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SUMMARY

Dissatisfaction with the existing rules governing the intact 

stability of semi-submersibles has created one of the major research 

areas in recent years (post 1970). At that time several stability 

tests on models had shown that capsizing of a semi-submersible with 

minimum stability index in maximum environmental conditions had a 

very low probability due to its inherently good motion character

istics. This finding encouraged operators and designers to put 

pressure on the regulatory authorities and classification societies 

to relax the design rules by reducing the metacentric height (GM). 

This would provide more deck load and possibly improved motion 

characteristics.

However, during several of these stability tests it was 

noted that, especially with low values of GM, the models developed a 

"steady tilt" in regular waves which could be as high as 10® - 15° 

and that it then rolled about this tilt a n g l e T h i s  tilt was worst 

in short and steep regular waves but could be observed in a confused 

seaway, although it was then periodic in that it occurred most com

monly at certain wave frequencies in the spectrum. This phenomena 

was called "slowly-varying tilt".

This behaviour was potentially dangerous since it could 

affect the motions non-linearly leading to large angles of inclin

ations and the deck edge becoming immersed; two conditions which 

could lead to dangerous stability problems, increased mooring 

tensions, structural damage due to slamming and operational diffi

culties with risers, helicopters, etc.
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The majority of the research studies were originally designed 

to explore various aspects of the dynamic behaviour of semi-submers

ibles and the tilt effect was merely observed incidental to these 

tests. Thus the data recorded were of limited scope and in some 

cases of a conflicting nature. No documental cases of tilt on semi- 

submersibles in service had been recorded. As a result the various 

theoretical approaches to the problem lacked good experimental 

verification and no clear guidance regarding the reasons for tilt had 

been developed.

This thesis attempts to extend both the experimental and 

theoretical knowledge of this poorly understood and potentially 

dangerous phenomenon.

The first chapter of the thesis is of an introductory nature 

where the existing rules which govern the intact stability of semi- 

submersibles are reviewed and attention is drawn to the need to 

explore some dynamic aspects of the stability of the semi-submersibles 

with emphasis on the tilt behaviour.

The second chapter presents an historical review of past 

developments in the study of tilt behaviour. The results obtained 

from each tilt study are discussed with reference to the theory and 

experimental details which are provided in the appendix of this 

chapter. The conclusions drawn from this chapter determine that the 

primary requirement for the understanding of the phenomenon is some 

accurate experimental work devoted entirely to the tilt problem so 

that some of the conflicting reports in the early studies could be 

clarified and form a basis for a sound theoretical approach.
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The third chapter of the thesis presents the experimental 

work carried out with a twin-circular 4-columns per hull serai-submers

ible model. In order to provide a reliable database for the present 

and future studies systematic tilt measurements were obtained over a 

wide range of regular beam seas and varying GMs. Systematic force 

tests on the model hulls at various hull spacings and a number of 

other exploratory tests were carried out in order to clear up several 

hydrodynamic aspects some of which have been reported in previous 

studies.

In the fourth chapter, a theoretical analysis is presented 

with reference to the previous theoretical approaches and the test 

results carried out in this thesis. It is concentrated on the wave- 

induced loads in terms of the oscillatory (first-order) and the 

steady (second-order) components which are believed to be mainly 

responsible for the tilt behaviour. The main emphasis is placed on a 

proper determination of the wave-induced tilting mechanism which 

causes the steady tilt response and the determination of a minimum GM 

needed to limit tilt to some specified angle. The theoretical 

methods for the prediction of oscillatory forces and resulting 

motions and the main components of the steady tilting moments are 

presented. The experimental data produced in the thesis is utilised 

in order to validate the accuracy of the theoretical methods and 

several conclusions are drawn from the point of view of the hydro- 

dynamic design and safety of semi-submersibles.

The final chapter reviews the whole study reported in the 

thesis with emphasis on the overall conclusions and seme recommend

ations for design practice and future tilt studies.
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It is concluded that tilt can occur in waves alone and can 

easily be confused with other steady effects on a moored vessel.

For a twin-hull multi-column semi-submersible in regular beam seas 

it developed always in the leeward direction in a range of wave 

periods of approximately 12 sec to 7 sec on the full scale and wave 

height in excess of about 6m. In the extreme case (about 9 sec of 

period, 10 m of wave height, 15° of tilt at 1.33 ra of GM) the lee

ward deck frequently became immersed but no tendency to capsize was 

observed.

The first impact of the waves, the location and style of the 

moorings and changes in viscous effects between the model and full 

scale affects the magnitude of the tilt but none of them was solely 

responsible for tilt. A possible non-linearity in the righting 

moment arm is not necessary to experience a steady tilt. The hydro- 

dynamic interference between the hulls is not important for this 

particular design.

It is found that the prediction of tilt angle and the minimum 

GM needed to limit the steady tilt requires the precise determination 

of the wave-induced tilting moment. It is demonstrated that the two 

most important sets of wave forces contributing to this tilting 

moment are the steady vertical force on the lower hull due to poten

tial effects and horizontal force on the columns due to drag effects.

The method presented in this study calculates this vertical 

force for any arbitrary cross-section of lower hull and demonstrates 

that the replacement of a rectangular hull with a circular one based 

on the same sectional area distribution underestimates this force and 

thus the tilting moment. The steady horizontal forces act as a 

starting tilt mechanism and induce steady tilt always in the wave 

travel direction, confirming the experimental observations.
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The comparison of the predicted tilting moment on the basis 

of the above two force components with the body held in a fixed 

position gives consistently better agreement with the test data than 

when the body is allowed to oscillate freely. However, there is 

still an underestimation in tilting moment prediction indicating 

more theoretical work in three-dimensions is required, together with 

an improvement in our knowledge of the motion dynamics.
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ChapteA 1 

INTRODUCTION

RULES FOR THE INTACT STABILITY OF SEMI-SUBMERSIBLES WITH REFERENCE 
TO TILT BEHAVIOUR

The chapter reviews the existing rules which govern the intact 

stability of semi-submersibles and draws attention to the need to 

explore several aspects of the dynamic stability including the problem 

of 'steady and slowly-varying tilt behaviour' in certain wave conditions

There are various types of mobile units operating in offshore 

fields. Among these semi-submersibles are one of the most popular 

designs. They have good motion characteristics, a reasonable load- 

carrying capacity, wide diversity of performance for various types of 

tasks (e.g. operating as a drilling vessel or heavy-crane vessel or 

pipelaying vessel or support vessel, etc.). The operator usually 

wishes to have a high deck load because of the type of operation 

involving drilling derricks, cranes, accommodation blocks, helideck, 

etc. on the deck area. This leads to low metacentric heights (GM). In 

addition to the gravitational deck loads, the non-aerodynamic forms of 

the columns above the water, the deck, deckhouses, helideck and lattice 

structures (e.g. drilling derricks, cranes, etc.) on the deck, lead to 

high-wind loading on this type of vessel compared to ships, etc. More

over, semi-submersibles have large submerged underwater elements which 

are exposed to other dynamic effects such as current force, steady or 

slowly varying wave induced forces, mooring forces, etc.
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All these effects can produce significant static heel and trim 

if the metacentric height is low.

In 1968, the American Bureau of Shipping (ABS) introduced the 

first regulations governing the intact and damaged stability of semi- 

submersibles . They adopted for the intact stability of semi-submers

ibles the wind heeling moment criterion of the US Coast Guard's general
Ï 2 ]ship stability which was itself taken from the US Naval Ship Criterion 

Other classification societies and regulatory authorities, for instance, 

the Det norske Veritas (DnV) , the Lloyd's Register of S h i p p i n g , 

tended to follow the same basic stability rules.

As shown in Fig. 1 the criterion for intact s t a b i l i t y i s  

that a semi-submersible with an initial zero heel be able to withstand 

a beam wind of 70 knots for offshore service, 100 knots for the severe 

storm conditions and not less than 50 knots in normal operating con

ditions for sheltered locations. The resultant force of this wind on 

the projected surfaces is determined and is applied as a steady moment. 

The wind heeling moment with respect to the centre of lateral resistance 

of the underwater geometry is then compared to the righting moment 

available for the full range of representative conditions including 

transit conditions. The dynamic stability is considered sufficient 

when the area (A+B) under the righting moment is 1.3 times the area 

(B+C) under the wind heeling moment curve up to the downflooding or to 

the angle of second intercept of the curves, whichever occurs first.

An alternative stability criteria will be considered for 

approval for a particular semi-submersible if the wind heeling moment 

and dynamic properties for the representative model are derived from 

authoritative wind tunnel and motion tests in waves.
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Fig. 1 - Intact stability criterion for semi-submersible units

Before the introduction of the above rules, although there were 

many semi-submersible type vessels operating in the offshore fields, 

their historical background compared to conventional ships was very 

short. There was a lack of sufficient data on the full-scale exciting 

forces, moments and resulting responses of the actual semi-submersibles. 

The documented model tests and observations and rational analyses of 

the results to solve the stability problem and establish valid reliable 

relationships were lacking. Therefore, many problems related to semi- 

submersibles were treated as surface vessels with a lower motion 

response to the sea than ships and thus the stability criterion estab

lished was a modified version of a surface vessel criterion. This 

excludes the dynamic effects of realistic wind loadings, currents, wave 

induced forces, moorings and others. However, its static character has 

the advantage of being easy to be understood and applied in practice by ' 

naval architects.

The existing rules have been criticised on several occasions on 

the grounds of being too conservative especially with regard to this 1.3
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figure and being inadequate because of the following reasons :

) it is obvious that the criterion based on the similar physical

considerations for ships is not rational since there are differences 

in geometrical configurations and related differences in dynamic res

ponse. Therefore, one may expect that some of these differences, which 

are given in the following, may affect the intact stability of vessels^^^

For instance, the dimensions of the length, beam and depth of 

the semi-submersible are closely similar while the length of the ship 

is long compared to its beam and depth.

Semi-submersibles have higher righting arms (GZ) over a 

relatively shorter range of stability (heel angles) compared to ships.

The natural frequency of roll of semi-submersibles is less 

than half the natural frequency of roll of ships. Therefore, in a 

realistic seastate the frequency of resonant roll behaviour of a 

semi-submersible is well below the frequency of peak energy in the 

wave spectrum, whereas the natural frequency of roll for a ship may 

fall within the range of encounter wave frequency. In ships this is 

highly affected by the speed and heading of the ship relative to the 

waves since the frequency of wave encounter depends on these factors.

As semi-submersibles are usually stationary and have lower natural 

frequency of roll, the possibility of resonant roll behaviour is very 

low. On the other hand, the unsteadiness in the wind field may cover 

a range of frequencies which are very close to the natural frequency 

of roll of a semi-submersible. This may produce a resonant roll 

behaviour. However, this effect is very low for a ship since the 

natural frequency of roll is higher than this range of energy contained 

in the wind spectrum.
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Semi-submersibles are usually vertical-sided vessels with small 

water plane areas. Therefore, the variation of GZ under certain com

binations of waves relative to the position of the vessel (e.g. having 

a crest or trough of the wave at midships with various headings) is not 

important. However, for ships the variation of GZ due to waves is more 

dramatic because of its geometry. When this effect is combined with 

certain combinations of ship speed and heading (this is stated as the 

frequency of encounter being about twice the natural frequency of roll 

in following or quartering seas in ref. [6]) , it may lead to unstable 

rolling and even capsizing.

(ii) The existing rules can be regarded as a 'static assessment' of 

the stability rather than its 'dynamic assessment'. This is because 

the dynamic effects of a semi-submersible and its environment are 

covered by the factor of 1.3 by which the static righting energy exceeds 

the steady wind energy in a static stability condition. In a way these 

effects which can contribute to the heeling energy are disregarded.

Even the dynamic character of the wind energy is omitted by considering 

the wind force as a steady force. The dynamic effects can be listed as 

follows^^'G]:

• Wind Force (wind gusts, errors in accurate determination of 

wind heeling moment, etc.)

• Current Force
• Wave-induced Force (first-order force, second-order force, 

impact force)

• Mooring Force

• Others.

- In the present criterion, it is assumed that the magnitude of 

the wind force reaches its maximum value after an instantaneous increase
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and remains constant with time although it may vary with heel or trim 

angle. The effect of gusts is not taken into account. This effect 

becomes very important on the lattice structures such as legs, cranes 

and drilling towers where the sensitivity to gusts increases. If 

average wind speeds are considered, it is suggested that the gust effect 

can be taken into account by means of a gust factor, which is the ratio 

of the average gust velocity to the average wind speed, determined from
[91a dynamic force study or extrapolated data from land-based situations 

The random character of the gust effects can be considered in the time 

varying part of the wind velocity expressed as a special density 

function, for instance, the Davenport S p e c t r u m ^ . As shown in ref. [5] 

for mean wind speeds of 50 and 100 knots, by using the Davenport Spectrum 

the maximum gusts occur at 30 and 60 secs which is the range of period 

covering the range of typical semi-submersible natural period of roll.

The accurate calculation or measurement of the wind heeling 

moment is one of the important factors in the determination of the intact 

stability and each authority has recommended procedures for its calcul

ation. It is interesting that, although they all use the 1.3 factor 

criterion, they recommended different procedures for calculating the 

wind heeling moment. In ref. [11], it is shown that due to the differ

ences in the assumed wind profile above the sea, differences in the 

design wind speed, differences in the recommended procedures for calcul

ating the forces, differences in the drag coefficients to be used for 

different types of structures, the inclusion of lift effects in some 

cases and not in others, the wind heeling moments calculated according 

to different authorities could vary by 20 to 30%. None of these 

authorities give guidance on how to calculate the centre of lateral 

resistance of the underwater structure which is very dependent on the 

drag coefficients used, interference effects between adjacent circular



cylinders, etc. Different procedures here can give changes in height 

of the centre of resistance of the order of 1 m in a normal drilling 

semi-submersible and so the total uncertainty in a calculated wind 

heeling moment could be as high as 30%.

Many naval architects resorted to wind tunnel tests to give 

improved values of the wind heeling moment. Such models are necessarily 

on a relatively small scale, usually less than 1:50, in order to avoid 

blockage effects in the wind tunnel. This results in the Reynold's 

number (R̂ ) on the model being substantially lower than on the full 

scale, and on the cylindrical parts of the structure there will be 

substantial scale effects due to both changes in drag coefficients and 

changes in interference effects. Attempts are made to overcome this 

by using trip-wires or other turbulence stimulating devices, but their 

efficiency in simulating full scale flows will depend on the model R^ 

being close to 10^ which, in the majority of cases, cannot be achieved. 

Most wind tunnels attempt to model the boundary layer above the sea but 

none can produce the wave conditions which must exist with high wind 

speed and thus the flow conditions in the air gap under the semi-sub

mersible will not simulate the full scale conditions. The measured 

wind forces and moments have to be translated into full scale values 

and into a wind heeling moment which requires knowledge of the centre 

of lateral resistance. Tank tests on models cannot determine this 

since the scale effect problems are even greater than in the wind 

tunnels. Thus, although wind tunnel tests are to be preferred to cal

culation, they cannot give k precise answer and there can still be 

errors of the order of 15 - 20%.

- Another dynamic effect contributing to the overturning moment 

is the steady current force. Since semi-submersibles have large under

water elements the overturning moment due to current force on those



elements may have important effects on the stability and the mooring 

lines if they exist depending on the current velocity and fairiead 
p o s i t i o n .

- The motion response of semi-submersibles due to the first- 

and second-order wave-induced forces combined with the other effects 

such as wind, moorings, currents, etc. could be another important 

mechanism for overturning. There is a very low possibility of the wave 

spectrum itself creating a large linear response due to the first-order 
forces unless another non-linear mechanism be involved such as non
linear restoring force or wind force. For instance, in the present 
criterion it is assumed that the initial value of roll is zero and the 

magnitude of the wind heeling moment increases instantaneously from 

zero to its final constant value and remains constant with time. In 

ref. [5] it is shown that if the effect of the dynamic roll induced 
by the wave is included, the roll response of semi-submersibles to the 
wind heeling moment may be increased.

The second-order wave-induced forces in the horizontal direction 

are generally considered to be small in magnitude in the excitation of 
semi-submersibles. But when the waves have large amplitudes and short 

periods, large steady drift forces are induced. For a semi-submersible 

moored in irregular waves, the slowly-varying wave drift forces cover 
the range of frequencies coinciding with the natural frequency of the 

horizontal motions of the vessel because of its low damping in the 

horizontal mode. This can lead to large amplitude resonant behaviour 
of the m o t i o n s e x t r a  tension forces in the mooring lines and 

an overturning moment depending on the mooring arrangements and fair- 

leads .



On the otherhand in some model tests of serai—submersibles, 

especially with low values of GM, it was found that a 'steady tilt' 

developed in short and steep regular waves which could be as high as 

10° - 15® and then the vessel rolled about this

Although the steady tilt has not been reliably reported on the full

scale, it seems to be a potentially dangerous mechanism to cause an 

overturning moment and needs to be considered in the stability assess

ment  ̂ and vessel design ̂ ^. This phenomenon is related to the

second-order wave forces in the vertical direction^^^'^^'^^^.

It is shown in refs [7,15,16] that if a semi-submersible with 

a minimum stability condition is exposed to maximum environmental con

ditions the motion response of the semi-submersible to the wave is 

still linear or near linear. However, the wave impact forces under 

the deck near to the leeward columns have important effects on the 

motion characteristics as well as providing severe slamming effects 

and the possibility of downflooding. This brings about an important 

parameter, the so-called 'underdeck clearance' which might be consid

ered in the assessment of stability and design

- One of the other possible effects to cause an overturning

moment is the accumulation of green water on the deck from the water

running through the openings at the lower deck (e.g. scuppers, exhaust,

ventilators, rubbish shutes, etc.) in high and steep waves. This
[2 2 ]effect is vital for the damaged stability of the vessel . Other 

possible effects for semi-submersibles operating in severe environmental 

conditions are: (1) in Arctic zones where heavy snow and ice accumul- 

ation cause a marked increase in the deck weight and in the exposed 

area which increases the wind force, and (2) storm surge caused by the 

wind shear and atmospheric pressure effects.
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For a rational stability assessment, analytical methods based 

on ship characteristics are still lacking. There is a need for data 

collected from the full scale excitations and responses of actual 

semi-submersibles and documented tests and observations on models to 

support the analytical methods. Then the above mentioned dynamic 

effects can be analysed and valid and confident relationships can be 

established. However, data collection from the full scale seems 

difficult at this stage considering the limited number of semi-sub

mersibles and their short historical background. It demands more 

effort and a long period of time. Therefore, initial efforts must be 

concentrated on the experimental studies backed up by theoretical 

analysis and supported by the documented tests and observations.

In the last decade in order to shed some light on the above 

matter the dynamics of different designs of semi-submersibles were 

studied experimentally in waves in a number of countries, e.g. refs [7, 

15,15,17,18,8]. During these studies, attempts were made to find if 

the conditions leading to capsize conditions could be identified. These 

tests included wind and wave effects, the effects of moorings, including 

breaking of the seaward mooring and damage to one column to simulate a 

flooded condition. In all cases the vessels showed no tendency to cap

size if the GMs were those required to satisfy the regulations. Even 

if severely heeled by wind or damage effects, they tended to roll about 

the heeled angle, but due to their inherently low amplitude of motion 

this did not lead to a tendency to capsize. Obviously if such a vessel 

is heeled to a considerable angle its deck clearance becomes reduced 

and waves will slam against the structure which could lead to struct- 

•Qj-ĝl damage and potentially dangerous conditions, but as long as the 

deck structure remains intact capsize was an unlikely condition.
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However, during several of these experiments it was noted, 

especially with low values of GM, the models would develop a 'steady 

tilt' in regular waves which could be as high as 10® - 15® and that it 

then rolled about this tilt angle. The tilt was generally observed to 

occur in the direction of wave travel. This tilt was worst in short 

and steep regular waves but could be observed in a confused seaway, 

although it was then periodic in that it responded most to the presence 

of certain wave frequencies which was called 'slowly-varying tilt' or 

'long period (low frequency) rolling'.

The remainder of this thesis is concerned with the experimental 

and analytical study of the tilt problem. In Chapter 2 a review of the 

existing state of knowledge at the beginning of this study is given.

The experimental work carried out with a twin-circular hull semi-sub

mersible model is presented in Chapter 3.

Chapter 4 contains a theoretical analysis of the tilt problem 

with reference to the results of the model tests in Chapter 3 and the 

previous theoretical approaches described in Chapter 2. The effect of 

a large number of factors which can effect the hydrodynamic behaviour 

is investigated in detail.

The final chapter (Chapter 5) reviews the whole study reported 

in the thesis with emphasis on the overall conclusions and some recom

mendations for design practice and future tilt studies.
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CkapteA 2 

VAST VEVELOPhiEMTS IN THE STUVV Of 
TILT BEHAVIOUR Of SEMI-SUBMERSIBLES

2. 1 INTRODUCTION

In this chapter a review is given of experimental and 

theoretical studies to explore the tilt behaviour of semi-submersibles 

which may be used to improve the existing methods for prediction of 

the steady tilt behaviour in regular waves.

In an endeavour to improve the present rules governing the

intact stability of semi-submersibles several experimental and

theoretical studies have been made since the late 1960's. During the

experimental work the tilt behaviour was observed in some capsizing

tests. After the existence of this behaviour was established there

were a limited number of attempts to explore the phenomenon. Although

the phenomenon seemed to be potentially very dangerous, there has been
[23]a little evidence from the full scale . This might be due to the 

semi-submersibles in service having to satisfy the existing rules with 

higher GMs than those which caused some problems in the model tests. 

Therefore there has not been much practical interest to the phenomenon. 

