate : Se

; Measured Estimated | 9 ‘ Lpad@ng
| response from a b | Se condition |
Pitch R011' .835 | -.003 |.504 | .370 Full
" " 1.512 | -.296 | .350 | .335 ‘Ballast
" Acc.eng .720 | -.044 | .745 | .188 Full
" B B 1.278 | -.157 :.725 .128 Ballast
‘Roll Pitch 453 [ 1.723 | .404 [1.163 Full
o " 268 |1.205 |.33 |.508 | Ballast
"o Acc.eng. 612 | .987 ':.710 .825 Full
" oo . .507 [1.105 |.504 | .689 | Ballast
Acc.eng Pitch | .861 .096 .876 113 Full
A 1123 |-.42 |.760 | 153 | Ballase
neoon Roll 927 | .093 |[.574 | .278 Full
voon " 2.423 |-.506 |.806 | .288 Ballast
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‘TABLE 5.5

y =ax + b Regression'between measured responses

Independent { Dependent ' 9 Loading
variable, y [ variable, x ~a b r Se condition
Roll Pitch ' 3.273 ~.748 LAT4 1.540 | Full

" " 5.234 1-.792 | .383 |1.077| Bailast

Acc.eng. " 609 J-.130 | .614 | .216] Full
TRRY " 1.198 |-.139 |.e41 | .145 ‘Ballast
W {Ro11 18 | L2246 |.s20 | L241) Fn
TR " .158 | .199 |.796 | .109| Ballast

From the tables it can be seen that tﬁe correlation, tabulated as co-
efficient of determination rz,-is generally higher between estimated and
predicted values than between measured responses. The rather surprising
exception is the correlation between pitch and roll, which means that
the method of using equivalent wave spectrum is not an improvement
compared to estimating one response from just the magnitude of the
other. Figures 67 and 68 illustrate two examples, one good and one
poor, of estimation by using the regression line from the method of
equivalent wave spectrum, crosses, and the equation from the regression
of the measﬁred quantities, circles. The solid line represents perfect
relationship and the broken lines the 957 confidence band for the
crosses, The difference in accuracy between the two methods appears

to be insignificant.
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Acceleration at the F.P.

It was shown in an earlier chapter how the probability of shipping water

-over the bow could be calculated from the relative motion between

the bow and the sea surface. So, if the relative motion could easily

be monitored, the probability of shipping water could be displayed

by an instrument on the navigation bridge. The direct measurement of the
relative motion is, however, difficult aﬁd most of the available
iﬂstrumentation systems rely on the monitoring of the vertical accelera-

tion of the bow as an indication of the severity of the bow motion

and the probability of damaging this part. Measuring the bow

acceleration is relatively simple, but a reduction in cost and simple

installation of an instrumentation system could be achieved if all sensors

could be located in the deckhouse and various responses such as the

bow acceleration could be deduced from them.

The following is a description of an approach which was tried in
an attempt to deduce the vertical acceleration at the forward perpendi-

cular from the recorded signals of pitch and acceleration in the engine

room and assuming the ship was behaving as a rigid body.

The situation of a rigid body at an instant of time may be described by
the vertical acceleration of the centre of gravity G and an angular
acceleration P as in the diagram below,

Fig. 73 Acceleration of a rigid body.
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The acceleration at the distances x and y from the centre of gravity

Cc - ﬁx

.
[

L]
1]

G + ﬁy

C&mbination of the two givess
rF = A+ 5 (x +vy)

So with A being the vertical acceleration in the engine room, P the

pitch acceleration and (x + y) the distance between the engine room and

the F.P., the vertical acceleration F at the F.P. can be found.