As will be discussed in the following, it is a complex problem which 

involves several other factors to be investigated by systematic tests 

and analysed by theoretical methods. However, the theoretical methods 

to be used are inexact and still under development since they are 

adopted from ship characteristics or provided from existing solutions 

^2 ]̂̂  ggveral assumptions and approximations. Many features of the 

tilt problem need systematic experimental effort in order to study
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their individual contribution to the problem. However, as will be 

shown later in the thesis in discussing the tests carried out by the 

author, stability tests in waves, especially for small GM values are 

very difficult to perform experimentally and involved the possibility 

of experimental errors. Therefore, in the existing experimental 

studies a limited number of qualitative experimental results could be 

presented.

So far the studies in the past concerning the tilt behaviour 

can be listed as follows in the chronological order;

[15]1. Numata and McClure - Experimental

Numata et a l . - Experimental and Theoretical

[17]2. Miller - Experimental
[24]De Souza - Experimental and Theoretical 

f2S 26 27lDe Souza et al ' ' - Experimental and Theoretical

3. Kuo et a l . - Theoretical

Martin and Kuo  ̂ - Mainly Theoretical 
[21]Martin and Kuo - Theoretical and Experimental 

[29 ]4. Morrall - Experimental and Theoretical

5. Hineno et a l . - Experimental and Theoretical

6. Takarada et a l . - Experimental.

In the above studies the phenomenon was attributed to the
[15,16] -'second-order wave force in the vertical direction ana an

established simple method based on second-order wave theory demon-

cQjf3f0ct order of magnitude with qualitative test results 

in regular w a v e s N o n - l i n e a r  wave drag force itself produced a 

veiry small magnitude of steady tilt values . However, the second- 

order theory alone could not explain several features of the tilt
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phenomenon in particular the preferred direction of tilt^^^'^^^.

Apart from second-order effects there were some additional physical 

factors which could cause a preferred direction of tilt^^^^. Since 

the second-order wave theory would fail for high values and a shallow 

depth of submergence, tilt angles of large magnitude could not be pre
dicted by this theory ' ' ^. On the otherhand few attempts at the

prediction of the slowly varying tilt behaviour in irregular waves 

indicated that the frequency domain solution, using the special low

frequency tilt moment spectrum showed reasonable agreement with the
[18]tests . However, there has been no complete solution of the slowly

[8]varying tilt behaviour in the time domain so far

In the following these studies are reviewed in more detail and 

in particular experimental work which is very important to the under

standing of this phenomenon. The results and discussions provided 

from these studies are presented in the text while the necessary form

ulations and the experimental data corresponding are provided in the 

appendix. One important point is that, in some of these studies, the 

range of the waves and the results from the tests are presented for 

the full scale. Although they are provided in the thesis as in their 

original presentation, the effect of scale on the results has to be 

borne in mind.

2.2 HISTORICAL REVIEW

2.2.1 In America in the early 1970's "the assessment of the intact 

stability of semi-submersibles" was identified as the most important 

and pressing problem to be explored by an authoritative research panel. 

This panel, called MS-3 of the Marine Systems Committee of the Society 

of Naval Architects and Marine Engineers, had representations from the
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Offshore Petroleum Industry, the ABS, the US Coast Guard (USCG) and 
[16]Navy . In order to shed some light on this problem, during the 

years of 1973-74, research on the dynamics of different designs of 

semi-submersibles under various wind, wave loadings, stability con

ditions and mooring arrangements was carried out for this panel by 

Numata et al. at the Davidson L a b o r a t o r y .

The main objective of this research was to test the adequacy

of the present stability criterion and to determine more rational 

criteria with safe stability parameters by using model tests, state- 

of-the-art prediction methods for analysing the test results and the 

data collected on the full scale motion and environmental conditions 

to cross-check the findings. Finally, the criterion to be proposed 

should be acceptable by the ABS and USCG as valid for reassessing 

the present stability standards.

Two different types of designs were chosen to represent the 

majority of drilling semi-submersibles for the model tests in the 

research programme. They were a 4-column, footing type (vessel A) 

and a 6-column, twin rectangular pontoon type (vessel B) designs.

The geometry and dimensions of these models, which were approximately 

to 1/96 scale are provided with the basic loading conditions in Figs 

I.l, 1.2 and Tables I.l, 1.2 in Appendix I.

The initial objective of these tests was to identify if there

was any critical combinations of various dynamic effects (i.e. wind

induced heel, wave heading, deck loads, GM, mooring arrangements, etc.) 

which could cause capsizing of models. Therefore, both models with 

minimum stability index (max deck load, min GM) and maximum environ- 

mental conditions (max wind force, max wave height) required by the 

standard ABS Rules were tested in regular and irregular waves. Neither
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model showed capsizing or near capsizing. Additional tests were run 

with a much lower stability index and a greater wind force than the 

standard ABS requirements including breaking of the seaward moorings.

In all cases both models showed no tendency to capsize. If the GMs 

were low, they heeled to leeward and the leeward deck was struck by 

the waves. A considerable amount of wave slamming (impact) against 

the leeward deck was observed.

From these tests it was concluded that the present criterion 

with its emphasis on overturning was inappropriate. Even in the 

extreme wind and sea conditions the possibility of capsizing was very 

low. The major need for adequate stability was to reduce the wave 

impact on the lower deck which could lead to structural damage and 

potentially serious conditions. Therefore, "the under-deck clearance" 

between the lower deck and the wave crest at the leeward column was 

considered as an essential parameter for stability and the second group 

of tests were concentrated on the relative motion of the model (i.e. 

the rise and fall of the water surface along the axis of the leeward 

column). In order to predict the statistics of responses in irregular 

waves, it was necessary to know the response operators (ratio of the 

motion amplitude to the wave amplitude) in regular waves. Then by 

assuming that the responses vary linearly with wave amplitude for a 

given frequency, the response spectrum in a required sea state could 

be obtained by combining the energy spectrum for that required sea 

with the response operators. Therefore, the relative motion values 

were measured in a wide range of wave periods varying from 6 to 24 secs 

and at a nominal wave height of 4.88 m corresponding to full scale 

values in regular waves for various wind heel angles. During these 

tests to check the linearity between the wave heights and the relative 

motions some runs were repeated at a period of 11 secs for 2.44, 4.88
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and 6.70 m heights at 0«and 10.5« initial wind heel to leeward. The

measured relative motion ratios (response operators) corresponding to 

those heights agreed to within 10% at zero wind heel. However, at 

10.5 heel, the response ratios at 2.44 and 4.88 m agreed reasonably 

well but for 6.70 m height showed a 30% increase in the responses and 

also there was an increased "steady tilt" in the mean initial heel 

angle from 10.5* to 12* as shown in Fig. 2.

TIME
ROLL

WAVE

Fig. 2 - Chart record for roll response of vessel B in regular beam
sea[16] (21.34 m of draught, 3.2 m of GM, 10.5* of initial 
wind heel, 11 sec of period and 5.70 m of wave height)

The models were also tested in irregular waves having significant 

heights of 6.1 and 8.53 m at the same wind heel angles. As shown in 

Fig. 3 at 10.5* initial wind heel angle and a significant height of

6.1 m in beam sea, the model responded normally to a series of five 

short waves of moderate height. Then when a high and steep wave with 

a height of 7.92 m and apparent period of 11 secs (full scale) passed 

the model a "slowly-varying tilt" or "long-period rolling" behaviour 

was recorded to leeward at about the natural roll period (55 secs in

full scale).
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WAVE

Fig. 3 - Chart record for roll response of vessel B In irregular
beam sea[15] (10.5° of initial wind heel and 6.1 m of sig
nificant wave height)

It was obvious that such a long period (low frequency) response 

spectrum whose frequency was beyond the band of frequencies contained 

by the first-order wave energy spectrum could not be predicted by con

ventional spectral techniques. From this second group of tests it 

was concluded that a conventional response prediction method which 

uses response operators obtained by either model tests or analytical 

methods should be modified to include the effect of the "steady tilt".

The phenomenon in regular waves was attributed by Dalzell^^^^ 

to the second-order force in the vertical direction, the so-called 

"suction force" which had been investigated in the vertical motions 

of submarines . This is due to the velocities of the water 

particles moving over the top of the hull being greater than those 

moving underneath due to the water surface proximity thereby producing

a. reduced pressure (set-down) on the top of the hull and thus a net 

steady lift force. The magnitude of this force was proportional to 

the square of the wave height for a given frequency and decreased 

exponentially as the depth of submergence increased.
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In the case of a semi-submersible once an initial disturbance 

(e.g. initial heel due to wind) from the level condition took place, 

the pontoon or footing which was closer to the surface would experience 

a larger steady vertical force than the other pontoon or footings 

resulting in a steady tilting moment". An equilibrium position could 

be established at a steady tilt angle when the tilting moment was 

balanced by the righting moment as shown in Fig. 4.

w a v e  i n d u c e d  
tilt i n g  m o m e n t

MOMENTS righting
moment

e q u i l i b r i u m  
a n g l e  o f  tilt

TILT ANGLES

Fig. 4 - Simplified explanation of the wave-induced tilt[16]

The formulation of the above simple theory is provided in Appendix I 

from eg. I.l through eg. 1.7^^^^. In the formulation Numata et al.
[3 1]used the 2-D approximate solution given by Ogilvie for a horizon

tally submerged single circular cylinder under regular beam waves in 

order to calculate the second-order vertical force and moments acting 

on the pontoons or footings. This implied several assumptions and 

approximations as follows :

(i) The total steady vertical force on the semi-submersible was 

assumed to be dominated by the forces acting on the pontoons 

or footings. The forces on the vertical columns and bracings

were ignored.
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shown in eq. I.l of Appendix I, the steady force expression 

was a function of the modified Bessel Function of the first 

kind I^(2yR) which was relatively insensitive to changes in 

the radius R. Therefore, the pontoons with non-circular cross- 

sections and footings could be replaced by a horizontal 

circular cylinder using equivalent areas and volumes as given 

in eq. 1.2 through eq. 1.4 of Appendix I, and so use the exist

ing solution for circular cylinders.

(iii) Since the force solution was valid for a single submerged 

cylinder the steady force on each pontoon or footing was cal

culated as if they were isolated. The hydrodynamic interference 

between the pontoons was ignored.

(iv) Because of the approximate character of the solution it was 

assumed that the radius of the pontoon or footing was small 

compared to the wavelength (long-wave approximation) or depth 

of submergence was large (neglect of the free-surface effect).

(v) The existing solutions given by Ogilvie were either for res

trained or freely floating cylinders. In the Numata study the 

restrained cylinder assumption was made. This was because the 

resultant vertical motions of the pontoon and footing, which 

were calculated by combining the measured heave and roll motion 

in short and steep waves, showed that they were approximately 

half of the orbital motion of the water particles measured at 

the same depths of submergence of pontoon or footing with phase 

angle of between 50° and 20°. If it was assumed that the 

models were freely floating the two motions would be equal with 

zero phase lag. This would produce a relatively small force 

compared to the restrained case and thus less conservative

V iTS O' 4-0



In order to explore the phenomenon a third group of tests were 

prepared with both models in regular beam waves. From the previous

tests it had been observed that the tilt behaviour occurred in short, 

steep waves having a period in the vicinity of 10 secs and a height in 

excess of 6.1 m full scale and its magnitude increased as either wave 

height increased or GM was decreased with a range of periods varying 

from 9 to 12 secs and heights from 6.1 to 12.2 m full scale. After 

the tests the calculated steady tilt moments at a range of tilt angles 

and the righting moments of the vessels corresponding to that range 

produced (see eqs 1.5 and 1.6 in Appendix I) the correct order of

magnitude at the observed steady tilt angles for moderate waves

(10 secs X 9.75 m) full scale as shown in Fig. 5. The prediction

was not good for the limits of the range of period (i.e. 9 secs x

9.1 m and 12 secs x 12.2 m full scale) by about 40% difference in 

the predicted and measured values.

OBSERVED

PREDICTED tiltin g  moment 
9.7 5 M waves

O  9.75 M WAVES 
□  6.1 OM WAVES rig tit in g  moment

t i lt in g  moment 
6.10M waves

VESSEL-A  
2 5 . 9 1  M DRAUGHT

2 4 6 8 10
T I L T  ANGLE [DEG.]

p 8 0ii_
5  60

^40

2 20z:o
^ 0

12 14 16

OBSERVEE

rigtiting moment . 

01-1 = 1.52 M / rig tit in g  moment 
^  GM = 0.83M

OBSERVED
t i l t  ing moment 
6.10 M waves

V E S S E L - B  
21 .34  M DRAUGHT

t i 11 ing moment 
■ 9.75 M waves

2 4 6 8 10 -12 14 16
T I L T  ANGLE [DEG.]

Fig. 5 - Predicted and observed steady tilt angles in 10 sec of
period regular beam waves[16]
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The tests performed under the wind and wave loading showed that 

the steady tilt angle under the combined condition was greater than the 

addition of the heel angle due to wind and wave acting alone as shown 

in Fig. 6.

VESSEL-B
83x10 f -  RIGHTING MOM. GM= 3.2 M

WAVE-INDUCED TILTING MOM. /
8 FOR 8 SEC. 6.10M2x10—

/-WIND 100 KNOTS

81x10 equilibrium angles:

-WIND-INDUCED TILT

1 1 1
^WIND♦WAVE-INDUCED TILT 1 1 1) 5 10 15 20 25

TILT ANGLES [DEG.]

Fig. 6 - Wave plus wind heeling moment. Vessel

Since the prediction method worked reasonably well for the 

essential parameters such as frequency, wave height and GM, a formula 

was established to give a "minimum GM" value necessary to avoid a 

steady tilt in a given regular wave for a semi-submersible as given by 

eq. 1.7 in Appendix I. Then the minimum GMs for both vessels were 

calculated for a range of wave periods and heights where steady tilt 

occurred and shown in Fig. 7. This peak value of the GM was 1.52 m 

for vessel B and 1.16 m for vessel B full scale.

However, the final tests carried out with both models having 

their calculated minimum GM values (i.e. 1.52 and 1.16 m full scale) 

in irregular seas still produced a slowly-varying tilt for the partic

ular range of periods where the "steady tilt" developed in regular 

waves. It was then concluded that for the better prediction of roll



responses in irregular seas with very low GMs either the proposed 

procedure should be modified or a time-domain solution of roll response 

including slowly-varying tilt be presented.

VESSEL B, 21.34 M DRAUGHT1.83

1 .52 - 
1.2 2 - 

i  0.91 -

-o.

VESSEL A, 2 5 .9 1 M  DRAUGHT
13 0.61

0.30

W AVE PERIOD [SEC]

Fig. 7 - Calculated minimum GM to avoid wave-induced tilt[16]

A supplementary result to the above s t u d y w a s  given in 

ref. [32] on the "bi-stable" tilt behaviour which was the occurrence 

of tilt in either direction leeward or seaward. Although the simple 

theory produced bi-stable (or symmetric) tilt depending on the direc

tion of the initial tilt, there was no result presented in refs [15,16] 

on the seaward tilt behaviour. However, in ref. [30] Numata indicated 

that in regular beam waves for a range of periods varying from 9 to 12 

secs and heights in excess of 6.1 m full scale if the twin-pontoon 

model at GM values of 0.4 and 0.823 m full scale was inclined in a sea

ward direction by hand, a steady tilt to seaward could be sustained. 

However, when the GM increased to 1.524 m the tilt always developed in 

the leeward direction. The footing type model with similar GM con

ditions always had a steady tilt in the leeward direction even when a 

seaward tilt was imposed by hand.
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2.2.2 In the UK a research programme similar to that carried out in

the US, into the investigation of stability criterion of semi-submers-

ibles was carried out for the Department of Energy by De Souza and 
[17 H  25 25 27]Miller t f > / at Glasgow University's Hydrodynamics Laboratory.

The main objective of the investigation was for a particular 

design of semi-submersible to determine whether there was any suscept

ibility to capsize or to conditions leading to capsize at any particular 

range of wave frequencies in regular waves and to provide experimental 

data which could be used to check theoretical calculations of the 

dynamic behaviour of this design type.

Tests were carried out with 3- and 4-column footing type 

designs. The reasons for choosing these two designs were the avail

ability of the models at the beginning of the research period and the 

wish to compare the results for one of these models with those obtained 

for a similar design reported by Numata et a l . . In Appendix I,

Figs 1.4 and 1.5 show the geometry and dimensions of the models tested 

with three different values of GMs as given in Tables 1.3 and 1.4.

They were approximately 1/100 scale.

During the tests with the lowest GM it was observed that the

3-column design at a period of 1 sec and 4-column design at 0.91 sec

had a steady tilt of about 12° to leeward. This steady tilt only

occurred over a narrow range of periods for any value of GMs tested

having peaks at those two frequencies. The angle of tilt increased 
  n 7 271when the GM reduced ' . Some tests were performed with free models

in order to eliminate the mooring effects which it has been suggested 

might have caused the tilt. The same behaviour was observed at about 

the same frequencies. The 4-column design with two higher GMs were
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tested with steady wind loading producing initial angles of heel of

4.3°for 7.5 cms GM and 7.2°for 4.7 cms GM. At a period of about 0.9

sec, where the worst tilt was observed in the previous tests, the 

model with the lower initial heel had about 6° of steady tilt whereas 

with the higher initial heel the steady tilt measured was at about 10° 

as given in Table 1.5 in Appendix I.

These tests demonstrated that the phenomenon appeared to be 

sharply tuned with respect to wave frequency. Since tilt occurred at 

a fixed frequency for a given model, it could be said to be a dynamic 

property of the model. A dangerous combination for capsizing could be 

created by a high wave flooding the deck or a strong wind load when 

the model was in this tilted position. For the possible explanations 

of the tilt attention was drawn to the following:

(i) The model scale effect due to, for example, the difference in

the drag coefficients, added virtual mass coefficients, etc.

(ii) A possible combination of phase angles between the moments 

acting on the semi-submersible could produce a resulting moment 

which was always in one direction at a particular frequency.

(iii) Cross-coupling effects and the hydrodynamic interaction between 

the columns.

(iv) Errors in the restoring moment terms in linear theory and the 

neglect of dynamic pressure effects on GM.

(v) Possible experimental errors such as in determining GM, in 

wave height measurements, entrained water, etc.

The final tests indicated that an increase in the wind heeling angle 

from 4.3° to 7.2° did not yield great changes in the measured steady 

tilt angle. However, according to the Numata theory it was anticipated 

that higher initial heel would develop larger wave-induced tilt angles.
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[24]The theoretical approach taken by De Souza for the calcul

ation of the 'steady tilt' was different to that adopted by Numata et 

al. No potential second-order force was taken into account. It was 

hoped that the non-linearities in the wave drag force could explain 

the phenomenon. Therefore, the wave exciting forces were calculated by 

using Morrison's equation with constant coefficients. This implied 

the assumption of the diameters of footing and column being small com

pared to the wave length. The pressure, acceleration and velocity 

changes across these underwater members were ignored and interference 

effects between these elements were not taken into account. The cal

culations of the wave exciting forces demonstrated that due to the 

exponential term introduced by the integration of the pressure along 

the depth of submerged elements, the components of the force (see eqs 

1.8 through 1.13 in Appendix I) particularly velocity components, 

which varied as the square of the wave amplitude, demonstrated a non

linear character. This non-linearity was very strong in the sway 

mode at a frequency about 7 rad/sec (or a period of 0.9 sec) as shown 

in Fig. 8. The breakdown of the roll exciting moment about the CG 

into its component is shown in Fig. 9. The contribution due to the 

heave exciting force was more linear and its value large compared to 

the non-linear contribution due to the sway exciting force which took 

its maximum at a frequency where the contribution due to the vertical 

force was nearly zero as the result of the model dimension and wave 

length. The integration of the resulting moment over a full cycle 

produced a non-zero average value in the leeward direction. However, 

the calculated steady tilt values by this method could produce only 

approximately 40% of values measured during the tests.
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Q =  wave amplifude = 0.1 m
T = wave period 
w = wave frequency

WL= wave length

y  = 0 ( head sea)

w = 3.0 r /s  , WL= 6.85 m

w = 5.0 r / s  , WL = 2.46 m

SURGE FORCE (newtons]

a t t = 0 wave crest at f l

w = 7.0 r/s  , WL = 1.26 m 

( ju s t outside lin e a r ity  l im it )

( a /  WL A 1 /1  4 linear theory)

Fig. 8 - Surge exciting force calculated on 3-legged model [24]

w = 7.0 r /s  , WL = 1.26 mPITCHING MOMENT [n  m]8.0

w = 7.5 r /s  , WL = 1.10 m
6.0

GM= 0.029m
w = 8 .0 r / s . WL= 0.96m

4.0

2.0

\  3T/4T/2
w = 7.0 r/s

- 2.0
w =7. 5 r /s

-4.0
w= 8.0 r/s

- 6.0

MOMENT DUE TO THE HORIZONTAL FORCES 
MOMENT DUE TO THE VERTICAL FORCES

- 8.0

-10.

Fig. 9 - Breakdown of the roll exciting moment into its component
about the COG for 3-legged model[24]
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The first exploratory tests and the theory given by Numata et

al. and the later tests and theoretical work by De Souza and Miller

gave rise to the following problems :

(i) The tests performed by Numata et al. demonstrated that, in 

regular beam waves, exceeding a certain wave height (approx.

6.1 m in full scale) there was a range of period (varying from 

8 secs to 12 secs in full scale) where steady tilt behaviour 

occurred. However, De Souza and Miller reported that beyond a 

certain wave height, which was higher than given by Numata, 

the steady tilt behaviour occurred at near one particular 

period for a given model.

(ii) Numata et al. reported that steady tilt had a 'bi-stable'

character which could occur in either direction depending on

the initial heel consistent with their theory. However, De 

Souza and Miller observed that steady tilt was always in the 

leeward direction confirming their theory.

(iii) The tests carried out by Miller with free and moored models

in order to eliminate the mooring effects showed substantially 

the same behaviour at about the same period.

(iv) The tests performed under the wind and wave loading by Numata 

et al. showed that the tilt angle under the combined action 

was greater than the addition of the heel angle due to wind 

and waves alone as expected by the theory (i.e. the higher 

initial heel angle would develop a larger steady tilt angle 

induced by waves). However, the tests by De Souza and Miller 

showed that an increase in the wind heeling angle did not 

yield great changes in the measured steady tilt angles due to 

waves. However, this conclusion could be affected by the



29.

different procedures in these tests. De Souza and Miller used 

an air jet blown onto a vane assembly on the deck of the model 

to simulate the wind loading whereas Numata et al. used a 

mechanism with hanging weights from pulleys which could create 

unrealistic inertia effects due to the weights.

(v) Numata et al. indicated that responsibility for the steady 

tilt was the potential second-order force in the vertical 

direction. In order to use the existing solution they made 

several assumptions and approximations which have been given 

earlier. The contribution of the viscous drag force to steady 

tilt was not taken into account. However, De Souza and Miller 

demonstrated the drag force in the sway mode itself could 

create steady tilt always in the leeward direction and its 

value could be 40% of the observed values.

2.2.3 Later in 1977 the above features of the steady tilt phenomenon
[20 21 28]were discussed by Martin and Kuo ' ' in a mainly theoretical study

supported by a few qualitative tests. A prediction method of the steady 

tilt for an idealised semi-submersible was given in regular beam waves 

by using the second-order wave theory with some additional factors 

explained in the following.

The main objective of this study was to improve Numata's method, 

which was lacking in several points although it produced the correct 

order of magnitude, by making less assumptions and simplifications.

In order to explore several factors experimentally, a set of 

tests were performed for simplified semi-submersible models with twin 

circular and rectangular pontoons in regular beam waves. The tests 

were qualitatively concerned with the observation of the steady tilt
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behaviour rather than systematic measurements of tilt angles for various 

parameters. During the tests both models developed steady tilt when 

exceeding a certain value of wave steepness and this was observed over a 

wide range of wave periods and steepness. If the models were moored the 

magnitude of the tilt changed with the mooring arrangements. In the 

majority of runs the steady tilt was observed in the leeward direction 

except for the following cases where seaward tilt was observed:

• If the models were moored, sometimes depending on the mooring 

arrangement.

• The model with circular pontoon in the longest wave tested.

When the models were inclined in a seaward direction by hand after 2 to

5 passing waves a tilt to leeward was sustained. It was indicated that

there were difficulties in the systematic tests to measure the small 

steady tilt values in the presence of the large oscillations due to the 

normal dynamic behaviour of the model.

The previous findings and the above observations indicated that 

the simple theory given by Numata et al., which produced correct order 

of magnitude of tilt, had to be improved in terms of the preferred

direction of tilt and the neglect of several factors in order to use

the existing solution. The inclusion of some of these factors neglected 

could provide a mechanism for a preferred direction of tilt as explained 

in the following:

(a) Effect of oscillations about the mean position,

(b) Effect of cross-section other than circles,

(c) The hydrodynamic interaction between the pontoons,

(d) Some other effects (non-linearities due to shallow depth of

submergence, breaking waves, etc.).
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In the simple Numata et al. theory the pontoons were assumed 

fixed and the steady tilting moment was calculated by neglecting the 

oscillation about the mean position. In an actual case the steady 

moment would be effected by the oscillatory first order forces and 

controlled by the moorings if they existed. The moments of the first- 

order forces at pontoon centres with respect to the centre of gravity 

would contribute to the steady tilting moment.

The assumption of a fixed circular cylinder under the regular

beam waves yielded no steady horizontal drift force as shown by 
[31]Ogilvie . If the section was not circular or circular in general 

harmonic oscillation there would be a steady horizontal force which 

could contribute to the steady tilting moment and cause a preferred 

direction of tilt depending on the tilt angle and mooring arrangements. 

However, in the Numata theory the transformation of non-circular 

pontoon or footing to pontoon with circular cross-section would yield 

no steady horizontal force. This removed one possibility for a 

preferred direction of tilt.

The hydrodynamic interaction between the pontoons could be 

important if they were close together. At any separation distance the 

leeward pontoon always saw a wave diffracted by the seaward pontoon 

which in turn saw a wave reflected from the leeward pontoon and higher 

order 'mirror-effects' occurred. This effect was not significant for 

a fixed pontoon of circular cross-section since there would be no 

reflection according to the linear potential theory^ ' . However,

for moving pontoons of non-circular cross-section and any other fixed 

or moving pontoons the reflection would always exist and be different 

in the leeward and seaward tilt positions. This could cause another 

mechanism for a preferred direction of tilt.
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During the model tests at higher waves and large tilt angles

sometimes the top of the upper pontoon was very near to the surface

and might even break the wave surface. For these extreme conditions

one might expect second-order wave theory could fail. The experiments
[35]carried out by Salter et al. , with a shallow submerged fixed 

circular cylinder to investigate the behaviour of a 'nodding duck' 

power generator just below the waves, indicated that it was possible 

to have an average steady horizontal force opposite to the wave travel 

direction and an average steady vertical force downward in higher 

waves. The vertical component was often eight times larger than horiz

ontal component. Later these results were verified by tests carried 

out by L o n g u e t - H i g g i n s w h o  discussed the possible explanations 

as follows :

(i) Higher harmonics, and

(ii) Breaking waves.

When the waves encountered the shallowly submerged cylinder 

without breaking the wave amplitude and horizontal particle velocities 

above the cylinder increased due to the local depth implying strong 

non-linearity and producing second harmonics. The frequency of the 

second harmonics was twice that of the first harmonics and their group 

velocity in deep water was half of the first harmonics. As derived in 

ref. [36] the steady horizontal force exerted on a shallowly submerged 

fixed circular cylinder (the reflection could be neglected) was given by:

= Î (b - i

where p  = density, g = gravity, b = dissipation of energy,

^2T ~ amplitude of the second harmonic transmitted wave.
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As shown in the formula the sign of the force depended on a balance 

between the amplitude of the second harmonic transmitted wave and the 

dissipation of energy. When the second term (momentum flux in the 

second harmonic) was larger, the force would be in the opposite 

direction to the wave travel (seaward).

On the otherhand as the waves were passing over the cylinder

there would be a mean pressure defect 'set down' due to the water

surface proximity resulting in a mean upward force. If the waves had
[ 3 1 ]small amplitude, as demonstrated by Ogilvie for a fixed or freely

floating circular cylinder whose motion was identical to the water 

particles, there was no reflection of the waves due to the presence of 

the cylinder. Therefore, the 'set down' should be symmetric about the 

mid-point as shown in Fig. 10.

incident-

m ean le v e lwave

F i g .  10 -  S c h e m a t i c  v i e w  o f  t h e  s y m m e t r i c a l  c h a n g e s  i n  m e a n  s e a  
l e v e l  o f  w a v e s  i n  t h e  p r e s e n c e  o f  a  s u b m e r g e d  c y l i n d e r ,  
i f  t h e  w a v e s  a r e  n o t  b r e a k i n g [ 3 6 ]

However, for the larger waves the set down could be unsymmetrical due 

to non-linearity and viscosity and this could produce a small mean 

horizontal force as well as a mean vertical force as shown in Fig. 11.
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incident

m ean leve lw ave

Fig. n - Schematic view of the unsymmetrical changes in mean sea 
level of waves in the presence of a submerged cylinder, 
if the waves are not breaking[36]

If the waves were breaking as shown in Fig. 12, the wave breaking began 

with a small set down until the breaking point B, when the wave height 

and momentum flux began to diminish. Then the static pressure increased 

producing a large rise ('set up') in mean level and downwards force 

(negative) on the cylinder in order to balance the loss of horizontal 

momentum flux. Now, if the set up was symmetrical there would be a 

large downwards force on the cylinder as shown in Fig. 12.

inc id ent

'm e a n  levelwave

Fig. 12 - Schematic view of the symmetrical changes in mean level
of waves in the presence of a submerged cylinder, if the 
waves are breaking[36]
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If the set up was unsymmetrical there would be a mean horizontal force 

as well as the vertical force. The direction of the horizontal force 

depended on the wave length. If the wave length was short compared to 

the diameter of the cylinder, as shown in Fig. 13, the celerity of the 

wave and the change in the depth above the cylinder would be slow. In 

this case the breaker height, which was proportional to the local depth 

above the cylinder, would have time to adjust the local depth of water 

above the cylinder up to the mid-point. On the right of the mid-point 

when the depth began to increase, the breaking would suddenly cease 

since the waves would no longer be forced to try to become steeper. 

Therefore a net horizontal force would be exerted on the cylinder in 

the leeward direction.

i n c id e n t

\  I mean levelwave
— t

F ig . 13 - Schematic view of the unsymmetrical changes in mean level 
of waves in the presence of a submerged cylinder, if the 
waves are breaking (wave length not large compared to that 
of curvature) [36]

However, if the wave length was large compared to the diameter of the 

cylinder as shown in Fig. 14, because of the high celerity and short 

existence of the local depth, the wave could not find time to adjust 

the local depth, therefore breaking continued until some time after 

the depth began to increase again. This produced a set up on the 

leeward resulting in a net horizontal force in the seaward direction.
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in c id e n t

m ean leve lwave

-t

Fig. 14 - Schematic view of the unsymmetrical changes in mean level 
of waves in the presence of a submerged cylinder, if the 
waves are breaking (wave length large compared to that of 
curvature)[36]

The application of the above discussion to the pontoon of the semi- 

submersible implied that for shallow depth of submergence and higher 

waves, second-order wave theory could fail and in these cases there 

could be a strong mechanism for a preferred direction of tilt due to 

the steady horizontal forces.

In addition to the above factors in the simple Numata et al. 

theory the hydrodynamic effects of the vertical columns and bracings 

were ignored. This could remove one other possible mechanism for a 

preferred direction of tilt.

In the simple Numata et al. theory it was assumed that the 

semi-submersible was rotating about the fixed point CG where the steady 

tilting moment was calculated. In reality, in addition to the steady 

tilt motion the CG had translatory drift motion due to the horizontal 

and vertical forces respectively. This steady tilt and translatory 

motion values were coupled together. The steady horizontal force could 

be balanced by the mooring force or drag force. Whereas the steady 

vertical force should be balanced by the vertical restoring force,
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Then the solution of the two coupled equations representing the balance 

of the steady tilting moment against righting moment and the balance 

of steady vertical force against vertical restoring force would yield 

the steady tilt angle and the mean elevation of the CG.

Martin and Kuo formulated and solved the steady tilt problem 

for an idealised semi-submersible in regular beam waves by using the 
second-order wave theory taking into account some of the above consid

erations. The semi-submersible consisted of twin circular pontoons 

which were long enough to apply two-dimensional theory. Thus the 

hydrodynamic effects of the columns and bracings were ignored while

their hydrostatic effects were taken into account. The hydrodynamic
[31]forces on the pontoons were calculated by applying Ogilvie's study 

to twin cylinders. The method was briefly as follows.

The initial equilibrium position of the semi-submersible in 

calm water was changed to a general position by applying an artificially 

suitable steady force and moment. Then the required forces, moments and 

motions which were of the same order as the wave steepness, were eval

uated and the second-order forces and moments were calculated in the 

presence of the first-order oscillations. It was obvious that for each 

general position there would be a corresponding steady force and moment. 

When the steady vertical force and tilting moment about the CG were 

exactly balanced by the hydrostatic vertical force and righting moment 

there would be a possible mean position for a mean tilt and elevation 

of the CG. The sample computations were performed for a full scale 

idealised semi-submersible whose geometry and main dimensions are given 

in Fig. 1.5 of Appendix I.

Figure 15 is given to show the effect of the assumptions as to 

which pontoons were assumed to be fixed or freely oscillating. It was
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assumed that the semi-submersible with 5 m  GM was artificially inclined 

in the leeward direction for 5° with no elevation. At this position the 

resulting steady wave-induced moment about the CG was calculated and 

plotted against the wave periods for the freely floating case by the 

solid line and for the fixed case by the dashed line. The tilting 

moment and period were expressed in terms of the following non-dimens

ional form:

Cg = Steady Tilting Moment/ pg (Incident Wave Amplitude)
• (Pontoon Separation)

2-t/\ = Pontoon Separation J Wave Length

As shown in the figure the for the fixed case was larger than that 

for the freely floating case by about 50% over most of the period.

This indicated that the fixed pontoon assumption would yield an over

estimated result. However, the free pontoon assumption could yield an 

underestimated result if there was any mooring and non-linear damping 

force. It was also indicated that there was no significant interfer

ence effect due to the twin hull configuration for this particular hull 

separation.

Wave period in seconds

0 03" fixed pontoons

G 0 02 freely floating pontoons

001

200 2 0 4 0 6 0 8

v £/tt

Fig. 15 - Comparison of steady moment coefficient Cq at 5® of tilt
and zero elevation with 5.28 m of GM and 20 m of radius 
of gyration about the COG (where v is wave number)[20]
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The C curves were also used to study the tendency for a preferred 
° * 

direction of tilt. As shown in Fig. 16 the values were obtained for

the same configuration at artificially imposed tilt angles with no

elevation from 10® in the leeward direction to 10° in the seaward

direction (seaward direction represented by negative sign) including

upright position (0° tilt). As could be seen there was a strong trend

for a tilt in the leeward direction at about 10.5 secs for all positions.

Even if the semi-submersible was artificially inclined in the seaward

direction for 10° the steady moment curve was positive indicating a

strong tendency for a leeward tilt. However, for the shorter waves the

moment was always acting in the tilt direction indicating bi-stable

behaviour.

Wave period in seconds

“  10 "0-02

001

0
- 0 0 1

- -5"
- 0.02

=  - 10*

0 0 2 0 4 0 6 0 8 10 1 2 1 4 1 G 10 20
V£/7T

Fig. 16 - Steady moment coefficient Cq  at zero elevation and various
tilt angles for 5.28 m of GM[20]

The effect of GM on the tendency for a preferred direction of 

tilt is shown in Fig. 17 for various GMs at zero tilt and zero elev

ation. As the GM was increased the tendency for a preferred direction 

of tilt was increased whereas the magnitude of tilt was reduced since 

the increase in the magnitudes of the righting moment were much 

greater than those in the steady tilting moment for the larger GMs,
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Wave period in seconds

GM = 9 28 m 
GM = 7 28 m 
GM = 5'28 m 
GM = 3 28 m 
GM = 1 28 m

O'OlO

0 0 2  0-4 0-6 0-8 1-0 1 2 1 4 1 6  1 8  2 0

Fig. 17 - Steady moment coefficient Cq at zero tilt and zero 
elevation for 20 m radius of gyration about the COG 
and various GMs[20]

From this study it was concluded that the more rational applic

ation of second-order wave theory with the inclusion of the additional 

factors could predict small stable tilt angles with a preferred direct

ion. There was a limit to the application of the theory for predicting 

non-trivial tilt angles in terms of wave height (wave steepness) and 

depth of submergence. However, in order to give precise values for the 

limitation there was a need for reliable quantitative experiments.

These findings agreed with the tests of De Souza and Miller in 

terms of the preferred direction of tilt. Although no tilt in the sea

ward direction was observed in the tests of De Souza and Miller, Martin 

and Kuo observed the seaward tilt in the longest wave and some cases

depending on the mooring geometry. However, Numata observed bi-stable
[32]tilt behaviour depending on the initial disturbance . Even for 

larger tilt angles they demonstrated surprisingly good agreement for 

some cases between the measured and predicted values from the simple 

theory which was valid for large depth of submergence.
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In order to compare the theoretical predictions with the observation 

made by Numata et al., a sample computation for the idealised semi- 

submersible with the lowest GM = 1.28 m was performed at a period of 

10.5 secs where Numata observed large tilt angles at higher waves. The 

calculated tilt angles were plotted against the wave steepness. As 

shown in Fig. 18a the positions in the segment OM were stable and there

fore the theory could predict the tilt angle O<0$1O®. There was no 

stable mean position if the wave steepness E > 0.25. This indicated 

that for large tilt angles and wave heights the steady tilt could not 

be predicted by second-order theory.

0. 2 -

seaward leewarcf 
TILT A

0.3 ■■

0< i

seaward leeward

TILT ANGLE
-10

F ig .  18a -  Wave steepness vs t i l t  a n g le  f o r  
i d e a l is e d  sem i-su b m ers ib le  c o n f ig u r a t io n  w i th  
GM = 1 .2 8  m in  waves w ith _ a  p e r io d  o f  1 0 . 5 “ s. 
Only t i l t s  in  th e  range OM a re  s t a b l e [20]

F ig .  18b -  Wave steepness vs t i l t  an g le  f o r
th e  s i m p l i f i e d  model a t  a frequency o f  1 .5  Hz. 
Comparison o f  th e o ry  and ex p er im e n t.  Only  
t i l t s  in  the range OR o f  the t h e o r e t i c a l  curve  
are  p r e d ic te d  to  be s t a b l e [20]

Martin and Kuo ̂ also compared the theoretical predictions 

against experiments carried out with a simplified model which had a 

single degree of freedom (roll only) as shown in Fig. 1.7 of Appendix I.

As can be seen in Fig. 18b the comparison of the experiments and the 

present theory demonstrated a fair agreement for the magnitudes of tilt 

angle for small wave steepness (e^0.15). For the larger waves (£>0.15), 

as expected from the theory, there was no agreement at all, even the 

direction of tilt was wrong due to the non-linear effects.



42.

In order to identify whether second-order theory could explain 

the tilt phenomenon by itself or not, the most realistic way was to 

investigate experimentally the behaviour of the steady vertical force 

which was thought to be mainly responsible for the steady tilt. It 

was known from theory that the second-order steady forces were very 

small in magnitude compared to the first-order oscillatory forces. 

Therefore, it demanded more sophisticated measuring techniques and 

careful analysis of small steady outputs from the large oscillatory 

outputs.

[2912.2.4 In 1978 Morrall from the National Maritime Institute invest

igated the effect of the second-order steady vertical force, which was 

experimentally measured, on the stability of semi-submersibles.

The main objective of this study was to cross-check the simple 

Numata et al. theory by experimentally measured force values and to 

identify the limit of the wave height and depth of submergence at which 

second-order wave theory remained valid.

The tests were carried out on two models : one with a single 

footing, and another a single pontoon representing the main underwater 

elements of two different types of designs which were a 3-column, foot

ing type and a 4-column twin-pontoon type semi-submersibles. The 

geometry and dimensions of the two models which were approximated to a 

scale of 1/30 are given in Figs 1.8 and 1.9 of Appendix I. Measure

ments were taken only on the footing and pontoon of the models which 

were held in fixed positions. The steady vertical force on the vertical 

column was not measured as it was neglected in the Numata et al. theory. 

The models were tested in regular beam waves. The wave heights and 

steepnesses used in the tests were the same as those used by Numata et 

al. in which the wave period and wave height, corresponding to full
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scale values, varied from 8 to 12 secs and 7.38 to 12.01 m with wave 

steepness ratio from 0.0735 to 0.0535 respectively. In order to study 

the depth effect the measurements were taken at four different 

draughts as shown in Figs 1.8 and 1.9 of Appendix I.

From these tests it was found that the steady second-order 

vertical force was heavily overlaid by the large first-order oscillat

ory forces. The ratios of those forces were found to be 1/7 for the 

pontoon type model and 1/10 for the footing type model. As shown in 

Figs 19a and 19b the magnitude of the steady vertical force decreased 

with increasing draught about 15 m draught. For the draughts smaller 

than 15 m and for the higher waves the force rapidly decreased and in 

some cases changed its direction from upwards to downwards verifying 

the possibility for non-linearity discussed by Longuet-Higgins in the 

previous study. The observation of the flow at the smaller depths 

indicated it was highly disturbed by the vertical columns for both 

models. For the pontoon type model at smaller depths and higher waves 

a periodic reversal in flow direction was observed.

In this study the measured steady vertical force values were 

compared with:

(a) A simple method developed by using linear wave theory in which 

the steady vertical force on the simplified submerged parts of 

the semi-submersibles were expressed with the equations given 

in eqs 1.14 and 1.15 of Appendix I.

(b) The simple Numata et al. method.

(c) The three-dimensional source-sink method.
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F i g .  1 9 a  -  M e a s u re d  s t e a d y  v e r t i c a l  f o r c e  v s  d r a u g h t
f o r  p o n to o n  t y p e  s e m i - s u b m e r s i b l e [ 2 9 ]

1000

DRAUGHT (ml

-500

F i g .  19b  - Measured steady vertical force vs draught
for footing type s o i i -submersible[29]

As shown in Figs 20 and 21 there was a reascmahle agreement 

between the measured and calculated force values at the larger draughts, 

but less satisfactory agreement for shallower draughts indicating that 

the existing methods based on the linear wave theory could fail at 

shallower depths as expected.
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F i g .  20a -  S te a d y  v e r t i c a l  f o r c e  vs wave p e r io d
f o r  pontoon ty p e  s e m i -s u b m e r s ib le  a t  
t h e  s h a l l o w e s t  d r a u g h t [29 ]
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F i g .  20b -  S te a d y  v e r t i c a l  f o r c e  vs wave p e r io d
f o r  pontoon ty p e  s e m i -s u b m e r s ib le  a t  
th e  l a r g e s t  d r a u g h t [2 9 ]
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F i g .  21a -  S te a d y  v e r t i c a l  f o r c e  vs wave p e r io d
f o r  f o o t i n g  ty p e  s e m i -s u b m e r s ib le  a t  
th e  s h a l l o w e s t  d r a u g h t [2 9 ]
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F i g .  21b -  S te a d y  v e r t i c a l  f o r c e  vs wave p e r io d
f o r  f o o t i n g  s e m i -s u b m e rs ib le  a t  th e  
l a r g e s t  d r a u g h t [ 2 9 ]
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Since the agreement at the largest draught (21.34 m) was best, by 

using the measured force value at this draught the wave-induced tilting 

moment and righting moment were plotted on the same charts for both 

models. The GMs used to calculate the righting moments were the min 04 

values just satisfying the present wind heeling criterion up to 10® heel 

angle. It was 6.77 m at 70 knots wind speed for the footing type and 

4.64 m at 100 knots for the pontoon type semi-submersible. As shown in 

Figs 22a and b the wave-induced tilting moments for the higher and 

longer waves diminished when the heel angles were greater than 5 degrees 

for both vessels. However, the minimum righting moment was found to be 

much greater than the steady wave-induced tilting moment for all cases. 