The available recordings include the vertical acceleration A but the
pitch motion P rather than the pitch acceleration ﬁ, so the second
derivative of the pitch signal must be obtained before the addition
can take place. As the signal is no longer continuous but represented
by a set of data points the differentiation cannot take place straight
aﬁay. A possible approach would be to use a curve fitting method

for a part of the signal at a time and evaluate the second derivative
for each part. The simplest way is to fit three points at a time to a
polynomial of the second degree for which the second derivative is a
constant and easily calculated. In this case, if X, ,, X, X, ; denote
three ordinates of the original signal, then the second derivative X
is:

Ky =X 7 2%y X0

Although easy to handle, this method is sensitive to small changes of
slope of the signal and tends to give an unrealistically jerky sighal
with very short period as a result. A smoother result can be obtained
in the following way: xi-l' Xi’ Xi+1 be ordinates of the motion signal

and let the velocity at instant i be:
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Xy = [(xi+1 N Xf) + (Xi - xi—l? m /2

and the acceleration at instant 1 :

X = [(Xi+1 T X o X J /2
After substitution the acceleration becomes:
X = {(xi—z T2k xi+2{]/4

Let m , m be the zeroth, second, fourth and sixth moments

os® M2s? M4s® Y6s

of the motion spectrum, and m s M LI be the moments of

2v* %4y Moa 2

the velocity spectrum and acceleration spectrum respectively. The mean

zero-crossing period for the motion signal is

T =21 vm /m
2s 0os 28

The period between crests T 5 is depending on the width of the spectrum

4
so that
T =T v 1 - 52
4s 2s s
or with
2 _ 2
€s =1 m25/mos m&s

TAs am JmZS/ml;s

But the crest period of the motion is the same as .the mean period of
the velocity since the velocity changes sign between each peak of teh
motion signal, so

Ty = Tus

For the same reason, the mean acceleration period is

T2a B T4v

Furthermore, the moments are related so that

m = m
ov 2s
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m = m

2v 48

m =m
oa 2v

Combination of these yields

Ms = Toa (5.19)

LWL "“‘pa;’“za (5.20)

T2a

So by calculating W, and M o s the fourth and sixth moments of the

motion spectrum and m o and'mZa, the zeroth and second moments of the

acceleration spectrum, it is possible to check the method of differentiation.

After several attempts the method had to be abandoned and considered
unsuccessful. Even though the actual acceleration was not included
amongst the recorded responses and hence not available for comparison,
the values derived by this method were generally unrealistic. It

was possible to satisfy the conditions in (5.19) and (5.20) for
individual records by introduction of various correction factors, but

these could not be applied to any other record.

Integration of a digitized signal of this type is generally regarded

more reliable than a differentiation, and another contributing factor
to the poor results was the actual shape of the pitch motion signal.

As mentioned earlier this signal had a very small amplitude and‘con;

sisted of several consecutive values of the same magnitude and was

not suitable for differentiation.
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'Conclusions

The digitized signals of the three ship responses - pitching, rolling and
vertical acceleration in the engine room, were generally Gaussian with

the exception of pitch signals with small amplitudes, fig. 25. fwo

methods of analysis were used to estimate the two parameters significant
response value and mean response period. The two methods were found to give
similar response values and the agreement %ith the recorded response values

were found to improve when the correction factor related to the broadness of

the signals was applied.

Comparison of maxima and heights of the signals to the Rayleigh distribu-
tion was made by visual inspection of plots of histograms and the
theoretical distribution as well as the recorded and theoretical
significant values. Good agreement was found for the distribution of
heights and the plot of the Rayleigh distribution, whereas the
distribution of maxima, which included negative values, did not compare
as favourably, partly due to too small class sizes being chosen for the
histograms. Both maxima and heights did, however, give good agree-
ment with the theoretical significant values. The importance of careful
selection of gsensitivity of the recording sensors relative to the
magnitude of the signal for this type of investigation was emphasized

by the analysis of the signal representing pitch. The low sensitivity
for this response resulted in the recorded range consisting of few
values which increases the quantization error introduced by the
digitizing of the continuous signal. As several recordings were made
during light weather conditions some cases were found wﬁere the

recorded pitch signal ranged between + 2 units, and the histograms of

these signals did, of course, not agree well with the Rayleigh
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distribution. The mean response periods estimated by the two methods
also showed relatively larger discrepancies for such light weather
conditions. From records .containing larger response values, the response

periods agreed well, but a filtering of vibration contributions: to the

acceleration signal prior to analysis would probably have improved

the cémparison for this response.

Response values and response periods from the three signals were used to
derive the two parameters, significant wave height and mean wave period,

for the equivalent wave spectrum., As expected, the spectra derived

from the three responses for each record were different with respect

to wave height and wave period. Each type of response reacting
differently to the existing wave system and the derived spectra
represeﬁting each response's receptance to the wave system. The
possibility of applying a spectrum which was derived from one response.
for estimation of another response was investigated. The results showed
reasohable agreements between estimated and measured values for pre-
dictions of pitch from acc. eng. and vice versa, but poor- agreement
for estimation of roll from pitch. Estimations of pitch and acc. eng.
using this technique were slightly better than estimates based on the
correlation of the two responsés, whereas the opposite was the casei
for estimates of roll. The possibility of using a spectrum defined
from one response for estimating the same response after a change of
course or heading, was mnot possibié as records were taken at twelve

hour intetrvals.

The two important parameters when defining an equivalent wave spectrum
the wave direction and energy spread, could not be established

effectively from the relative magnitude of pitch and roll, instead,
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the somewhat weak assumption that wind and wave direction coincided,
was made. In order to minimiZe errors introduced by this assumption,
the energy spread was assumed to be wide. A more stringent analysis
of the validity of the method, of using an equivalent wave spectrum
could have been made had the actual wave system .been known. But as
this is not the case in reality, it was of interest to find out how

limiting a factor this was,

Other factors which may have affected the investigation unfavourably |
were the facts that the ballast journey contained records of generally
small response values, increasing the relative érrors of quantization
and the laden voyage contained records of mainly following waves,

for which the theoretical calculations of ship responses are

regarded as less reliable.
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CHAPTER 6

DISCUSSION OF RESULTS

Derivation of the equivalent wave spectrum

One of the main objectives with this project was to investipate the
possibility of using the ship itself as "wave buoy" in the sense

that a theoretically defined spéctfum of Pierson-Moskowitz type could
be derived from the motion of the ship. If successful, a method

would have been found which would render the unreliable wvisual
estimates of the wave system unnecessary and the prediction facility of
an instrumentation system would be improved. It was clearly stated
that the correct values of wave height and mean wave period were not
necessarily to be expected from the procedure, but merely two parameters
as a substitute for the actual wave system, which could be used

in the prediction process. The fact that the actual directional wave
system was recorded during the measurement manoeuvres for the container-
ship, made it possible to compare the actual wave spectrum to the

equivalent spectrum obtained by the method described in Chapter 3.

The actual wave system showed remarkable agreement with a spectrum of
P-M type and the angular energy distribution, which was consistent for
different wave components, was almost identical to the theoretical
spread function 2. Because of the similarities between the actual

wave system and that used for the theoretical calculations, a very good
agreement was expected between the values obtained by the equivalent
spectrum method and the actual values. It was, however, found that
neither the spectrum obtained from pitch nor from acceleration at the
F.P. was the same as the recorded spectrum. The reasons for the dis-
crepancies are not fully understood but contributing factors may be the
small difference in the shape of the measured spectrum and the P-M

spectrum, the fact that the analysed response recordings were made some
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time after the wave measurements and a slight change of wave spectrum
could have occurréd in the meantime. Some inaccuracies may aliso be

present in the transfer functions and the extrapolation technique used,

~and examination of the hydrodynamic theory involved in the strip theory

is also recommended by Taylor [8] . What was clearly shown was the
effect of misjudgement of the wave direction and theeﬁergyspread,

see Fig. (23). For eXaﬁple, a range of 60° heading gave a difference
in waveheight and wave period of circa lm (317) respective 1 sec.
(142J for pitch and .25m (11%) respective .4 sec (6%) for acceleration
at the bow, using spread function 2: The errors in the estimated
waveheight and periods with correctly judged heading and spread were
.93m (297%) respective .07 sec (1%Z) for pitch and Im (31%) respective

0.31 sec (4%Z) for acceleration at the bow.