Therefore, it was concluded that the possibility of the occurrence of 

the steady tilt in the full scale was very low if the semi-submersibles 

complied with the current stability regulations.

RIGHTING MOMENT

RCHTINQ MOMENT
GM = 6.77 m 
A = 16900 TONNES

GM = 4.64 ID I 
A = 19636 TONNES

is 10
HEEUNG
MOMENTS

HEELIN'G MOMENTS

ANGLE OF HEEL (DEGREES)ANGLE OF HEEL (DEGREES)

F ig .  22a -  F o o t in g  ty p e  semi
subm ers ib le  2 1 .3 4  m d rau g h t

F ig .  22b -  Pontoon typ e  semi
su b m ers ib le  2 1 .3 4  m d raught

F i g .  22  -  R i g h t i n g  and  w ave  i n d u c e d  h e e l i n g  moments vs h e e l  a n g l e s  
( h e e l i n g  moments b a s e d  on m e a s u re m e n ts  i n  r e g u l a r  beam 
w a v e s[29]



48.

As mentioned earlier during the capsizing tests of semi-submers

ibles attention was drawn to "the under-deck clearance" since capsizing 

had a very low probability. It was indicated that this could be an 

essential parameter for stability as well as for design to perform good 

motion characteristics and maintain safe and consistent operations with

low stability index in extreme environmental conditions.

The under-deck clearance depended on the relative motion which

was calculated from the heave, roll and wave elevation by taking into

account the phase difference among these components. When a semi- 

submersible had low GM values a large steady tilt or slowly-varying 

tilt could affect the relative motion causing a decrease of under

deck clearance and extra forces and moments on the mooring lines. As 

indicated by Numata et al., in an irregular sea state the comparisons 

of experimental relative motion values with the predicted values 

derived from the motion responses in regular waves demonstrated under

estimated values because of the slowly varying tilt behaviour.

Therefore it was concluded that the conventional response prediction 

technique, using motion amplitude operators obtained either from model 

tests or by calculation, should be modified in order to take into 

account this phenomenon.

r 18i2.2.5 In Japan, Hineno et al. investigated the effect of slowly-

varying tilt behaviour on the under-deck clearance of a semi-submersible. 

The main objective of this research was to provide a method to predict 

the required under-deck clearance of a semi-submersible when exposed 

to the effect of slowly-varying tilt in irregular waves.

The method presented started with motion tests in regular beam 

waves with a model approximately to a scale of 1/90 of an 8-column 

twin rectangular pontoon type semi-submersible. The geometry and m a ^  

dimensions are given in Fig. I.10 and Table 1.6 of Appendix I.
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different GM values, corresponding to full scale values, were of 0.4 

and 2.1 m. During this group of tests in beam seas, regular waves 

were generated in a range of period, corresponding to full scale, 

varying from 6 to 27 secs with wave steepnesses of i/15 to 1/50. The 

main objective of these tests was to identify the existence of the 

steady tilt in regular waves and to calculate the steady tilting moment 

at observed steady tilt angles. In Figs 23 and 24 the measured tilt 

angles and corresponding experimental tilt moments represented by:

Cg = Steady Tilting Moment/  pg Beam Pontoon Length 
X [incident w. Amplitude]^

are given for two different GMs and various wave heights. No seaward 

tilt or bi-stable tilt observation was reported in the study. In 

Fig. 24 by using the simple Numata method the steady tilting moments 

were calculated at the observed steady tilt angles and plotted on the 

same figure. As seen, although the measured and calculated values 

had a peak about 8 secs they did not agree over the range of period 

tested.

The measured steady tilt moment coefficient was used with the

Pierson-Moskowitz type seaway spectrum to calculate the low frequency

tilt moment spectrum in irregular waves by the method developed by 
[ 14]Pinkster . Since the first-order wave spectrum could not contain 

a frequency band to induce such a low frequency moment, an equivalent

wave spectrum was defined corresponding to this moment by using the
f 371transfer function' of roll moment per unit regular wave ' . Then by 

using this equivalent wave spectrum and the transfer function of roll 

amplitude per unit regular wave the required low frequency roll motion 

spectrum was obtained. The transfer function of roll amplitude was 

calculated excluding the effects of the sway exciting force. On the
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( G M :  0.4 m )

( G M = 2.1 m )

WAVE HEIGHT . m

Fi g. 23 - Measured steady tilt angles
vs wave height[8]

EXPERIMENT :

0.4
tm )

z  0.2
CALCULATION

w a v e  p eri o d .

Fig. 24 - steady tilting moment coefficientvs wave period[8]
(X/s is wave l e n g t h /wave height)
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otherhand the roll motion spectrum for the higher frequencies was 

obtained by applying the transfer function of the roll motion amplitude 

per unit regular wave to the first-order wave spectrum, the transfer 

function only taking account of the first-order wave exciting roll 

moment. The overall spectrum of roll motion was obtained by summing 

the low and high frequency roll motion spectrums. The roll motion 

spectrum calculated in this way was found in good agreement with the 

test results as shown in Fig. 25.

GM = 2.1 m 

H'/j = 11.6 m 

T = 16.1 sec

o 0.01

-  ; CAL

  : EXP

0.005

2 0.4 0.6 0.8 U
WAVE CIRCULAR FREQUENCY, rad/sec

Fig. 25 - Roll motion spectrum vs wave frequency,
Comparison of theory and experiment[8]

Following the above procedure the relative motion spectrum was 

processed in the low and high frequency ranges. In the range of low 

frequency the contribution to the relative motion due to heave mode 

was almost zero and the other contribution due to the wave elevation 

was non-existent. Therefore, the low frequency relative motion could
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be calculated from the low frequency roll motion spectrum only. In the 

higher frequency ranges the relative motion spectrum was expressed by 

the first-order wave spectrum and transfer function of relative motion 

by the unit regular wave. The overall spectrum of the relative motion 

was obtained by summing the low and high frequency spectrums. The 

final spectrum had two peaks at low and high frequencies. It was 

assumed that the low frequency roll motion was independent of the high 

frequency one without the relative interference in phase and the 

spectrum at the roll resonant frequency predominant in the region of 

low frequencies. Then the calculated maximum roll motion amplitudes 

by the above method were in good agreement with the measured values 

from the tests. However, the calculated relative motions demonstrated 

a discrepancy with the measured values. The discrepancy was attributed 

to the non-linear behaviour of the wave elevation.

The above study demonstrated that, although the relative motion 

displacement could not be predicted accurately, the predicted non

linear effect of roll motion (slowly-varying tilt) was in good agree

ment with the test results as compared with the conventional techniques 

using the linear response assumption. The relative motion prediction 

could be improved if the non-linear effect of the irregular waves could 

be taken into account.

In the previous chapter it was indicated that the 1.3 figure 

could not satisfactorily represent the dynamic effects of a semi- 

submersible and its environment. More realistic presentation of those 

effects would provide a more rational stability criterion.
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2.2.6 In Japan another experimental research on a moored semi-submers-
[8]ible has been carried out by Takarada et al. in 1982. The research 

was still continuing when the first results were presented. Therefore 

the following assesses only a part of this work.

The main objective of this research was to explore the dynamic 

effects of current and wave-induced second-order forces on the stability 

of semi-submersibles in the presence of other dynamic effects due to 

moorings. It was concentrated on the steady and slowly-varying tilt 

combined with the effects of moorings. This study was interesting 

since :

(i) It demonstrated the importance of the effect of the mooring 

lines on the steady and slowly-varying tilt behaviour.

(ii) The first attempt was made for simulation of the slowly-varying 

tilt in a regular wave group.

(iii) It showed the importance of the horizontal drift force on the 

slowly-varying tilt behaviour.

The series of model tests with the l/60th scale model of an 

8-column twin rectangular pontoon type semi-submersible were carried 

out in regular, regular wave group and irregular waves. The main 

geometry and dimensions of the model and testing conditions are given 

in Fig. I.11 and Table 1.7 of Appendix I. It was believed that the 

tilt would be influenced by the location of the fairleads as well as 

the GM. Therefore, the tests were performed with the model moored by 

eight spread moorings at four different fairlead heights and three GMs 

as shown in Figs 1.12 and 1.13 of Appendix I. The tests in regular 

beam seas were carried out in a range of wave periods varying from 

1.12 to 1.73 secs and wave heights 10 to 25 cms. The results



demonstrate the effect of the fairlead position on the steady tilt 

angle as shown in Fig. 26.
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12.5 cmBeam Sea Coiulition

C .il

CC-53:0 CGA/I. rr
CC‘ 20

cc
CC‘ 20 0 . 32

Green Water on Upper Deck

Fig. 26 -  C o m p a r is o n  o f  t h e  m e a s u re d  and  c a l c u l a t e d  s t e a d y  t i l t  f o r
v a r y i n g  f a i r l e a d e r  h e i g h t s  (X i s  wave l e n g t h ,  L i s  p o n to o n  
l e n g t h  an d  a i s  w ave a m p l i t u d e ) [ 1 8 ]

As seen in Fig. 26 the magnitude of the steady tilt angle increased 

with the increasing distance of the location of the fairlead from the 

CG. When the fairlead was higher than that of the CG the model had a 

tendency to tilt in the seaward direction. It was observed that at 

the larger tilt angles sometimes the waves caused green water on deck 

which led to larger inclinations of model. In such positions the 

effect of the fairlead height was very important for the vessel's 

stability. The results obtained from the regular sea tests for 

various GMs demonstrated similar trends to the results in the previous 

studies in which the magnitude of the steady tilt increased with 

decreasing GM.

According to the method formulated in eqs 1.16 through 1.18 of 

Appendix I, the steady tilt angles were calculated from a quasi-static 

analysis of the steady and horizontal drift in the presence of the 

mooring forces. In the formulation it was assumed that the main
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responsible for the steady tilt was the steady drift force in the 

horizontal direction. This steady force and its moment with respect to 

the CG were balanced by the restoring force and tension force in the 

mooring line and their moments at the steady tilt angles. However, as 

seen in Fig. 26 the predicted steady tilt angles by this method were 

underestimated.

It was indicated that the prediction of the slowly-varying tilt 

behaviour of a moored semi-submersible in irregular seas by using the 

quasi-static solution was very difficult. As shown in Fig, 27 a 

typical roll motion records showed unsteady non-linear behaviour which 

could be predicted in the time domain.

Significant wave height =■ 9.1 cm
Wave

Fairleader height : CG 
KG = 0.30 m

Roll
5 deg.

F i g .  27  -  E x p e r i m e n t a l  c h a r t  r e c o r d s  o f  m oored  m odel r o l l  m o t i o n  
re s p o n s e  i n  i r r e g u l a r  s e a s [ 1 8 ]

In order to start with the simplest case of the irregular sea state 

which was the regular wave group, some tests were carried out with the 

unmoored model in regular wave groups with a wave period varying from

1.1 to 1.4 secs. In Fig. 28 a typical motion record was shown. The 

magnitude of the slowly-varying tilt increased rapidly as the wave 

period became smaller where the drift force had large values.
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1.30 sec
1.38 see l.OS sec

5 cm
W ave

9.3 sec
5 cm

Heave

5 (leg.

Roll
\ a /

F i g .  2 8  -  E x p e r i m e n t a l  c h a r t  r e c o r d s  o f  unm oored m odel r o l l  m o t io n  
re s p o n s e  i n  r e g u l a r  w ave  g r o u p s [1 8 ]

Although no information was given for the calculation procedure, 

a  computer simulation of the roll motion was given in this study as 

shown in Fig. 29. The breakdown of the slowly-varying tilt into its 

components due to the second-order vertical and horizontal force demon

strated that the contribution due to the vertical component was small 

compared to the horizontal component.

^  WAVE
CM

weVsec)

with Vertical Lift Force 
without Vertical Lift Force

ROLL
DEG

F i g .  2 9  -  C o m p u ter  s i m u l a t i o n  o f  unm oored m odel r o l l  m o t i o n  r e s p o n s e  
i n  r e g u l a r  w ave g r o u p s [ i s ]
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Some model test results with and without moorings in irregular seas

obtained using the ISSC spectrum were given. Since the research had

not been completed no complete results and theoretical calculations

were given. However, the available results obtained from the irregular

sea tests demonstrated the similar roll motion spectrum to that found 
[18]by Hineno et al. in which two peak values for low and high

frequency ranges were obtained. As shown in Fig. 30 at the low 

frequency region the model with moorings had a larger tilt than the 

model in the unmoored situation. At the higher frequency region the 

unmoored model had a larger tilt.

10

0.8 0.6 0.80.20.60.2 sec

F i g .  30 -  E x p e r i m e n t a l  w a v e  and t h e  r o l l  m o t i o n  r e s p o n s e  s p e c t r u m [ 1 8 ]

From the available results of this study it was concluded that,

the effects of the moorings on the magnitude and the direction of the

tilt were significant. In regular waves the magnitude of the steady 

tilt was increased with increasing distance of the fairlead from the 

CG. If the fairlead height was higher than that of the CG a steady

tilt in the seaward direction could develop. In irregular waves the

slowly-varying tilt in the low frequency region was more significant
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than in the high frequency range. The presence of moorings increased 

the magnitude of slowly-varying tilt in the low frequency region while it 

decreased it in the high frequency region. The first simulation study 

indicated that in irregular waves the contribution of the second-order 

horizontal force to the slowly-varying tilt was greater than that of 

the second-order vertical force.

2.3 CONCLUSIONS

The following were obtained from the study of previous 

theoretical and experimental work on tilt behaviour and these determ

ined the objectives of the thesis.

JmpoAtance, thd Phe,nome,na

It has been revealed in several stability tests that capsizing 

of a semi-submersible with minimum stability index in maximum environ

mental conditions has a very low probability because of its inherently 

good motion characteristics. This finding encourages operators and 

designers to put pressure on the regulatory authorities and classific

ation societies to relax the present rules by reducing GM. This will 

provide more deck load and relatively good motion characteristics. In 

such a case, tilt behaviour is a very serious problem, which has to be 

considered in terms of the safety and design of the vessel. It could 

affect the motions non-linearly causing considerable stability losses 

due to large tilts, structural damage due to slamming and mooring prob

lems due to extra mooring tensions.

The above statement implies that there could be an optimum 

between the conservative stability rules and the demands of the 

operators and designers encouraged by the model tests and very low
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probability of the occurrence of the semi-submersible capsizing in 
practice.

This could be achieved by providing a complete explanation of 

the phenomena, but it would be dangerous to modify the rules in the 

absence of a complete understanding.

VdctonM Cau6ycnq a Velai/ Zn ObtOyiyLlnq a CompteXe. Explayiatlon tko, 
Pk^normna

(i) Tilt behaviour has been observed during the model tests of 

semi-submersibles. So far, there l̂ as been no well documented 

reports of tilt being observed on full scale semi-suhmersibles, 

except some verbal statements suggesting it has occurred in one 

or two instances and it was attributed to wind, current and 

mooring effects. Therefore, this experimental behaviour has 

not been a serious problem on the full scale and not enough 

research studies have been carried out to explore the phenomena.

(ii) In addition, due to the shortage of the required research work,

in the majority of existing studies tilt was investigated along

with other dynamic aspects of semi-submersibles [e.g. motion 

response predictions, intact and damage stability assessment, 

determination of underdeck clearance, etc.]. Therefore the 

phenomena itself was not explored rigorously. The experimental 

studies have produced conflicting reports on several character

istics of this behaviour and these have not been cleared up by 

later work.

(iii) The complicated nature of the problem is a major cause of delay

The existing studies show that it is composed of many factors

[e.g. the effect of first and second-order wave forces, hydro- 

dynamic interaction, moorings, viscosity, scale, non-linearity.
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etc.] which depend on various parameters [e.g. wave frequency, 

wave height, GM, draught, underwater geometry, etc.]. In order 

to identify the phenomena these effects should be explored by 

systematic research studies which require much effort and time.

Cont/iyjbutLoyis the, StadLie^ tho, Pcu>t to the. V^veXofome,nt oX 
Vkejnomma

By reviewing the six research studies explained in the fore

going the following can be concluded.

(i) The research work performed by Numata et al. has been the most 

important one for the exploration of the phenomena. It was the 

first time tilt behaviour was noticed and its basic explanation 

based on second-order wave theory was presented. Several 

approximations and simplifications were made to use the exist

ing second-order solutions which demonstrated a qualitatively 

correct order of magnitude with experimental results. The 

approximate character of the study produced 'bi-stable' tilt 

behaviour depending on the initial disturbance. In order to 

avoid the steady tilt in regular beam waves a calculation pro

cedure for the minimum GM needed was provided. However, the 

model tests with this calculated GM still produced low-frequency 

roll motions in irregular waves. Thus, it was concluded that 

this procedure should be modified for irregular waves. This 

could be achieved ideally by predicting the low-frequency roll 

motion either in the frequency domain or time domain by a new 

technique to be developed.

(ii) The work carried out by De Souza and Miller was the interesting 

study compared to the others because of the different experi

mental findings and theoretical approach to the problem. They
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reported that the steady tilt was sharply tuned with respect to 

the wave frequency for a particular model and it always developed 

in the leeward direction. By considering this finding the 

phenomena was attributed to the non-linear variations in the 

sway exciting force due to the drag component. This demon
strated preferred tilt in the leeward direction depending on 

the footing separation at one particular frequency where the 

steady tilt was observed in the tests. Although the predicted 

tilt angles were only approximately 40% of the measured angles, 

this study drew attention to the steady effects of the viscous 

drag forces.

(iii) The most comprehensive theoretical explanation of the phenomena 

was given by Martin and Kuo for the mathematical model semi- 

submersible. It was shown that second-order theory could not 

explain several features of the phenomena. Beside the second- 

order effects there were some additional factors [e.g. effects 

of first-order motions, hydrodynamic interaction, cross-section, 

moorings, non-linearity, etc.] which caused the preferred dir

ection of tilt. Second-order theory could only predict small 

stable tilt angles since it would fail for high waves and 

shallow draughts. The theoretical solution of the behaviour 

based on second-order wave theory for the idealised model with 

circular pontoons demonstrated a small stable preferred direc

tion of tilt. This study needed to be backed up by systematic 

motion tests for small stable tilt angles.

(iv) . The only work, investigating experimentally the effect of

steady vertical force on the phenomena, was performed by Morral. 

This force component was measured on the simple underwater 

elements of the semi-submersible models. The limits of the
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validity of the second-order solution for this force component 

was confirmed by these tests. It was demonstrated that there 

was a scatter between the theoretically calculated force by 

the linear theories and the measured force increasing with 

increasing wave heights and reducing draughts. Consistent with 

the non-linear theory a downward (negative) force was recorded 

for very shallow draughts and high waves. However, it was 

difficult to appreciate the contribution of this force compon

ent to the actual tilt behaviour by the force measurements only 

without motion tests.

(v) Hineno et al. demonstrated that the low-frequency roll motion 

in irregular waves could be predicted satisfactorily by using 

the equivalent low-frequency wave spectrum corresponding to the 

wave-induced steady tilting moment at experimentally observed 

tilt angles and roll response in regular waves. However, the 

tilting moment which was calculated from the Numata theory and 

tests were not in agreement despite the similar trends. This 

study demonstrated that if the theoretical methods for calcul

ating the tilting moment in regular waves were improved, the 

low-frequency roll motion could be predicted satisfactorily by 

the method suggested in the frequency domain. Otherwise there 

was a need for regular sea tests to establish the wave-induced 

steady tilting moment.

(vi) The work carried out by Takarada et al. investigating the 

effects of the moorings on the tilt behaviour indicated that 

the moorings played an important role in the magnitude and 

direction of the tilt depending on the fairlead position. The 

quasi-static formulation of the steady tilt problem taking into 

account only horizontal drift force and mooring tensions
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demonstrated underestimated tilt values compared to the test 

results in regular beam seas. The time simulation of the tilt 

in regular wave groups showed that the contribution of the 

second-order horizontal drift force was considerably larger 

than that of the vertical second-order force.

Re.qiJUAm2.yLti> jon, tho, UndgJL&tandlng 0  ̂the. ? k m o m 2,na

The primary requirements were some accurate experimental work 

devoted entirely to the tilt problem so that some of the conflicting 

results reported earlier could be clarified and form a basis for 

theoretical developments.

Therefore in the following a list of experimental requirements 

which are considered in the thesis are given:

(i) The steady and slowly-varying character of the tilt behaviour 

requires that the motion tests be performed in regular and 

irregular seas. However, in the thesis, work is concentrated 

on systematic motion tests in regular beam seas because:

(a) As indicated by the experimental studies, the persistence 

of the regular sea makes the tilt worst and several 

characteristics of the behaviour are more accentuated com

pared to those in irregular seas. This is desirable for 

the systematic investigations and safety point of view.

(b) The majority of the existing theoretical studies are based 

on regular beam sea calculations but not enough quantitat

ive experimental data are available to validate these 

studies.

(c) As demonstrated in ref. [18], the steady tilt values meas

ured in regular seas can be used for predicting the slowly- 

varying tilt behaviour in irregular seas.



64.