The spectra obtained from the responses of the tanker could not be
compared to the true spectra as they were not recorded, and, therefore,
could not be quantified, but the discrepancies between the spectra
obtained from different responses were again evident. It would have
been of interest to know how well the actual mean wave direction agreed

with the one assumed from the wind direction.

As the equivalent wave spectrum obtained from the motions of the
containership was found to be different from the true spectrum even
when the latter was close to a P-M spectrum, it emphasizes the fact
that the derived parameters of wave height and wave period should not

be taken as being those of the actual wave system,

Using the equivalent spectrum for predictions

The question of whether the equivalent wave spectra, however different
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from the true one; could be used for predicting the effect of a change
of course or for predicting one response from another was investigated.
In the case of the containership it was not possible to draw any far-
reaching conclusions as there was only one sample available for the
inVestigatioﬁ; The predictions of respbnses in a heading of 90d using
the spectra obtained in 130° and 1350‘were incorrect but the errors
were small for acceleration, 1.70m/s2 against recorded 1.78m[52 apd
reasonable for pitch, 1.83° against recorded 1.27°. Errors in such
predictions are acceptable if their magnitudes are consistent and known,
but establishment of any correction factors would require several
examples of the type investigated. The same argument goes for the
attempt to.predict one response from another for the containership.

It was here, however, interesting to find that the response values
predicted from various different wave spectra were very similar. This
would indicate that even though the wave direction or energy spread are
incorrectly es;imated, errors in the predicted valueVWOﬁld be the

same, Again, this could not be generalised, however, with only one

example available.

For the investigation of the recordings from the tanker only the approach
of predicting one response from the equivalent spectrum obtained from
another could be employed. The actual wave spectra were not measured

so the wave direction was assumed to coincide with the wind direction

and the energy spread assumed wide. Comparison of predicted and recorded
values were made in the form of regression and correlation analysis. The
results were acceptable for predictions between pitch and acceleration

in the engine room whereas predictions involving roll were poor: Cor-

relation analysis revealed as expected, that pitch and acc. eng. are
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closer correlated than roll and either of the other two. It was, in fact, 'shown

that the prediiction method using the equivalent wave spectrum was only
marginally better than that obtained by jdst considering the

correlation between the.responses.

It appears, therefore, that. the ﬁubstitution.of an unknown spectrum by

a Pierson-Moskowitz spectrum is not always acceptable as uncorrelaked
responses are sensitive to different components of the wave system. It
is, for example; possible to have a situétion where the ship is
travelling in an almost unidiirectional beam swell of a wave length which
is causing large roll angles but a very small pitch response. With a
translation of the swell into a P-M spectrum, based on the large roll
ﬁotions, the prediction of the pitch-angle would give too large values.
Using the spectrum for predicting the roll in another speed, or heading,
however, is likely t§ lead to smaller errors even though the assumed
energy spread is of‘impoftance, It was hoped that the relative magnitude
of the responses Which, in this, would be large, could be used to

detect the wave direction. But-as the ratio is affected by the actual
wave system it proved difficult to compare to ratios obtained'tpeoretic—

ally by using P-M spectra.

As both the ships investigated are large and hence sensitive to long

"swell-spectrum” would be

swell it could be argued that some sort of
more useful than the P-M spectrum representing fully developed sea.
Possibly this would make it possible to handle those. situations where
the measured response period was too long for the P-M spectrum to be
used, but as pointed out earlier, these records contained response

values too low to be reliable, or of interest anyway. A correct estimate

of the wave direction and energy spread is probably a more important

172.



factor than the choice of spectrum shape.