Hence at this stage it may be desirable to concentrate on the 

regular sea tests, but the investigation must be extended to 

irregular seas in future studies.

(ii) The wave-induced forces and the low GM are mainly responsible 

for the tilt behaviour with some other secondary effects. As 

stated earlier there are different theoretical approaches for 

the mechanism causing the tilt in terms of the wave-induced 

forces.

Although it was not verified by the motion tests, there has been
[29]at least one experimental study investigating the influence

of the vertical second-order force on the tilt phenomenon. 

However, no experimental study has been carried out investigat

ing the effects of the oscillatory forces on the phenomena, but 

an unequal distribution of the maximum forces on each hull could 

be a mechanism for tilt.

In order to explore this matter, in the thesis, the first-order 

oscillatory force measurements are taken on the main hulls of 

the model at various hull separations with emphasis on the effect 

of hydrodynamic interference.

(iii) The effect of viscosity could be a possible major effect caus

ing or contributing to the tilting. In order to gain an idea 

of this effect, experimentally, the flow conditions around the 

submerged part of the model can be changed by using stimulators. 

This is investigated in the thesis by motion tests with the 

model coated with a roughened paper.
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(iv) One factor causing the tilt behaviour could be a non-linear 

variation of the roll restoring moment due to changes in 

vessels position and the wave form. This is investigated dur

ing inclining tests in the still water. One cannot expect that 

the changes in the wave form will affect very much the roll 

restoring moment of a semi-submersible because of the small 

volumes of the columns.

(v) The effect of wave frequency on the tilt behaviour was reported

differently in the previous studies. Although it occurs in 

short waves there are conflicting reports whether it occurs at 

a range of short waves or at a particular short wave for a 

particular model. This is cleared up in the thesis by the model

tests over a wide range of frequencies.

(vi) The tilt behaviour is also highly dependent on the wave heights.

There are different reports about the lower and upper limits 

where tilt behaviour occurs and breaks down and becomes worse. 

The build-up of tilt with wave heights has not been investigated 

by enough numbers of test runs.

Therefore the model tests are carried out over a wide range of 

wave heights at each frequency. This would provide the build

up of tilt-height curve which could characterise the nature of 

the behaviour.

(vii) One of the conmon conclusions of the previous studies is the

effect of GM on the tilt. This effect was investigated in these 

studies by one or two low GM values experimentally- However, 

the character of the build-up of tilt at different GMs could be
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different since it will be dominated by the wave-induced tilt

ing moment at small GMs and by the restoring moments at higher 

GMs.

This effect is investigated in the thesis, by testing the model 

over the wide range of GM values compared to the previous 

studies.

(viii) As known from the theory, depending on the underwater geometry,

the viscous effects could be very important about the resonant 

frequencies where large motion amplitudes are observed and 

these forces increase with the increasing motion amplitudes. 

This is considered in the thesis by testing the model at reson

ant frequencies.

(ix) The experimental findings on the effect of moorings from the 

previous studies demonstrate conflicting results. This is con

sidered in the thesis by testing the model with and without 

the moorings at particular frequencies in order to clear up the 

previous findings.

(x) There are also conflicting statements about the direction of 

the tilt observed in the previous studies. This is investig

ated by the exploratory motion tests in the thesis.

The above stated considerations are investigated in the thesis 

by the two main groups of experiments supported by the same exploratory 

tests. However, there may be a need for further investigations which

cannot be studied experimentally because of the limits of the thesis 

and/or existing facilities in the laboratory. These will be stated 

later in the main conclusions.
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The McUn Obie.ctcve^ the. ?X2J>2.nt Stadg

In the scope of the above considerations this thesis attempts 

to extend both the experimental and theoretical knowledge of this poorly 

understood and potentially dangerous phenomenon.

The main objective of the experimental work is to provide reli

able quantitative tilt measurements for a wide range of waves and GMs 

in order to use for the comparison of the existing and future theoretical 

studies. Several factors some of which have been reported in the 

previous studies are investigated and cleared up by a number of other 

exploratory tests.

The primary objective of the theoretical work is to improve the 

theoretical understanding of the tilt behaviour in regular waves based 

on the systematic model test data provided by the experimental work.

The main emphasis is to be placed on a proper determination of the 

wave-induced steady tilting moment mechanism from which a minimum GM 

to limit an undesirable amount of tilt could be obtained as proposed 

by Numata et al. Several hydrodynamic aspects which are related to the 

phenomenon are investigated in terms of wave loading and motion res

ponse of the twin hull model considered.
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Chapten. 3 

EXPERIMENTAL WORK

3.1 . INTRODUCTION

In the previous chapter, the experimental requirements to 

provide a more precise explanation of the phenomena were considered.

In this chapter a description is given and the results presented for a 

major series of tests in Glasgow University's 76m x 4.6m x 2.4m model 

test tank. It has a plunger type wave maker at one end, a wave absorb

ing beach at the other. The tests were:

(i) Motion tests on a twin-circular pontoon four columns per hull 

semi-submersible (see Fig. 31) in regular beam seas over a range 

of wave frequencies and heights for five different GM values. 

About 300 individual runs were carried out. The wave data and 

the heave and roll motion response were collected as precisely 

as possible in all cases.

(ii) Force tests on two circular pontoons of the same diameter as 

the semi-submersible model but without the columns being present 

(see Fig. 31) in regular beam seas over the same range of wave 

frequencies and heights. Over 150 individual runs were carried 

out. The heave and sway exciting force on the single isolated 

pontoon and the twin pontoons were measured in captive condition 

at four different hull separations.
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Fig. 31 - View of the models used for the motion test (on the left)
and for the force test (on the right)

Beside these tests a number of other tests were carried out. 

These were the inclining tests, the natural frequency tests, motion 

tests with the coated model, motion tests with unmoored model, motion 

tests for the investigation of preferred direction of tilt and the 

effect of fairleads.

3 . 2 MOTION TESTS

The model used during the motion tests was a twin circular 

pontoon with four circular columns per hull. The intermediate columns 

have a smaller diameter than the end columns (see Figs 32 and 33).

The primary reason for choosing this particular design was the 

availability of the model at the beginning of the research. It was 

also thought sensible to compare the results with the existing studies 

which were mainly based on circular cross-section pontoons.
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Fig. 32 - Front view of the 8-columns per hull twin-circular semi
submersible model used for the motion tests

Fig. 33 - Side view o f the semi-submersible model
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Ve^c/Llptlon 0^ Model

The model was made to a scale of 1/70 of a prototype semi- 

submersible. It was constructed in two halves and connected with two 

transverse beams. Figure 34 shows the disassembled picture of the model

Fig. 34 - Disassembled view of the model

Although the original design had horizontal and vertical bracings, 

these were removed as it was believed that this complicated the 

analysis and introduced non-linear effects. The columns and pontoons 

were constructed in PVC piping and connected to each other with PVC 

welding. The deck was an aluminium plate running longitudinally along 

the model supported by PVC square plates on the columns. Transverse 

beams were made from aluminium tubes with square cross-sections bolted 

to the deck at the four corners.

The model was ballasted to 36 cms draught by using special 

ballast containers (see Fig. 34) which were made in PVC piping and 

could be moved vertically so as to adjust the CG of the model to the
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GMs desired. These containers were filled by leadshot and arrangements 

made to prevent any movement of the ballast due to model motion.

At each corner column a mooring was attached to the fairlead 

at a height corresponding to the CG desired as shown in Fig. 35. As 

shown in Figs 32 and 33 clearly, other fairleads were located at the 

centre of each pontoon end. The mooring arrangement for the tests are 

shown in Fig. 36.

Fig. 35 View of a fairlead attached to the corner 
(outer) column of the model
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Fig. 36 - Arrangement of the moorings used for the motion tests

The main dimensions and particulars of the model are given in 

Fig. 37 and Table 1. In Table 1 the GM^, KG, values and natural 

periods of the model as deduced from the inclining and natural period 

tests are given. See Appendix II. 1 for the calculation of the mass

moment of inertia and the radius of gyration k ^  for rolling.

[38]The model hydrostatic characteristics are given in Table 2 

and Fig. 38. a detailed description of the mass distribution in the 

model for use in checking on the GM values to be tested is given in 

Table 3. In this table each item was weighed and its mass (w\) and 

the centre of the gravity (KG^) was identified before assembly into the 

model. By using this data, the total displacement weight (A), the 

centre of the gravity from the baseline (KG) and the metacentric height 

(GM) of the model was calculated.

However, the actual GM and KG of the model was found from the 

inclining tests as follows.
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Particulars of the Model 1/70 Model Prototype

Length of pontoon 1.45 m 101.50 m
Radius of pontoon 0.07 m 4.90 m
Pontoon separation 0.834 m 58.38 ra
Radius of small column 0.0415 m 2.905 m
Radius of large column 0.057 m 3.99 m
Draught 0.36 m 25.20 m
Displacement 58.30 kg 1996.90 ton
KB 0.1125 m 7.875 m
*bm^ 0.188 m 13.16 m
* —GM^ Test series 1 0.019 m 1.33 m

2 0.029 m 2.03 m
3 0.038 m 2.66 m
4 0.056 m 3.92 m
5 0.079 m 5.53 m

KG Test series 1 0.280 m 19.60 m
2 0.270 m 18.90 m
3 0.261 m 18.27 m
4 0.243 m 17.01 m
5 0.220 m 15.40 m

(roll radius of gyration) Test series 1 0.447 m 31.30 m
2 0.448 m 31.36 m
3 0.449 m 31.43 m
4 0.450 m 31.50 m
5 0.455 m 31.85 m

-1 _ — 1Natural (Period - Charac. Frequency - Radian Frequency) S Hz rad. s S Hz rad.s

Heave 2.44 0.41 2.60 20.4 0.050 0.31
Roll Test series 1 9.00 0.11 0.69 75.3 0.013 0.08

2 7.00 0.14 0.88 58.6 0.017 0.11
3 6.25 0.16 1.00 52.3 0.019 0.12
4 5.00 0.20 1.26 41.8 0.024 0.15
5 4.00 0.25 1.57 33.5 0.030 0.19

Subscript T indicates 'transverse'

TahZe 1 -  Main 'partiouZaPs of the semi-suhmevsihZe modeZ
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Draft
(cm)

Displacement
(cm̂ )

Displacement
(grms)

KB
(cm)

LCB
(cm)

2.25 4612.95 4728.27 1.33 72.25
4.50 12337.11 12645.54 2.64 72.25
6.75 21221.49 21752.02 3.89 72.25
9.00 26335.95 26994.34 4.56 72.25
11.25 31472.25 32259.06 4.62 72.25
13.50 39092.08 40069.38 5.48 72.25
15.75 45558.22 46697.17 7.19 72.25
18.00 46963.09 48137.17 7.48 72.25
20.25 48367.97 49577.17 7.82 72.25
22.50 49772.84 51017.16 8.20 72.25
24.75 51177.72 52457.16 8.62 72.25
27.00 52582.60 53897.16 9.08 72.25
29.25 53987.47 55337.16 9.58 72.25
31.50 55392.35 56777.16 10.11 72.25
33.75 56797.22 58217.15 10.66 72.25
36.00 58202.10 59657.15 11.25 72.25
38.25 59606.97 61097.14 11.86 72.25
40.50 61011.85 62537.14 12.49 72.25
42.75 62416.72 63977.14 13.15 72.25
45.00 63821.60 65417.14 13.82 72.25

D r a f t
(c m )

BM
(cm)

BML
(cm)

W a t e r  P l a n e  
A r e a  
( c m ^ )

T o t a l  S u r f a c e  
A r e a  
( c m ^ )

2.25 2689.01 4484.09 2971.93 3334.65
4.50 544.72 533.01 3779.17 4874.59
6.75 339.21 331.53 4043.42 6207.69
9.00 261.92 256.18 3877.34 7524.56
11.25 181.25 177.74 3214.92 8992.07
13.50 67.85 66.84 1501.69 11169.17
15.75 23.97 23.34 624.39 13137.45
18.00 23.26 22.64 624.39 13694.17
20.25 22.58 21.98 624.39 14250.89
22.50 21.94 21.36 624.39 14007.61
24.75 21.34 20.78 624.39 15364.33
27.00 20.77 20.22 624.39 15921.06
29.25 20.23 19.70 624.39 16477.78
31.50 19.72 19.20 624.39 17034.50
33.75 19.23 18.72 624.39 17591.22
36.00 18.77 18.27 624.39 18147.95
38.25 18.32 17.84 624.39 18704.67
40.50 17.90 17.43 624.39 19261.39
42.75 17.50 17.04 624.39 19818.11
45.00 17.11 16.66 624.39 20374.83

Table 2 -  H y d r o s t a t ic  data of th e  s e m i-submersible model
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Item
Number 
of Item 

i

Mass

Wi
(kgs)

CG from 
the Base Line 

KGi 
(cms)

Hull 2 6.55 7.00
Vertical Column 8 1.00 35.35
Deck 2 4.70 57.00
Transverse Beam 2 0.825 58.25
Ballast Containers 4 0.632 17.70
Ballast 4 5.712 10.70
Bolts 32 0.015 57.00
Aluminium Brackets 2 0.100 58.00

Table 3 -  Wei-ght d is t r 'ih u t i-o n  of the  sem'i-siibmeTS'ih'le model

VoJiQAmlncutLon o{\ GM Each LoacLLng Condition

GM is the essential parameter governing the tilt behaviour. 

Lower GM's will produce higher tilt magnitudes, so it is desirable to

get a low GM in order to study the build-up of tilt with various

parameters.

Therefore, in the beginning, the model's GM was set to a value 

close to zero by adjusting the ballast position. In this condition, it 

was found that, even with small wave excitations, the deck edge tended 

to enter the water rapidly and caused extra forces and moments due to 

the negligible righting moment. The model performed asymmetric motion 

responses (yawing, pitching) even when it was tested beam onto waves. 

After several trials the lower limit for the GMs to be tested was

identified at about 2 cms (1.4 mon full scale) for this particular

vessel.

It was then decided to test this model at five different values

of GM over a range varying from 2 cms to 8 cms, which was the design
-[38]GM
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By using the weight distribution data in Table 3, the model 

was set to approximately 2 cms GM (the ballast containers were raised 

from their original positions with various thicknesses of polystyrene 

supports inserted underneath them) for the first test series. Before 

the model was put into water, it was weighed and its displacement (A) 

was found as 58.300 kgs. As one loading condition was considered only, 

this displacement was not changed throughout all the tests and calcul

ations. After this preparation the model was ready for the inclining 

test for the first test series of GM required.

3.3 INCLINING TESTS

The main objective of the inclining tests was to identify the 

actual GM of the model before each set of test series.

lyi^t^me,yitatLon

The instrumentation for the inclining tests was the same as for 

the motion tests. The heave and roll motion response of the model was 

measured by a pair of gravity type LVDT (Linear Variable Differential 

Transformer) vertical displacement transducers with a ±202 mm range.

As shown in Fig. 39, they were attached to the subcarriage and connected 

with piano wires to the leeward and seaward side of the deck of the 

model, which was situated beam onto waves. The wires were suspended 

over a pulley to measure the vertical displacement at both sides. The 

weights of the transducers were balanced out by counter weights to 

avoid any inertia effects on the transducers due to motion of the model. 

The parameter signals, induced as a result of the motion of the model 

from the transducers, were digitised by the analog to digital converter 

(operating range bi-polar - 2.5^ to 2.5^) and stored in files on the 

PDF 11/40 computer. They were also simultaneously recorded on charts by 

the multi-channel pen recorder.
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Fig. 39 - Experimental setup for the inclining test and the motion
test
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In order to record the model's motion responses four channels 

were used: two channels for the signals received from the transducers 

measuring the vertical motions of the leeward and seaward hulls and 

the other two for the signals due to the heave and roll motion responses 

received from a special amplifier which sums and differences the signals 

from the transducers to produce an output proportional to heave and roll 

motion response.

CaLcb/LOtLon MojitidaZ Vyj&ptacemmt ThjCLyL&dacQÂ  jLUVT)

The model was floated in calm water at its set loading condition, 

Zero deflections were recorded by the pen recorder from both transducers 

attached to the model. Then the transducers were displaced ± 100 mm 

using a vertical vernier attached to the piano wire which connects the 

model to the transducers. At the same time, the pen deflection corres

ponding to the transducer was marked. The same procedure was carried 

out with the other transducer.

From the calibration records it was found that the responses of 

both transducers were identical and linear within the range of calib

ration. The calibration factor [k ] was found by:

_ Vertical Displacement of Model / Corresponding Voltage
^ ~ Deflection of Pen / Corresponding Voltage

The calibration factor K was obtained from the existing calib

ration program CALIBR^^^^ within the computer also.

J n c l ly i im  B t o c e d u t e

After the calibration, a known group of test weights were placed 

at the longitudinal symmetry of the deck in a row and symmetric with 

respect to both the longitudinal and transverse axis of the model. This 

provided no trim and heel on the model. The deflection corresponding to
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zero level due to the addition of the test weights was marked on the 

chart. Progressively the centre line weights were transferred through 

an equal distance from the centre line of the model to the leeward 

direction (the weights were always kept in the same horizontal plane) 

and resultant heel was recorded. This was carried on up to 8® or 10® 

static heel was achieved. Then the weights were returned to their 

original position at the centre line. The same procedure was repeated 

by transferring the weights to the seaward side.

In Tables 4,5,6,7,8 the data belonging to the inclining tests 

are tabulated.

where i = number of shifts carried out

w^ = the sum of test weights transferred each time. A plus

sign (+) indicates a shift from the centre line to leeward, 

a negative sign (-) indicates from the centre line to 

seaward

d^ = horizontal shift of the weights (d̂  = 41.75 cms for weight 

transfers)
y. = total deflection of the pen on the chart (due to sum of 

vertical displacement of the leeward and seaward trans

ducers)

Y. = total heel on the model calculated by:

Y f  =  K  X  y f (1)

where calibration factor K=2 found from the calibration test 

(f)̂ = total heel angle calculated by:

(j)̂ = atan[Y^/^J (2)

where I is the distance between the vertical axes of the trans- 

i ducers, and its value £=102 cms for these tests
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~ static moments of the test weights calculated by:

*i " *i * ^i ••• (3)
GM^= metacentric height, which includes the effect of test

weights, after each shift calculated by:

GM^ = mV(A+w^) tan<})̂  ... (4)

GM = mean metacentric height calculated by:

_ N _
GM = ^ GM./N ... (5)

i=l ^

where GM includes the effect of test weights which should be 

corrected to have the model's actual GM.

In the following the procedure for this correction is given 

only for the first test series (smallest GM) by using Table 4. The 

remaining GMs were corrected as shown in Tables 5 through 8 by the 

same procedure.

From Table 4 and eg.(5), GM value to be corrected is found:

GM = 1.695 cms

The model displacement = 58.300 kgs

The sum of test weights Zw^ = 0.400 kgs

Number of shifts i = 1 to 8

Total displacement A ='A^ + Sw^ = 58.700 kgs

In order to find KG value corresponding to the total displace

ment (A), the following relationship is used:

K G  = KB t BM - GM ... (6)

by substituting:
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KB (vertical buoyancy centre) = 10.86 cms for A = 58.700 kgs

from Fig. 38 or Table 2

BM (transverse metacentre) = 19.07 cms for A = 58.700 kgs

from Fig. 38 or Table 2

into eq.(6) it follows that KG = 28.23 cms.

The static moments of the model and weights together about the

base line are equal to the sum of the moment due to the model itself

and weights, i.e.

KG A = KG^ A^ + Kg^ Ew^ ... (7)

where KG = corrected KG value of the model which excludes the effect c
of test weights 

Kg^ = KG values of the test weights (Kg^ = 60 cms since the 

weights were kept in the same horizontal plane).

By substituting the values of KG, A, A^ and Kg^ into eq.(7) the corrected

KG is found as: c

ŸG = 28.02 cms c
On the other hand KB and BM values corresponding to the displacementc c
A^ = 58.300 kgs from Fig. 38 or Table 2 are:

KB = 10.70 cms and BM = 19.20 cms c c
The substitution of ^  , 5  , m  into eq. (6) yields the corrected GMC G C
as follows:

04 =1.88 cmsc
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i "i ’'i m.1 GM^ Ac = 58300 grs
IWi = 400 grs

(grs) (cms) (cms) (cms) (Degrees) (gr X cm) (cms) A = 58700 grs
1 + 100 41.75 2.00 4.00 2.24 4175 1.81 GM = 1.695 cms
2 + 200 " 4.20 8.40 4.71 8350 1.74 KB = 10.86 cms
3 + 300 6.35 12.70 7.10 12525 1.72 BM = 19.07 cms
4 + 400 8.10 16.20 9.02 16700 1.80 ŸG =. 28.23 cms
5 - 100 2.35 4.70 2.64 4175 1.55 = 28.02 cms
6 - 200 " 4.60 9.20 5.15 8350 1.59 râ = 10.70 cms
7 - 300 " 6.65 13.30 7.43 12525 1.65 BMc = 19.20 cms
8 - 400 " 8.62 17.20 9.57 16700 1.70 GMC = 1.88 cms

2b6Ze 4

i "i

(grs)

^1

(cms) (cms) (cms) (Degrees)

mi

(gr X cm)

G M ^

(cms)

= 58300 grs 
Ew^ = 600 grs 
A = 58900 grs

1 + 200 41.75 2.775 5.55 3.11 8350 2.61 G M  = 2.63 cms
2 + 300 4.125 8.25 4.62 12525 2.63 K B  =10.94 cms
3 + 500 6.90 13.80 7.70 20875 2.62 B M  = 19.01 cms
4 + 600 8.15 16.30 9.10 25050 2.66 m  = 27.32 cms
5 - 200 2.675 5.35 3.00 8350 2.70 K G  = 26.98 cms c
6 - 200 4.20 8.40 4.71 12525 2.58 K B  = 10.70 cms c
7 - 500 " 6.95 13.90 7.76 20875 2.60 B M  =19.20 cms c
8 — 600 " 8.15 16.30 9.10 25050 2.66 G M  = 2.92 cms c

Table 5

i

(grs) (cms) (cms) (eras)

*1

(Degrees) (gr X cm)

G M ^

(cms)

A^ = 58300 grs 
Ew^ = 800 grs 
A = 59100 grs

1 + 200 41.75 2.175 4.35 2.44 8350 3.31 G M  = 3.37 cms
2 + 400 4.325 8.65 4.85 16700 3.33 K B  = 11.02 cms
3 + 700 7.475 14.95 8.34 29225 3.37 B M  =18.95 cms
4 + 800 8.725 17.45 9.71 33400 3.30 K G  = 26.60 cms
5 - 200 tl 2.10 4.20 2.36 8350 3.43 K G  = 26.14 cms c
6 - 400 II 4.25 8.50 4.76 16700 3.39 K B  =10.70 cms c
7 - 600 6.375 12.75 7.12 25050 3.39 B M  = 19.20 cms c
8 — 800 8.33 16.66 9.24 33400 3.46 G M  = 3,76 cms c

Table 6

TabZes 4,5 4 G - JMcZtMtn# test dbta for warytn# GM's
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. i "i

(grs) (cms) (cms) (cms) (Degrees)

“ i 

(gr X cm)

GM^

(cms)

= 58300 grs 
Ew^ = 1000 grs 
A = 59300 grs

1 + 200 41.75 1.35 2.70 1.51 8350 5.32 GM = 5.04 cms
2 + 400 2.75 5.50 3.10 16700 5.22 KB = 11.10 cms
3 + 800 II 5.75 11.50 6.43 33400 5.00 BM =18.88 cms
4 +1000 11 7.10 14.20 7.92 41750 5.05 KG = 24.94 cms
5 - 200 1.50 3.00 1.68 8350 4.79 KG =24.34 cms
6 - 400 2.85 5.70 3.20 16700 5.04 KB =10.70 cms
7 - 800 5.80 11.60 6.50 33400 4.95 BM = 19.20 cms
a -1000 7.25 14.50 8.1 41750 4.95 GM = 5.56 cms c

Table 7

i "i

(grs)

^1

(cms) (cms) (cms) (Degrees) (gr X cm)

GM^

(cms)

A = 58300 grs c
Ew^ = 1600 grs 
A = 59900 grs

1 + 400 41.75 2.05 4.1 2.30 16700 6.93 GM = 7.08 cms
2 + 800 4.00 8.00 4.48 33400 7.11 KB =11.35 cms
3 + 1200 6.10 12.2 6.82 50100 6.99 BM = 18.70 cms
4 +1600 7.80 15.8 8.8 66800 7.19 KG = 22.97 cms
5 - 400 It 2.02 4.04 2.27 16700 7.03 KG =21.95 cms c
6 - 800 II 3.9 7.8 4.37 33400 7.29 KB =10.70 cms c
7 -1200 It 6.0 12.0 6.70 50100 7.12 BM =19.20 cms c
8 -1600 8.10 16.20 9.02 66800 7.02 GM = 7.95 cms c

Table 8

Table 7 & 8 - Inclining test data for varying GM's

As shown in Tables 4 through 8 GM^ values, which were calculated 

at the positions after each transfer of weights differ from each other 

by 14% in the first test series, and average 5% in the other test series, 

This experimental error was the worst in the first test series since the 

model was very sensitive to small asymmetric shifts of the weights which 

produced relatively large asymmetric heel angles and thus magnified the

errors in GM.
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Therefore this error was borne in mind and the above calculated 

GMc and KG^ value was approximated to the values presented in Table 1.

(Note that there is no subscript (c) in the notations of this value in 

Table 1. From now on wherever KG and GM are mentioned, it will be 

understood that they are the actual corrected values.)

3.4 NATURAL PERIOD TESTS

Before commencing each series of motion tests, the natural 

heave and roll periods were found from the free motion tests.

For the natural period in heave mode, the model was pushed down 

symmetrically at a certain draught and released to perform a free 

oscillation. Its motion response was recorded on the pen recorder chart 

as shown in Fig. 40. The heave period was determined by taking average 

cycle time over a number of cycles. The same procedure was repeated at

least three times for each series of tests and mean values taken.

For the roll mode the model was heeled to one side symmeturically 

by applying a downward force and released to perform free roll oscill

ations. The roll response was recorded as shown in Fig. 40. This 

procedure was repeated by applying the downward force to the opposite 

side. The roll periods were measured as in the heave mode and average 

values taken.

By making use of the natural period test measurements, the 

added mass and the non-dimensional damping factor were evaluated as 

explained in Appendix II.2.

The measured natural periods and frequency values for each test 

series are presented in Table 1.
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ïmtAiLm2.ntcuUon tkn WotJLon Toj,t6

During the majority of the tests the model was moored beam onto 

the waves on the centre line of the tank. The mooring was light nylon 

lines attached at the level of the CG of the model and to the tank 

sides to give a soft spring effect (see Fig. 39). The instrumentation 

was set to record the amplitudes of the regular wave trains as well as 

the amplitudes of the heave and roll motions of the model.

As mentioned earlier in the inclining tests instrumentation, 

the heave and roll motion response was measured by two linear displace

ment transducers.

The regular waves were created by a plunger type wavemaker 

driven by an electronically controlled hydraulic pump. The wave heights ■ 

were measured by three resistance type wave probes. Two probes were 

placed between the wavemaker on the bridge and the model and one along

side the model as shown in Fig. 39. The distance between two probes on

the bridge and the one alongside the model was about 7.0 m. These

probes induced an electrical signal whose strength changes as the waves

pass the probes. The signals were amplified, digitised and stored in a 

file in the computer during the tests. They were also simultaneously 

recorded on the pen recorder charts. The wave height measurements can 

be made to an accuracy of the order of ±2 mm but due to the presence of 

small transverse waves at some frequencies, the height measurement of 

the wave travelling along the length of the tank may be in error by ± 3 mm.

As the model surges, its position relative to the wave probe will 

vary and thus the phase angle between the wave and model motion as 

recorded are open to some error due to this effect.
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CoLibAcitLon o{) Wave P/iobe^

All wave probes were submerged up to 3/4 of their lengths into 

the tank when the water was calm and zero readings on the wave probe 

amplifiers were taken. At the same time the positions of the pens 

corresponding to the zero deflections were marked on the charts. Pro

gressively the calibration process was continued by lifting the wave 

probes gradually at about 5 cms intervals up to 15 cms and at each 

step the new deflections were recorded. From the calibration records 

linear relationships were found between the displacement of the wave

probes and deflections of the pens on the charts.

Then the calibration factor (slope of the calibration curve) 

was calculated by:

^ _ Displacement of Probe / Corresponding Voltage
w Deflection of Pen / Corresponding Voltage

K was obtained from the calibration program CALIBR as well, w

V2f>cÂÂptÂon Wave Range

The producible range of waves by the wavemaker in the model 

tank is shown in Fig. 4 1 The limits for the characteristic 

frequency range were 0.3 Hz to 1.4 Hz and for wave heights, 2 cms to 

20 cms. In full scale these limits correspond to a radian frequency of 

0.23 to 1.05 rs  ̂ (a period of 6 to 28 sec) and a height of 1.4 to 14 m.

Prior to commencing systematic measurements, the model with the 

smallest GM condition was tested through the above range of wave fre

quencies with an increment of 0.1 Hz. The test demonstrated steady 

tilt at a range of frequencies as shown in the first row of Table 9.

frequency range was determined, the wave heights 

imposed were varied in a wide range as shown in Table 9. In order to 

study the effect of wave height on the tilt, there was a need for test
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Fig. 41 - The producible range of waves by the wavemaker in the
model tank[4 0 ]
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runs at this wide range of wave heights with fine increments which could 

cause large changes in tilt magnitude for small GMs.

Obviously the range of the wave to induce a noticeable tilt was 

dependent on the GM tested as presented in Table 9.

GM
(cms)

Characteristic Frequency 
(Hz)

W . Amplitude 
(cms)

1.9
2.9
3.8 
5.6
7.9

from 0.4 to 1,2 by 0.1 increment
II II II II II II If 
II II II II II II II 
II II II II II II II 
II 0 3 " " " " "

from 8.0 to 19.0 
8.6 to 19.0 
9.0 to 19.0 

" 10.6 to 19.0 
" 10.8 to 20.0

Table 9 - The range of wooes tested for the motion tests

MotZon ToAt ?Koc,2,duAe.

As defined earlier the signals from a total of 7 channels 

(2 for the vertical motion of the leeward and seaward pontoon, 1 for 

the heave motion, 1 for the roll motion, 3 for the wave elevations) 

were recorded and stored by the multichannel pen recorder and computer 

simultaneously.

Each test run was preceeded and followed by a 'zero' measure

ment in calm water. Before a test run was recorded, the wavemaker was 

started and a period of time allowed for the waves to arrive at the 

model and wave height to stabilise at the correct value. The duration

of a. test run was 1.2 minutes and 64 secs (512 sample intervals) of
[39]this period were stored by the data collecting program RUNDAT 

A generous time was allowed for the tank to calm between test runs.
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VoMQÂJjçtion oj Motion Ro^do^dU

Typical time history records of the motions are shown in Fig. 42 

obtained from the multi-channel pen recorder and Fig. 43 from the stored 

data by the computer for the same test run.

As shown in Fig. 42, the records are the deflections versus real 

time scaled by a chart speed factor. As denoted on the chart, two 

records present the deflections received from both transducers due to 

the vertical motion of the leeward and seaward pontoons. The other two 

records are the deflections due to the heave and roll motions of the 

model received from the sum and difference amplifier. The last record 

on this chart is the deflection for the wave elevation received from the 

wave probe alongside the model.

The scale factors for the deflections and time are denoted by 

[K̂ ] and [K̂ ] and given for each record separately as shown in Fig. 42.

Figure 43 was produced from the stored data by the computer file 

for the same sample run. Figure 43a shows the vertical motion of the 

leeward and seaward hull, while Fig. 43b shows the corresponding heave 

motion. The roll motion is shown in Fig. 43c, while Fig. 43d is the wave 

elevation record.

As shown in Fig. 43c, at the beginning of the test a large tilt 

developed following the first impact of the wave and it then settled 

down to a lower value about which it oscillates. In order to investigate 

the variation of this behaviour, the back—bone curve was plotted in Fig. 

44 by calculating the mean value of each peak point.
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Fig 43 - Chart record for the motions of the model from computer
file [TILT05.DAT]
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In the typical time history records given in Figs 42, 43 and 44,

the vertical motion, heave and roll motion response was observed in two
different characters:

(i) A steady translation (usually slowly-varying as a result of the

changes in wave height) about the initial position, and 

(11) Oscillatory motion about this steady position.

In Tables 10 through 14 the wave characteristics and the result

ing two different characters of the motion responses are presented for 

each test series. The columns in these tables are explained as follows:

Co-tuïïiyi 1 : Test run files, where the motion data stored by the computer

presented as in the form of -TILT [run numberj.DAT - (e.g. TILT05.DAT). 

Each test run has an individual file which is identified with run number 

and each file has 5 different records collected over 512 sample intervals 

[1 sample = 0.125 sec].

CoZumn 2; The characteristic wave frequencies used during the tests are 

presented in (Hz) .

Column 3: The wave amplitudes calculated at each peak excluding the dur

ation corresponding to the transient wave impact zone (see Fig. 44) and 

average taken over the peaks considered for each test run. The values 

presented are in (cms).

Although the wave elevation was measured at three different places 

to see the effects of reflections due to the tank walls, the wave beach, 

the model, etc., in this column the wave elevation, which is measured by 

the wave probe next to the model, is considered. The'difference between 

the other probes measurements are discussed later in the thesis.
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Column 4 : The ratio of wave length to wave height (WL/WH) •

Column 5: The magnitudes of the steady tilt in (degrees). As shown in

Fig. 44, following the transient behaviour due to the first impact of 

the wave, the rolling oscillation takes place about a steady tilt 

position. Although this tilt is fairly steady once it settles down, 

there is some fluctuation (slow variation) which is believed to be due 

to slight changes in the wave conditions. The magnitude of the steady 

tilt was calculated by taking the mean value of the motion curve over 

the recording time by excluding the transient zone.

A minus sign indicates the tilt developed in the seaward 

direction.

Column 6 : The steady heave motion response in (cms) calculated by the

same procedure explained in Column 5. A minus sign represents the

steady heave in the downward direction.

Column 1 : The oscillatory roll motion response presented as Response

Amplitude Operator (RAO) in (Degrees/cms) defined by:

RAO = Motion Amplitude / Wave Amplitude

where the motion amplitudes were calculated in the same manner in 

Column 3 at each peak and average taken over the peaks considered.

Column S: The oscillatory heave motion response presented by the RAO

for heave similar to Column 7.

Each table shows the measurements of each test series with 

different GM.
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CM = 2.90 cm

1 2 3 4 5 6 7 8

Run Data File 
No :

Characteristic 
W. Frequency 

(Hz)

W. Amplitude 

(cm)
W.Length 
W.Height

Steady Tilt 

(Degree)

Steady Heave 

(cm)

Oscillatory Roll 
RAO 

(Degree/cm)

Oscillatory Heave 
RAO

TILT46.DAT 0.4 5.09 95.86 0.97 -0.11 0.220 2.275
TILT47.DAT 5.39 90.52 0.87 0.05 0.186 2.309
TILT44.DAT 0.5 6.40 48.79 0.16 0.10 0.263 0.265
TILT41.DAT 6.60 33.00 1.06 0.18 0.314 0.391
TILT42.DAT 0.6 8.47 25.60 2.02 0.13 0.279 0.346
TILT43.DAT 9.48 22.87 1.52 0.26 0.271 0.334
TILT35.DAT 6.04 26.38 1.90 0.23 0.307 0.297
TILT40.DAT 6.74 23.64 2.97 -0.02 0.284 0.278
TILT36.DAT 0.7 7.27 21.91 5.92 0.15 0.292 0.277
TILT39.DAT 7.77 20.50 3.32 0.24 0.286 0.282
TILT37.DAT 8.49 18.75 8.51 0.08 0.281 0.293
TILT38.DAT 9.47 16.83 12.15 0.05 0.296 0.291

TILT07.DAT 5.90 20.67 2.89 0.23 0.276 0.151
TILT09.DAT 0.8 6.42 19.00 5.58 -0.11 0.269 0.163
TILT05.DAT 6.94 17.57 6.92 0.10 0.271 0.162
TILT10.DAT 7.85 15.53 15.71 0.05 0.292 0.193

TILTll.DAT 5.18 18.61 3.25 0.46 0.287 0.054
TILT12.DAT 0.9 5.64 17.09 7.81 0.57 0.303 0.074
TILT13.DAT 6.36 15.16 11.78 0.40 0.302 0.099
TILT14.DAT 7.23 13.33 15.97 0.09 0.297 0.119

TILT17.DAT 4.86 16.06 1.88 0.21 0.241 0.049
TILT18.DAT 5.25 14.87 2.33 0.33 0.242 0.045
TILT19.DAT 1.0 5.30 14.71 3.37 0.51 0.270 0.048
TILT20.DAT 5.91 13.21 10.70 0.24 0.300 0.071
TILT21.DAT 6.27 12.45 15.23 0.03 0.315 0.095

TILT23.DAT 4.30 15.00 1.13 0.29 0.187 0.083
TILT24.DAT 4.94 13.06 1.81 0.27 0.181 0.076
TILT25.DAT 1.1 5.49 11.76 1.53 0.30 0.184 0.067
TII.T26.DAT 6.16 10.46 2.16 0.49 0.170 0.061
TILT27.DAT 6.44 10.01 7.33 0.18 0.180 0.046
TILT28.DAT 6.71 9.61 12.16 0.15 0.171 0.041

TILT29.DAT 4.51 12.02 0.98 0.11 0.083 0.090
TILT30.DAT 4.94 10.97 1.23 0.18 0.083 0.090
TILT32.DAT 1.2 5.13 10.57 1.53 0.26 0.101 0.108
TILT31.DAT 5.17 10.48 1.32 0.21 0.083 0.085
TILT33.DAT 5.28 10.27 2.35 0.14 0.093 0.083
TILT34.DAT 5.32 10.19 4.11 0.00 0.099 0.082

Table 10 -  Experimental wave and motion data analysed for GM  =  1,90 cms
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GM  =  2,90 cm

1 2 3 4 5 6 7 8

Run Data File 
No :

Characteristic 
W.Frequency 

(Hz)
W. Amplitude 

(cm)
W.Length 
W.Height

Steady Tilt 

(Degree)

Steady Heave 

(cm)

Oscillatory Roll 
RAO 

(Degree/cm)

Oscillatory Heave 
RAO

TILT144.DAT 0.4 4.75 102.71 2.83 1.90 0.368 2.749
TILT143.DAT 5.76 84.71 2.02 1.64 0.280 2.073
TILT141.DAT 0.5 6.78 46.06 0.08 0.16 0.206 0.231
TILT142.DAT 8.08 38.65 0.121 -0.40 0.250 0.301
TILT138.DAT 6.27 34.58 0.38 0.00 0.333 0.420
TILT139.DAT 0.6 8.78 24.64 -0.40 -0.25 0.265 0.333
TILT140.DAT 9.54 22.73 0.04 0.21 0.245 0.322
TILT130.DAT 5.51 28.91 0.35 0.06 0.299 0.279
TILT131.DAT 6.52 24.41 1.30 0.21 0.280 0.267
TILT132.DAT 7.29 21.86 1.70 0.22 0.294 0.262
TILT133.DAT 0.7 7.59 20.98 1.34 0.45 0.284 0.263
TILT134.DAT 7.75 20.54 1.61 0.43 0.272 0.295
TILT135.DAT 8.69 18.33 6.91 0.38 0.288 0.283
TILT136.DAT 9.43 16.88 4.77 0.63 0.278 0.269

TILT103.DAT 6.26 19.49 0.94 0.29 0.243 0.140
TILT104.DAT 6.48 18.81 2.07 0.42 0.261 0.160
TILT105.DAT 6.74 18.08 1.47 0.35 0.271 0. 163
TILT110.DAT 0.8 7.36 16.56 1.82 0.49 0.247 0.139
TILT107.DAT 7.76 15.71 6.26 0.67 0.274 0.153
TILT109.DAT 8.48 14.39 9.94 0.34 0.261 0.174
TILTH 1 .DAT 8.68 14.05 8.68 0.49 0.281 0.171
TILT112.DAT 9.33 13.07 9.33 0.07 0.287 0.180

TILT95.DAT 4.79 20.13 0.87 0.38 0.256 0.042
TILT96.DAT 5.87 16.41 2.55 0.29 0.279 0.055
TILT97.DAT 6.28 15.33 3.91 0.52 0.281 0.067
TILT99.DAT 0.9 6.42 15.00 7.21 0.09 0.301 0.077
TILT100.DAT 7.26 13.27 12.35 -0.22 0.313 0.099
TILT102.DAT 7.86 12.26 11.86 -0.14 0.280 0.095
TILT101.DAT 8.34 11.56 14.91 -0.22 0.295 0. 126

TILT113.DAT 4.28 18.25 0.17 -0.26 0.261 0.04
TILT114.DAT 4.79 16.28 1.15 0.36 0.264 0.031
TILT115.DAT 5.29 14.74 1.45 0.40 0.270 0.027
TILT116.DAT 1.0 5.73 13.63 2.05 0.51 0.264 0.028
TILT117.DAT 6.51 11.98 4.27 0.64 0.267 0.035
TILT118.DAT 6.72 11.61 4.85 0.90 0.270 0.032
TILT119.DAT 7.75 10.07 10.54 0.29 0.242 0.038

TILT121.DAT 4.14 15.58 0.20 0.55 0.210 0.070
TILT120.DAT 4.75 13.58 0.05 0.26 0.164 0.071
TILT122.DAT 1.1 5.95 10.84 0.08 0.49 0.135 0.063
TILT123.DAT 6.39 10.10 0.17 0.66 0.145 0.057
TILT125.DAT 6.90 9.35 0.51 1.11 0.155 0.052
TILT126.DAT 7.06 9.14 1.11 1.37 0.150 0.044

TILT127.DAT 4.83 11.22 0.71 0.84 0.088 0.083
TILT129.DAT 1.2 4.94 10.97 0.66 0.77 0.081 0.082
TILT128.DAT 5.44 9.96 0.61 0.53 0.074 0.070

Table 11 - Eo::peTimental wave and motion data analysed for GM - 2,90 cms
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GM = 3.80 cm

1 2 3 4 5 6 7 8

Run Data File 
No:

Characteristic 
W.Frequency 

(Hz)

W.Amplitude 

(cm)
W. Length 
W.Height

Steady Tilt 

(Degree)

Steady Heave 

(cm)

Oscillatory Roll 
RAO 

(Degree/cm)

Oscillatory Heave 
RAO

TILT94.DAT 0.4 5.12 95.29 0.72 -0.05 0.097 2.202

TILT91.DAT 7.07 30.67 0.10 -0.02 0.291 0.358
TILT92.DAT 0.6 8.42 25.75 -0.06 0.00 0.271 0.345
TILT93.DAT 9.59 22.61 0.34 -0.07 0.235 0.324

TILT88.DAT 6.40 24.89 1.09 -0.01 0.258 0.270
TILT89.DAT 0.7 8.00 19.91 0.92 0.36 0.289 0.277
TILT90.DAT 9.20 17.32 2.31 0.61 0.291 0.262