Wave direction and energy spread

Any'real‘solution.to the important problem of estimating the heading

and spread has not been found from this Investigation. 1t is obviously
of great importance to know the heading in drder to evaluate the
consequences of a-.change of course and .the amount of energy spread
affects the relative effect of a course alteration. For the investi-
gation of the tanker the wind direction was assumed to coincide with

the wave direction and the spread assumedhto,ﬁe large in order to minimize
errors caused by these assumptions. The accuracy of the assumed wave
direction could not be evaluated as the actual direction was not known.
Arguably the wave direction could be visually esgimated-with some
confidence, but the method would be limited by light and visibility
considtions. Neither visual observations nor the use of the wind
direction for estimation of the wave direction seem satisfactory and the

development of another reliable method would be valuable.

It is possible that the mos t practical and useful guidance to the
operators could be in the form of charts describing the relative effects
of speed and course on various responses in peneral, but it still demands
the correct estimation of-ﬁhe wave direction. Not only is it important
to know the relative heading, but it is also necessary to know whether
the sea comes from starboard or port. Other investigations have reported
noticeable differences in longitudinal stresses measured on the port and
starboard side of the deck, but whether there is a consistency with
respect to the wave direction so that the difference could be used for

detecting the heading, is not known.
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Prediction of relative motion

As the rellative motion was not measured the predicted values could only

be compared relative to each other. The accuracy with which  the felative
motion and hence the probability of shippiﬁg green water, can be estiﬁated
from another response is, judging from the presented results, dependent

on how closely correlated they are. Thé most reliable method would be

to measure ‘the relative motion at the bow directly, but this is,
unfortunately,; very difficult. Attempts haQe been made by measuring the
pressure fluctuations below the water level, but the components of dynamic
pressure makes it difficult to relate it to the relative motion. Any
simple and reliable method has not béen reported, but methods such as

using sonars, as used on some hydrofoils to measure the height above the

"water level seem possible. Some success in using wave height radars

and inverted fathometers has also been reported, although the objective
has been the more difficult task of deducing the wave spectrum rather

than just the relative motion.

The manual method*versus-gpectrum analysis

Two methods were used for analysis of the digitized time records. The
spectrum analysis provided the shape of the response spectrum and various
moments of the spectrum. The manual method gave comparisons between
distributions of amplitudes and heights of the response signal and the
Rayleigh distribution. Both methods gave significant re;ponse value

and mean response period. Some important aspects are worth noting in
this context. The response values obtained from the two methods agreed
very well but the same could not be said for the response periods, a

fact which was perhaps_not.giveﬁ enough attention during the investigation.

It was argued that the periods obtained by the spectrum analysis, where
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the high frequency contributions were truncated, were more realistic
than those obtained from the manual method. The somewhat disconcerting
factor to be considered is the sensitivity to measured response periods
of the estimation of the mean wave period in the equivalent spectrum.
Due to the low slope of the gurye»oﬁ response periods as a function
ofjﬁave pericds, a small difference in the measured response value
results in a 1arge difference in the estimated wave period. By
different truncation conditions of the response spectrum and by intro-
ducing various filtering methods of the signal, the "measured"-ﬁean
response period is affected and some decision on which is the correct
value must be made. A further investigation of this aspect would be

of value.

The importance of appropriate sensitivity by the sensors was illustrated
by the difficulties encountered in the analysis of the pitch signal

from the tanker. The small amplitudes relative to the steps in the
digitizer, quantization levels, made comparisons of amplitudes to the
Rayleigh distribution impossible, caused a significant area of the
response spectrum to occur at frequencies close to zero and made
differentiation of the signal in an attempt to derive the acceleration

at F.P. impossible.

Final conclusions

The merits and usefulness of instrumentation systems which monitor

various responses and give alarms when-certain'preset values are

exceeded have been reported elsewhere and have not been questioned in

this report. The preset alarm levels obviously have to be .carefully
determined and adjustments of these levels according to service experience

is important. It is, however, felt that any predictions or recommendations
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made by any system should be regarded with caution, remembering that
they are at the best only as good as the information about the wave
system which is input to the. system, whether it is obtained by visual.

observation from the wind speed or from the motion of the ship.