TILT72.DAT 5.57 21.89 0.63 0.02 0.262 0.143
TILT73.DAT 6.89 17.70 0.81 0.05 0.257 0.150
TILT79.DAT 6.96 17.52 1.16 0.09 0.261 0.143
TILT74.DAT 0.8 8.26 14.77 2.75 0.37 0.239 0.165
TILT77.DAT 8.44 14.46 6.65 0.77 0.285 0.165
TILT78.DAT 8.66 14.08 6.00 0.82 0.266 0.157
TILT75.DAT 8.92 13.66 8.73 0.49 0.277 0.184
TILT76.DAT 9.26 13.18 10.95 0.19 0.279 0.178

TILT65.DAT 5.40 17.85 1.08 0.49 0.263 0.049
TILT66.DAT 5.73 16.81 1.65 0.53 0.281 0.063
TILT67.DAT 6.86 14.04 3.32 0.75 0.273 0.060
TILT69.DAT 0.9 7.26 13.28 5.33 0.87 0.292 0.073
TILT71.DAT 7.44 12.95 6.32 0.51 0.273 0.041
TILT70.DAT 7.82 12.32 8.51 0.86 0.306 0.084
TILT68.DAT 8.16 11.81 10.97 0.85 0.320 0.173

TILT80.DAT 4.35 17.93 0.21 0.30 0.259 0.039
TILT81.DAT 1.0 5.40 14.44 0.40 0.41 0.234 0.035
TILT82.DAT 6.40 12.20 0.94 0.52 0.241 0.024
TILT83.DAT . 6.98 11.18 1.83 0.74 0.243 0.020

TILT85.DAT 5.07 12.72 0.05 0.30 0.169 0.069
TILT86.DAT 1.1 6.07 10.63 0.20 0.46 0.168 0.060
TILT87.DAT 6.80 9.49 0.68 0.48 ■ 0.154 0.051

Table 12 - Expérimental wave and motion data analysed for GM = Z.80 cms



102,

GM  = 5.60 am

1 2 3 4 5 6 7 8

Run Data File 
No :

Characteristic 
W.Frequency

(Hz)

W. Amplitude 

(cm)
W.Length 
W.Height

Steady Tilt 

(Degree)

Steady Heave 

(cm)

Oscillatory Roll 
RAO

(Degree/cm)

Oscillatory Heave 
RAO

TILT204.DAT 0.4 4.62 105.61 0.39 -0.01 0.266 2.622
TILT203.DAT 4.69 104.03 0.30 0.05 0.213 2.243
TILT201.DAT 0.6 6.75 46.26 -Q.Ol 0.21 0.236 0.341
TILT202.DAT 8.09 35.60 0.13 0.08 0.211 0.243
TILT198.DAT 6.46 33.57 0.1 0.75 0.249 0. 368
TILT199.DAT 0.6 7.15 30.33 0.25 -0.21 0.276 0.408
TILT200.DAT 9.31 23.29 0.23 0.32 0.236 0.341

TILT19I.DAT 6.35 25.07 0.52 0.14 0.276 0.283
TILT192.DAT 6.83 23.32 0.80 0.20 0.271 0.273
TILT193.DAT 0.7 7.56 21.06 0.83 0.33 0.269 0.259
TILT195.DAT 8.34 19.10 1.51 0.61 0.257 0.289
TILT196.DAT 9.16 17.39 2.80 0.49 0.257 0.276
TILT197.DAT 9.85 16.17 2.33 0.97 0.259 0.265

. TILT164.DAT 5.54 22.02 0.32 0.18 0.268 0.153
TILT165.DAT 6.36 19.18 0.56 0.34 0.260 0.150
TILT166.DAT 7.10 17.18 1.07 0.48 0.256 0.153
TILT167.DAT 0.8 7.94 15.36 1.53 0.72 0.245 0.160
TILT168.DAT 8.33 14.65 2.30 0.75 0.247 0.145
TILT169.DAT 9.13 13.36 3.52 0.98 0.271 0.148
TILT170.DAT 9.30 13.11 4.12 0.77 0.256 0.165

TILT178.DAT 5.26 18.33 0.58 0.43 0.264 0.050
TILT171.DAT 5.30 18.18 0.55 0.34 0.267 0.058
TILT172.DAT 5.54 17.40 0.66 0.43 0.275 0.059
TILT173.DAT 0.9 6.45 14.94 0.93 0.52 0.261 0.059
TILT174.DAT 6.64 14.52 1.22 0.63 0.264 0.054
TILT175.DAT 7.15 13.47 1.67 0.72 0.278 0.072
TILT176.DAT 7.41 13.01 1.93 0.92 0.278 0.064
TILT177.DAT 7.96 12.10 4.32 0.93 0.284 0.071

TILT180.DAT 5.46 14.30 0.54 0.53 0.244 0.029
TILT181.DAT 5.60 13.93 0.67 0.60 0.258 0.032
TILT182.DAT 1.0 6.12 12.76 1.04 0.72 0.262 0.019
TILT183.DAT 6.21 12.57 1.27 0.86 0.276 0.024
TILT184.DAT 6.91 11.30 1.27 0.98 0.264 0.014
TILT185.DAT 7.08 11.03 1.06 1.03 0.253 0.019

TILT190.DAT 5.24 12.31 0.60 0.24 0.107 0.081
TILT189.DAT 5.49 11.75 0.34 0.18 0.087 0.069
TILT186.DAT 1.1 5.61 11.50 0.11 0.39 0.158 0.065
TILT187.DAT 6.95 9.28 0.28 0.53 0.153 0.052
TILT188.DAT 7.21 8.95 0.48 0.54 0.152 0.049

Table 12 -  Experimental wave and motion data arualysed for GM  -  5.60 cms



103,

CM 7.90 cm

1 2 3 4 5 i 6 7 8

Run Data File 
No :

Characteristic 
W.Frequency 

(Hz)

W.Amplitude

(cm)
W. Length
W.Height

Steady Tilt

(Degree)
Steady Heave

(cm)
Oscillatory Roll 

RAO
(Degree/cm)

Oscillatory Heave 
RAO

TILT243.DAT 0.3 2.72 318.90 -0 .0 1 -0 .1 0 0.193 1.572
TILT244.DAT 3.33 260.50 0.20 0.24 0.254 1.407

TILT241.DAT 0.4 5.49 88.87 0 .0 8 -0.14 0.064 2.04
TILT242.DAT 7.11 68.62 0.44 -0.24 0.079 1.75
TILT206.DAT 0.5 7.20 43.37 0.14 -0 .1 3 0.193 0.233
TILT207.DAT 8.49 36 .78 0.12 0.02 0.178 0.227
TILT208.DAT 7.35 29.50 0.20 0.09 0.233 0.336
TILT209.DAT 0.6 8.00 27.11 0 .16 0.28 0.236 0.354
TILT210.DAT 9.04 23.99 0.17 0.18 0.220 0.344
TILT211.DAT 7.55 21.10 0.56 0.37 0.249 0.267
TILT212.DAT 0 .7 8.50 18.73 0.80 0.50 0.243 0.278
TILT213.DAT 9.90 16.03 1.23 0.90 0.232 0.259
TILT214.DAT 5.46 22.32 0 .2 6 0.24 0.262 0.154
TILT215.DAT 6.18 19.74 0 .3 0 0.37 0.247 0.149
TILT216.DAT 6.70 18.20 0.44 0.69 0.247 0.159
TILT217.DAT 0 .8 7.48 16.29 0.57 0.58 0.237 0.149
TILT218.DAT 8 .00 15.24 1.05 0.68 0.241 0-154
TILT219.DAT 8.76 13.92 1.07 0.88 0.238 0.166
TILT221.DAT 9.20 13.25 1.44 1.03 0.246 0.173

TILT222.DAT 5.38 17.91 0.35 0.42 0.261 0.057
TILT223.DAT 5.84 16.50 0.53 0.50 0.261 0.057

TILT224.DAT 6.35 15.17 0.75 0 .5 9 0.260 0.062
TILT225.DAT 0.9 6.64 14.52 0.97 0.70 0.277 0.069
TILT226.DAT 7.17 13.44 1.28 0.77 0.266 0.069
TXLT227.DAT 7.63 12.63 1.36 0.86 0.259 0.069
TILT228.DAT 7.94 12.14 2-21 0.97 0.273 0.067

TILT229.DAT 4.78 16.31 0 .16 0.38 0.241 0.031

TILT230.DAT 4.95 15.78 0.28 0.44 0.253 0.030
TILT231.DAT 5.33 14.64 0.32 0-57 0.272 0.022

TILT232.DAT 1.0 5.54 14.08 0-43 0.69 0.277 0.022
TILT233.DAT 6.06 12.87 0.46 0.78 0-276 0.023
TILT234.DAT 6.48 12.04 0.50 0.90 0-274 0.015
TILT235.DAT 7.38 10-57 0. 66 0.97 0.248 ! 0.016

T1LT236.DAT 6 .1 3 10.52 0-13 0 .37 0.161 1 0.060
TH,T238.0AT 1.1 6 .93 9.31 0.26 0-47 0.167 0.053
TILT237.DAT 7.12 9 .0 6 0.19 0.51 0.161 0.046

TILT239.DAT 1-2 5.42 10.00 0.23 0.11 0.102 0.068

TXLT240.DAT 5.54 9.78 0.21 -0.20 0.109 0-069

Table 14 - Experimental wave and motion data analysed for GM = 7.90 cms
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In Figs 45, 46, 47, 48 and 49 the heave motion response, and 

in Figs 51, 52, 53, 54 and 55 the roll motion response are presented 

for each test series as Characteristic Wave Frequency versus Response 

Amplitude Operators (RAO).

In order to investigate the effect of wave height more than one 

wave height was tested for each frequency, therefore in the figures each 

spot corresponds to a test run with a different wave height. The solid 

lines pass through the mean value of these spots.

An interesting finding noticed in these typical motion response 

curves is the scatter in the RAO's corresponding to different wave 

heights. At a first glance this can be attributed to higher waves, 

because if the small amplitude wave theory assumption is violated one 

can not expect the motion response to be linearly proportional to the 

wave amplitude. However, if the figures are carefully examined the 

magnitude of the scatter depends on the GM tested. As the GM increases, 

the scatter vanishes (compare Fig. 45 with Fig. 49 for heave, and Fig. 51 

with Fig. 55 for roll mode). This scatter was worst in the first test 

series with the smallest GM and a frequency region between 0.8 and 1.0 Hz 

where the tilt was at its worst.

This finding suggests that besides non-linear effects of the 

higher waves, there were also non-linear effects on the oscillatory heave 

and roll RAO due to the steady tilt behaviour.

The other possibility for the scatter in the measured motion 

values (or defined RAO's) could be the difference in the wave amplitudes 

v/hich were measured at three different places of the tank. As stated 

earlier, the steady motions and oscillatory RAO s were defined with
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CM= 1.90 CM

0.4 0.6 0.7 0.8 0.9
WAVE FREQUENCY IHZ]

HEAVE MOTION RESPONSE

GH= 2.90 CM

0.4
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. HEAVE MOTION RESPONSE

F ig .  45  -  E x p e r im e n ta l o s c i l l a t o r y  
h eave m o tio n  re s p o n s e  f o r  
6R = 1 .9 0  cms

F ig .  46 -  E x p e rim e n ta l o s c i l l a t o r y  
heave m o tio n  re s p o n s e  f o r  
6R = 2 .9 0  cms

GM= 3J&0 CM

WAVE FREQUENCY IHZl

HEAVE MOTION RESPONSE

GM= 5.60 CM

i  1.0

WAVE FREQUENCY [HZJ
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Fig. 47 - Experimental oscillatory
heave motion response for
OR = 3.80 cms

F ig .  48  -  E x p e rim e n ta l o s c i l l a t o r y  
heave m o tio n  re sp o n se  f o r  
GR = 5 .6 0  cms
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GH= 790 CM

I
I
I
iI
3

6 0.7 0.8 0.9
WAVE FREQUENCY IHZJ

HEAVE NOTION RESPONSE

F ig .  49  -  E x p e r im e n ta l o s c i l l a t o r y  
h eave  m o tio n  re s p o n s e  f o r  

= 7 .9 0  cms

0.40

0.00.
0.6

--H— GM=1.90 CM--©— —  GM=2.90 CM
--&— GM= 3.80 CM
-- 1-—  GM= 5.60 CM
---- X— — GM= 7.90 CM

5  0.20

±  015

0.7 0.8 0.9
WAVE FREQUENCY IHZ]

1.0 1.1

EFFET OF GM ON OSCILLATORY HEAVE MOTION

F ig .  50 -  E f f e c t  o f  dR on th e
e x p e r im e n ta l o s c i l l a t o r y  
heave m o tio n

•— -4.

WAVE FREQUENCY IHZ]

ROLL MOTION RESPONSE

GH= 290 CM

r

II
<

WAVE FREQUENCY IHZ]

ROLL MOTION RESPONSE

Fig. 51 - Experimental oscillatory
roll motion response for
GR = 1.90 cms

F ig .  52 -  E x p e r im e n ta l o s c i l l a t o r y  
r o l l  m o tio n  re sp o n se  f o r  
GM = 2 .9 0  cms



107.

GM= 3.80 CM2.5'

I
i
oz
o<

WAVE FREQUENCY IHZ]

ROLL MOTION RESPONSE

F ig .  53 -  .E x p e r im e n ta l  o s c i l l a t o r y  
r o l l  m o tio n  re s p o n s e  f o r  
GM = 3 .8 0  cms

GM= 5.60 CM
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I
I

25z
:
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— i

WAVE FREQUENCY IHZ]

ROLL MOTION RESPONSE-

F ig .  54 -  E x p e r im e n ta l o s c i l l a t o r y  
r o l l  m o tio n  re s p o n s e  f o r  
GR = 5 .6 0  cms

GM=7.90 CM

r

II
i

d<

WAVE FREQUENCY IHZl

ROLL MOTION RESPONSE

0.300

0 275

z  0.250

0.225

<  0.200

0.175

0.150

0.125

0.100
0.6

-------E3— —  GM= 1.90 CM
------- ©— —  GM= 290 CM
------- GM= 180 CM

--------h - —  GM= 560 CM
--X— ----GM: 7.90 CM

0.7 0.8 0.9
WAVE FREQUENCY IHZJ

1.0

Fig. 55 - Experimental oscillatory
roll motion response for
GR = 7.90 cms

Fig.

EFFECT OF GM ON OSCILLATORY ROLL MOTION

56 -  E f f e c t  o f  GR on th e
e x p e r im e n ta l  o s c i l l a t o r y  
r o l l  m o tio n  re sp o n se
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respect to the wave amplitude (Ç̂ ) obtained from the wave probe by the 

model. As shown in Fig. 39 this probe was 0.8 m clear from, the model 

and the right side wall of the tank. In Table 15 as an example for a 

particular frequency of 0.7 Hz five different wave amplitudes C , 5^ 

(obtained from the wave probe on the right side of the bridge), (on 

the left side of the bridge) and corresponding first-order motion values 
are given.

Col.No: 1 2 3 4 5 6 7 e 9 10 11

Run Data Roll Amp. 

(degrees)

Heave Amp. 

(cms)

Roll
File No:

(cms) (cms) (cms)
2

(cms) (deg/cms) (deg/cms)

TILT191.DAT 6.35 6.30 6.12 6.21 1.75 1.79 0.276 0.282 0.283 0.288

TILT192.DAT 6.83 6.70 6.66 6.68 1.85 1,86 0.271 0.277 0.273 0.278

TH.T193.DAT 7.56 7,50 7.30 7.40 2.03 1.96 0.269 0.275 0.259 0.265

TII.T195.DAT 8.34 8.29 8.32 8.31 2.14 2.41 0.257 0.258 0.289 0.290

TILT196.DAT 9.16 9.10 8.86 8.98 2.35 2.53 0.257 0.261 0.276 0.282

TH.T197.DAT 9.85 9.70 9.81 9.75 2.61 2.61 0.259 0.261 0.265 0.267

Table IS - Mzüe amplitudes measured at three different places 
at the model tank and corresponding motion RAO's 
for a wave frequency of 0.7 Hz

As shown in Colums 2, 3 and 4 was always greater than and 

This was observed in the majority of test runs. The wave probes on the 

bridge were located side by side with a clearance of 1.53 m from each 

other and the side walls. Therefore one can expect that and 

would be the same in magnitude. But as shown in Columns 3 and 4 there 

is a difference in some cases with a maximum of 2.4 mm indicating that
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the waves generated could be asymmetric along the tank breadth. There

fore in Column 5 the average values taken. The difference between 

^ maximum of 1.8 mm (the distance between two probes was
about 7m).

By considering these effects the RAO's defined with respect to 

the and for roll and heave were given in Column 8 through 11. If 

one compares Columns 8 and 9, the use of the wave obtained from the 

bridge probes did not remove the scatter in the RAO's of roll but 

slightly increased the magnitudes. The same finding was valid for the 

RAO's of heave as given in Columns 10 and 11.

As demonstrated in this example check,the measured wave heights 

at the different places along the tank could differ by a maximum of

2.5 mm. This difference could change the magnitude of the motion values 

but it cannot remove the scatter in the motion values.

In Fig. 50 the effect of GM on the oscillatory heave motion is 

presented. In theory the changes in GM should not affect the oscillat

ory heave motion if there was no effect due to the steady tilt. However 

as shown in Fig. 50 there was a difference between each test series, the 

worst heave (maximum 50% increase on the heave with the smallest GM com

pared to the test with the highest GM) occurring at the frequency region 

where the tilt was worst.

The effect of GM on the oscillatory roll motion is shown in Fig. 

56. It is obvious that GM will affect the oscillatory roll motion res

ponse since it governs the roll restoring moment. This effect was 

reflected in the curves in that as the GM increased the roll response 

decreased. At a frequency of 0.7 Hz and 0.9 Hz this effect takes its 

peak values. It is interesting that at these frequencies the steady 

tilt takes peak values too as will be shown in the following. This trend 

suggests that there could also be an effect of steady tilt behaviour on 

the oscillatory roll motion response.
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Stexidif motbon Aetpoyue

In Column 6 of the Tables 10 through 14 the steady heave motion 

response of the model was given as a reference. Although this steady 

motion will not be studied in the thesis it was considered interesting 

that it could be greater than the maximum amplitude of the oscillatory 

heave motion at the higher frequencies. As shovm in the tables, the 

magnitude of this steady motion increased non-linearly with increasing 

wave height. The ratio of the steady heave to the maximum amplitude of 

the oscillatory heave was not very significant at lower frequencies up 

to 0.7 Hz (not more than 20%). Between 0.7 Hz and 1.1 Hz as the 

amplitude of the oscillatory heave decreased, this ratio increased and 

at frequencies of 0.9, 1.0 and 1.1 Hz the steady heave became greater 

than the maximum amplitude of the oscillatory heave. However, at this 

frequency range since the magnitude of the heave motion was practically 

negligible this large ratio was not very important. At the majority of 

frequencies the steady heave motion was in the upward direction but 

sometimes was in the downward direction in particular at lower frequen

cies. This non-linear behaviour is another particular problem of semi- 

submersible type vessels which needs to be explored.

As stated earlier, a semi-submersible model can take on a steady 

tilt if the three main factors which are namely wave frequency, wave 

height and GM, are in a certain range of values. When the steady tilt 

takes place these parameters govern the behaviour simultaneously with 

the other factors.

In order to identify this range or value, the variations of the 

measured steady tilt angles with varying wave frequency, wave height and 

GM are presented in Figs 57 and 58. In the figures the solid lines are 

the best-fit curves through the experimental data. It can be seen that



Ill

N N

VO t*. 00 cr> 
o  o  O o

111 w^ E
P<] +

>- O§î

o

o

+->

s

en to
c E

U
>>
S- O
fO <T>
>

+J
II

+-> ^
CD

>>
-a
fO -O
<u eu
4-> + j
U) to

eu
+->

(0
+3
E
eu
E  4-)

to
S- eu
cu
0-1—
X (O
eu E

to
eu

-E eu
+-> -E

4-
O E

o
E q-
O

+->
+-> _E
fO CD
+->
E (U
eu -E
(/]
eu eu
E >
Q.. fO
eu s
E

-o
E

fO oa
E
O >ï

o
to E
E eu
eu Z3
E cr

eu
"O E

q-
eu
eu eu
E >

-E fO
1— 3

LO



112.

O oo o ̂

{"1



113.

there is some scatter which reflects the sensitivity to wave heights. 

However, the trend is quite clear and once tilt has begun an increase 

in wave height causes a very sharp rise in tilt angle. This occurs 

over quite a wide frequency range and reflects the dependency on the 

non-linear variation of wave height.

The range of the wave frequencies and wave heights where tilt 

occurred, is demonstrated in Fig. 57 which presents the values measured 

with the smallest GM. This is because at small GMs tilt will be domin

ated mainly by the wave-induced tilting moment and thus the wave-induced 

effects will be strongly emphasised; where as at high GMs the behaviour 

will be dominated by the vessel's restoring moment and no tilt or slight 

tilt would be observed in the range of waves which has the potential to 

cause tilt.

As seen in Fig. 57, the steady tilt occurred clearly (larger 

than 2®) over the range of characteristic wave frequencies varying 

between 0.7 Hz and 1.2 Hz (a range of wave period 12 sec to 7 sec on 

full scale) having a peak at about 0.9 Hz (a period of 9 sec on F.S.). 

Outside this range no major tilt was recorded except a slight tilt of 

2-3® around the natural heave frequency of 0.4 Hz (a period of 21 sec 

on F.S.).

Because of its relevance to the limits of the frequency range 

it is worthwhile considering the performance of the wavemaker; below 

the lower frequency limit (frequency < 0.7 Hz) as shown in Fig. 40 the 

wavemaker could produce reasonably high waves (maximum 20 cms, i.e.