The approach investigated here of using wave parameters which are
defined from the motion of the ship for predicting purposes has not
conclusively been shown to be successful, Because the actual wave
systems were not known for the tanker recordings the effects of the
assumed headings and spreads could not be evaluated. The assumption
made in Chapter 3 that the reliability of the method would increase
with the severity of the weather could not be verified, and further full
.scale trials for this purpose would have to be made. The complexity

of wave systems with so many possible combinations of wave heights,

wave periods and energy spreads makes the possibility of substituting
the actual wave system by a theoretically defined system seem rather
restricted. 1In some cases, when the actual wave system is similar to

the theoretical, it ought to work well, but it seems likefy that advice
based on the assumption often can be misleading. It ought to be pointed
out, however, that in none of the investigated cases were the predicted
values completely out of range but the general accuracy was not too

impressive,

The fact that theories exist which allow short term responses in known
wave systems to be calculated with some confidence, does, of course,
make the idea of using a shipborne computer for real time calculations
attractive. It does, however, seem that the importamce of actual

wave data is easily forgotten. Perhaps'the most important parameter is
the relative wave direction and further research in pursuit of methods

for automatically detecting this is strongly recommended.
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It may finally be concluded from this investigation that:

- the parameters wave height and wave period in an equivalent wave

spectrum derived from the motions of the ship should not be

regarded as true estimates of the actual sea.

care should be taken if the equivalent spectrum is

used for predicting one response from another, as the reliability
of the procedure is dependent onr the correiation between the two
responses.

the possibility of predicting the ‘effect on a response from a
change in course could not be conclusively'evaluated from the
single example available.

the estimated spectra and any predictions from them are highly
dependent on the estimated wave direction aLd the assumed energy
spread.

for prediction of relative motion and hencé shipping of water from
another response, the latter should be a response which is closely

correlated to the relative motion.
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APPENDIX

Here will be described in a summarized form the content of the two
main computer programs used for this project. Only the logical steps
will be described and the formulae used are to be found in the

appropriate chapters.

The first program 1s for calculation of responses in irregular waves
for which the formulae may be found in Chapter 2. The second
program describes the analysis of the full scale measurements from
the tanker for which the mathematics are described in Chapter 5

under the headings of '"the manual method" and '"spectrum analysis".
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SYMBOLS

o Phase diSplaceﬁent between wave .ard ship response

a, Phase displaéement‘df wave component with frequency w,

a Wave amplitude

a; ‘Wave'amplitude:of wave compared with frequency wi

A Vertical acceleration

B Ship heading rélative to direction of wave
propagation

b Wave breadth

€ Spectrum width parameter

E Energy of gravitational wave

fn(u) A spreading function

F Local freeboard

Fn Froude Number

g' Acceleration due to gravity

H Wave height

A Wave length

L Ship length

u Angle of a wave component to the axis of
symmetry of the system

m nth spectral moment

P Pipgh_angle

p Mass éensity

R ;011 angle

T Relative bow motion amplitude

r(t) Ship response as a function of time
Pitch response amplitude
Roll response amplitude

Vertical acceleration response amplitude

QN 3>Fd FUFU ’Upu

Variance

S Power spectral density

" radians

radians
m
m

m secC

degrees

m

kg m2 sec

m sec

degrees

degrees
kg N
degrees

m

degrees

degrees

m sec



Time

Mean Qave peri;d

Mean pitch period

Mean roll period

Mean acceleration period

Period of 'equivalent' épectrum
Ship.speed

Wave frequency

Encounter frequency

Pitch response amplitude operator
Roll response amplitude operator

Vertical acceleration response amplitude operator

Transfer function

‘Relative Bow motion

sec

sec

sec

sec

sec

sec

m .sec

radians sec

. ~1
radians sec