17 m on F.S.) down to 0.4 Hz when the form of the waves became non- 

sinusoidal. The tests between 0.7 Hz and the frequency, where the 

waves became non-sinusoidal, did not produce tilt in spite of the high 

waves. However, at the heave resonance frequency a slight tilt was 

observed even with moderate wave heights (10 cms) . On the other hand, 

above the upper frequency limit (frequency > 1.2 Hz) the wavemaker
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could produce a maximum wave height of 10 cms. The tests in this high 

frequency region with the extreme wave heights did not demonstrate tilt 

at all and waves became 'breaking waves'.

As shown in Fig. 58, GM affects the limits of this frequency 

range. As the GM increased, the tendency to tilt disappeared at the 

higher frequencies but remained around the 0.7 Hz frequency; i.e. the 

range of tilt frequencies decreased with the lower end of the range 

remaining fixed. (For example, GM ^ 2.90 cms no tilt was observed at 

1.2 Hz and gradually 1.1 Hz whereas small magnitude of tilts were still 

observed at 0.7 Hz.)

Referring to Fig. 57, to have a tilt over 2° the lower limit 

for wave heights should be at least over 10 cms (about 7 m on F . S . ), and 

for wave heights above 15 cms (about 10 m on F.S.) the leeward deck was 

flooded. These limits were also dependent on the frequency and GM.

Figure 59 presents the variations of the steady tilt angles 

with varying wave frequency and WL/WH - the ratio of the wave length 

to wave height for the smallest GM. In Fig. 60 . the same presentation 

is given for all the GMs tested. As shown in Fig. 59 the range of 

WL/WH, where the tilt was observed, varies between about 10 and 20 

and depends on the frequency and GM as seen in Fig. 60.

Since the tilt values were measured at more than one wave 

height for each frequency the presentations in Fig. 57 through 60 

appear to be complicated but this was necessary to see if there was 

any trend in these curves. In order to demonstrate a simple present

ation it is thought to be advisable to have a constant wave slope at 

each wave frequency and varying frequency. Physically this reflects 

that at sea, as the waves get longer, the maximum slope decreases
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This characteristic of waves is presented by the classification 

societies with various figures or empirical formulae, which relate the 

wave length to wave height obtained from statistical measurements at

sea.
[41]Among these DnV " ' ■■ presents the following formula for the 

maximum wave height of regular waves for design purposes:

WH = T^/[4.5 + 0.02 (T̂  -36)] for T > 6 sec (8)

where WH = wave height, T = wave period

[16]Numata et al 

formula given as:

consider the modified ABS wave height

0 .6WH = 0.75 (WL) * [in feet] 

where WL = wave length.

(9)

The values calculated from these 2 formulae were tabulated in 

Table 16 over a range of wave frequency for full and model scales.

FULL SCALE MODEL SCALE

Charac.Freq.

(Hz)

Period

(sec)

Radian Freq. 

(rs'^)

Wave Length/Wave Height Char.Freq. 

(Hz)

Wave Height (cms)
ABS DNV ABS DNV

0.08 12.5 0.502 19.33 10.78 0.67 18.03 32.33
0.09 11.11 0.505 17.59 9.76 0.75 15.65 28.21
0.10 10.00 0.628 16.17 9.02 0.84 13.79 24.72
0.11 9.09 0.691 14.98 8.48 0.92 12.30 21.73
0.12 8.33 0.754 13.98 8.07 1.01 11.08 19.19
0.13 7.69 0.817 13.11 7.75 1.09 10.06 17.01
0.14 7.14 0.879 12.36 7.50 1.18 9.21 15.17
0.15 6.67 0.942 11.69 7.28 1.25 8.48 13.61

Tahte 16 - Compar'ison of the regular destgn wave formulae
suggested by the ABS[16] and the DnV[Al]
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As shown in this table the difference in the wave slopes calcul

ated from the two society formulae was about 40%. The DnV formula gives 

very steep waves compared to the ABS one. In order to produce waves 

with the same slopes in the model tank, the required wave heights accord

ing to these formulae are given in Table 15 as well. When these wave 

heights were compared with the waves which were producible by the wave

maker, it was found impossible to generate the wave heights required by 

the DnV formula in the model tank since they were too high. However, the 

ABS formula presented a range of wave heights which was producible by the 

wavemaker at the frequencies required. Therefore the ABS wave height 

formula had to be used for the further analysis of the results.

The other reason for using the ABS formula was that it gives a 

smaller wave slope than DnV or indeed the maximum slopes possible at sea; 

if the model or theory indicates tilt at this slope, the tilt is likely 

to be much more severe in the steeper wave conditions. Therefore from 

the design point of view it is desirable to check the behaviour in these 

less severe conditions.

In order to use this relationship in the experimental analysis, 

the curve given in Fig. 51 in the model scale was plotted three dimension- 

ally in Figs 59 and 60 where the horizontal plane gives the axis of 

the characteristic wave frequency and WL/WH ratio. Now if one con

siders the shaded vertical planes which are normal to the horizontal 

planes and pass through the ABS curve, the heights of the intersec

tion lines of the shaded planes and the other vertical planes at each 

frequency would give the steady tilt values for this particular wave 

height suggested by the ABS formula.
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Fig. 61 - WL/WH ratio vs wave frequency obtained from the modified
ABS design wave formula[16]
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In Fig. 62 these steady tilt values were plotted against wave 

frequency, wave length/hull separation and WL/WH ratio for each GM at 

this particular wave. In this figure, the curves have a general trend 

in which the steady tilt has a local peak at a frequency of 0.7 Hz (a 

period of. 12 sec on F.S.) apart from the main peak at a frequency of 

0.9 Hz (a period of 9.3 sec on F.S.). These peaks occurred when the 

wave length equals to 3.8 and 2.3 times the hull separation and WL/WH 

ratio was about 18.7 and 15.3..

This trend is the same for all the small GMs but as GM increases 

the main peak (worst tilt) seems to be replaced with the local peak.

The effect of GM on the magnitude of tilt is quite clear; as GM 

increases the magnitude of the tilt decreases non-linearly at all 

frequencies considered.

So far the effects of these three parameters have been presented 

in the frequency domain. However, it will be interesting to see if the 

same effects exist in the time history records as well.

In Fig. 63 the effect of frequency on steady tilt is shown for 

the smallest GM. In these records the waves selected have the closest 

WL/WH ratios to that suggested by the ABS. It was difficult to have 

the exact WL/WH required by the formula. As shown in these records, 

the steady tilt clearly develops at 0.7 Hz and it takes the worst value 

at 0.9 Hz. While there was no tilt observed at 0.5 Hz there is a slight 

tilt at 0.4 Hz (natural heave frequency) despite the smaller wave steep

ness. The tilt at lower frequencies is fairly stable but as the 

frequency increases it becomes slowly varying. This is an important 

point to be borne in mind, because during the analysis this slow varia

tion of tilt was ignored. However, looking at these curves suggests 

that the frequency domain analysis of the behaviour may not be correct.
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Fig. 62 - Experimental steady tilt vs wave frequency,
wave length/hull separation and wl/wh ratio 
for varying GM's.
(The analysis is based on the modified ABS 
design wave formula[ 1 6 ] . )
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However the investigation of about 300 test runs demonstrated that there 

was no general pattern followed by these curves at each particular 

frequency over the run duration. Figure 64 shows the pictures taken 

during the test runs at three different frequencies (TILT44, TILT05 and 

TILT29.DAT) in order to demonstrate the effect of frequency.

In Fig. 65, the effect of wave height on the steady tilt is 

demonstrated at the main peak (0.9 Hz) for the smallest GM. As shown in 

these records once one had reached a height sufficient to induce tilt, 

it rapidly grew very large with slight height increments. Figure 66 

demonstrates how tilt increased non-linearly with increasing wave 

heights at this particular frequency and GM. In this figure and WH^ 

are the reference tilt and wave height values which are given in the 

figure.

Figure 68 shows the pictures taken during the tests relevant to 

the test runs considered (TILTH, 12, 13, 14) to demonstrate the effect 

of wave height.

Figure 69 shows the effect of GM on the steady tilt at the 

frequency of 0.9 Hz. To be able to make a comparison of the records the 

wave conditions should be the same. However this is practically imposs

ible. Therefore as shown in the wave records of Fig. 69, the waves with 

the heights which are very close to each other (~ 14.5 cms) are consid

ered. As shown in these records as the GM increased the steady tilt 

decreased non-linearly. The variation of the steady tilt with vary

ing GM is shown in Fig. 67 for this particular wave frequency and 

height. In this figure and GM^ are the reference tilt angle and 

the smallest GM.

In Fig. 70 the pictures taken during the tests relevant to the 

test runs considered (TILT14, 100, 69 and 226) to demonstrate the 

effect of GM on the tilt behaviour are given.
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^st run file = TILT44...D&T 
GM = 1.90 cms
W. Frequency = 0.5 Hz
W. Height = 12.80 cms 
Steady tilt - 0.16*

Test run file = TILT05.DAT
GM = 1.90 cms
W. Frequency = 0.8 Hz
W. Height = 13.88 cms 
Steady tilt = 6.92®

Test run file = TILT29.DAT 
GM =1.90 cms
W. Frequency = 1.2 Hz
W. Height = 9.02 cms
Steady tilt = 0.98®

Fig. 64 - Motion views i l lu s t r a t in g  the e f fe c t  of wave frequency
fo r  GM = 1.90 cms
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Fig. 65 - Effect of wave height on the experimental steady tilt for
GM = 1.90 cms and frequency = 0.9 Hz
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1. 00

GM 1.90 cms 
Frequency = 0.9 Hz
4)o = 15.97*
WH,0.50

10.36 cms

W H
WH,

Fig. 66 - A typical example illustrating the non-linear variation of
experimental steady tilt with differing wave heights

Frequency = 0.9 Hz
15.97* 
14.50 cms 
1.90 cms

GM

GM

Fig. 67 - A typical example illustrating the ncm-linear variation of
experimental steady tilt with differing GM s
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■^st run file = TILT11.DAT 
GM = 1.90 cans
Wave height = 10.36 cms
Steady tilt = 3.25®

%st run file = TILT12.DAT 
GM =1.90 cms
Wave height = 11.28 cms
Steady tilt = 7.81*

■^st run file = TILT13.DAT 
GM 1.90 cms
Wave height = 12.72 cms
Steady tilt = 11.78*

%st run file = TILT14.DAT
GM =1.90 cms
Wave height = 14.46 cms
Steady tilt = 15.97*

Fig. 68 - f^tion views illustrating the effect of wave height for
GM = 1.90 cms
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u

Test run file = TILT11.DATG M
Wave height 
Steady tilt

= 1.90 cms
= 10.36 cms 
= 3.25*

"^st run f i l e  = TILT12.DAT 
GM =1.90 cms
W a v e  h e i g h t  = 11.28 cms
S t e a d y  t i l t  = 7.81*

T e s t  run f i l e  = TILT13.DAT
G M
W a v e  h e i g h t  
S t e a d y  t i l t

1.90 cms 
= 12.72 cms 
= 11.78*

Test run file = TILT14.DAT 
G M  = 1.90 cms
Wave height = 14.46 cms
Steady tilt = 15.97*

Fig. 68 - f^tion views illustrating the effect of wave height for
GM = 1.90 cms
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%st run file = TILT14.DAT 
GM = 1.90 cms
W. Frequency = 0.90 Hz
W. Height = 14.46 cms
Steady tilt = 15.97*

Test run file = TILT100.DAT
GM • =
W. Frequency = 
W. Height =

2.90 cms 
0.90 Hz 
14.52 cms

Steady tilt = 12.35*

Test run file = TILT69.DAT 
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W. Height = 14.52 cms
Steady tilt = 5.33*

■^st run file = TILT226.DAT 
GM . = 7.90 cms
W. Frequency .= 0.9 Hz
W. Height =14.34 cms 
Steady tilt = 1.28*

Fig. 70 - Motion views illustrating the effect of GM for a frequency
of 0.9 Hz



130,

During the observations of the tests it was noticed that the 

first impact of the waves induced very large tilt angles and if the 

model was forced to drift, it was restrained by the mooring lines.

At one stage it was thought that this impact effect could be 

the starting mechanism for tilt and combined with the moorings could 

be responsible for the tilting. In order to investigate this effect, 

in the frequency region where the tilt was observed, the model was held 

in captive condition at the level position until the first group of 

waves passed the model and then released. In Fig. 7X two sample 

records among these exploratory tests are shown. As shown in these 

typical results, this did not affect the development of the tilt.

But the duration of the development (transition time) was reduced con

siderably. As soon as the model was released tilt developed very 

quickly.

model held in captive condition at the level position

so

GM= 1.90CMT I L T 4 9 . D A T

F R E Q U E N C Y »  0 . 9 0 H Z
model held in captive condition at the level position

4030
TIME CSEC]

20
W L / U H » 1 3 . 4 8  
S «auor d G M= 1 .90CMTILT50.DAT

Fig. 71 - Effect of the initial impact of the waves on the steady tilt
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In the majority of the tests the model was moored beam onto the 

waves with the mooring arrangement as shown in Figs 36 and 39. One of 

the possible mechanisms to cause the tilt could be the mooring lines. 

Therefore some tests were repeated without mooring lines at the fre

quencies where the tilts were observed. In Fig. 72 samples are shown 

of the response of the model when moored and freely floating at two 

different frequencies with very nearly the same wave height. Steady 

tilt developed in both cases although there are some differences in the 

magnitudes. It is difficult to say if the difference is due to effect 

of moorings only, because the wave heights are not the same for the 

same frequency and therefore there should be an effect due to wave 

height difference. As a matter of fact the main purpose of these explor

atory tests was to see whether the moorings themselves were the mechanism 

to cause the tilting moment rather than to see the mooring effects on the 

magnitude of tilts. This requires precise measurements with and without 

the moorings under the same wave conditions.

During the tests it was observed that the model always developed 

its tilt in the leeward direction if it developed any tilt at all. In 

the foregoing Tables 11 through 15, the magnitudes of the tilt were 

tabulated at Column 5 in which the minus sign demonstrated the tilt 

developed in the seaward direction. In over 250 test runs only 

on 3 or 4 occasions tilts developed in the seaward direction with a neg

ligible magnitude at lower frequencies. Even with these cases it is 

hard to define them as 'seaward tilts' because it was varying about the 

zero level and the area under the backbone curve on the seaward side was 

slightly greater than the leeward side.
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Fig. 72 - Effect of moorings on the steady tilt
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In order to investigate if there was any tendency for a steady 

tilt in the seaward direction, at certain frequencies, the model was 

deliberately tilted to seaward at the beginning of the tests but in all 

cases it ended by tilting to leeward. This tendency existed at the 

frequencies where tilts occurred and it was very strong at 0.8 Hz and 

0.9 Hz as shown in Fig. 73.

: U L / U H - 1 9 . 15

20 40 5030
TIME CSEC]

GM= I.9 0 C MT IL T 5 3 .D A TFREQUENCY- 0 .8 0 H Z

si W L / W H = l 7 . 7 8

FREQUENCY- 0 .9 0 H Z

50

T IL T S 2 .D A T

Fig. 73 - Chart records illustrating the preferred direction of
steady tilt

One could think that the tendency for the leeward tilt could 

be caused by the mooring arrangements. Therefore the above tests 

(initially, tilted model kept in captive condition) were repeated with 

and without the moorings. As shown in Fig. 74 which gives sample runs 

tilt again occurred in the leeward direction.
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MOORED MODEL

30
TIME CSEC]

Sooword WL/UH-1S.30

FREQUENCY- 0.90HZ

i::-
Leewor d

TILTS2.DAT • 90CM

UNMOORED MODEL

Seaward UL/WH-1I.85

30
t im e  CSEC]

TILT57.DAT GM= I.90CM

Fig. 74 - Effect of moorings on the preferred direction of steady tilt

Although the results are not given in the thesis, the author 

carried out preliminary tests to get to know the tank equipment and 

to observe the phenomena. In these tests the model did not have fair- 

leads at the columns. Its original fairleads were located at the mid

end of the pontoons as shown in Fig. 32. Therefore the model was moored 

from these fairleads with the same type of arrangement under the water. 

However, the findings were very similar to those obtained from the tests 

in the thesis. No seaward tilt was observed and the frequency region 

where tilt occurred was the same as in the present tests.

In the foregoing it was stated that at about the natural heave 

resonance frequency there was an increase in the measured tilt values 

compared to the adjacent frequencies. This is shown by the time hrstory 

records in Fig. 75. The closest frequencies to the natural heave 

frequency (0.4 Hz) were 0.3 Hz and 0.5 Hz. xt was practically impossible
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Fig. 75 - Chart records about the natural heave frequency
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to carry out a test run at 0.3 Hz since the waves became non-sinusoidal. 

However the test runs at 0.5 Hz with steeper waves demonstrated virtual

ly no tilt compared to the tests at natural heave frequency whereas 

sliqht tilt of about 2°—3® was observed with moderate waves.

3.5 ROUGHENED MODEL TESTS

In order to investigate if the viscous effect played any sig

nificant role for tilting, the model's underwater geometry was coated by 

a roughened paper which provided a roughness of about 0.75% of the 

pontoon diameter (see Figs 76 and 77).

It was decided to test the coated model at a frequency of 0.8 Hz 

and 0.9 Hz where the worst tilt was observed with the smooth model. If 

there was any mechanism creating or contributing to the tilt behaviour, 

this would be reflected in the measurements.

The addition of the roughened paper changed the model's GM.

From the inclining tests the new GM was found to be 3.50 cms. The 

measurements with this GM at these particular frequencies are given in 

Table 17.

In order to compare the tilts measured with the roughened and 

smooth model, in Fig. 78, the above measured tilt values and the previous 

measured tilt angles with 3.80 cm GM (the closest to 3.50 cms) were 

plotted at these two particular frequencies. The solid and dashed lines 

are the best-fit curves passing through the experimental data. As indie 

ated in this figure the roughened model experienced larger magnitudes of 

tilt but followed the same trend as the smooth model. It was believed 

that this constant increment was due to the slight difference in the GMs.
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Fig. 76 - Front view of the coated model by abbrasive paper

Fig. 77 - Side view of the coated model by abbrasive paper
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O
Q

frequency = 0.8 hz

—  ROUGHENED MODEL 
 SMOOTH: MODEL

WAVE HEIGHT [ CMS]

Fig. 78 - Comparison of the stea_dy tilt measured with
the roughened model (GM = 3.50 cms) and 
smooth model (GM = 3.80 cms)
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In Fig. 79, this effect is shown with the time history records 

at about the same conditions. As shown in the figure it is difficult 

to find any major difference in the trend of the curves except the 

difference in the magnitudes which was due to the difference in the GMs.

MODELSMOOTH

40 5020 30
TIME CSEC]

60

J W L / W H - M . 4 6  
Seaward TILT77.DAT GM= 3.80CM

FREQUENCY» 0.80HZ

ROUGHENED MODEL

J
10

W L / U H » 1 4 . 4 9
5040 0020 30

TIME CSEC]

6M= 3.50CMTILT152.DAT

SMOOTH . MODEL

20 30
TIME CSEC]

40 50 60
WL/WH»I3.28

Seaward TILT69.DAT GM= 3.80CM

FREQUENCY- 0.90H2

ROUGHENED MODEL

5040 6030
TIME CSEC]

20
WL/WH-13.18 

Seawar d TILT 159.DAT GM= 3.50CM

Fig. 79 - Chart records il lu s tra tin g  the e ffec t of roughness on the
the steady t i l t  motion
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Finally, as stated earlier, abrupt changes of the underwater 

geometry at different positions and wave conditions could cause a tilt

ing. However, as can be seen in Tables 4 through 8, the inclining tests 

in calm water demonstrated that there was no non-linearity in roll 

restoring moment (A GM sin({)̂ ) up to 10®. By using additional test 

weights this angle was extended up to 17® at which the deck became 

immersed and the roll restoring moment was still linear.

3.6 FORCE TESTS

The main objectives of the force tests were to determine the 

wave exciting force distribution on the pontoons of the semii-submersible 

since an unequal distribution of the oscillatory wave exciting force on 

each hull could be a mechanism to cause the tilting problem. It was 

also hoped to obtain the effect of hull separation on the wave load 

distribution.

It was assumed that the total wave-exciting force on the model 

was dominated by the forces on the pontoons. Therefore a simplified 

model, which consisted of two circular hulls only, was used as shown in 

Figs 80 and 81. It was originally intended to complete these tests by 

measuring the wave loads on the original model (columns and pontoons 

together) to determine the effect of columns on the phenomena. However, 

experimental difficulties, which arose during the tests with the 

simplified model showed that the set up for the original model could be 

difficult and inconclusive. Therefore it was not carried out.
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Y .

ï ï W

Fig. 80 -  Front view of the twin c ircu lar pontoons used fo r the 
force tests

jare ^

W^rmf:

Fig. 81 -  Side view of the twin c ircu lar pontoons used for the
force tests
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V2^CAA.ptL0VL o/)

As shown in Figs 80 and 81 the simplified model consisted of two 

circular hulls, which were made of PVC piping and a frame work to carry 

the hulls. The main dimensions are shown in Fig. 82. The frame work 

had four legs supporting the hulls at their ends and two transverse and 

two diagonal beams connecting these legs together at their tops. The 

two transverse beams were adjustable in length in order to study the 

effect of hull separation. The whole frame work was constructed of 

rectangular cross-section steel tubes (25.4 x 25.4). This type of 

material was required to obtain rigidity for the system.

I  y u > t/itm e ,y itc u tlo n

The wave exciting forces in the heave and sway modes were 

measured on each hull in two steps by using ' load cell transducers '.

Two legs (legs 1 and 4), which hold one hull, were converted into load 

cells by using strain-gauges (S/G) . The model was oriented beam onto the 

waves and clamped onto a stout platform which was situated halfway along 

the tank length. Figure 83 shows the general arrangement of the set up. 

The draught was set at 36 cms as for the original model. Four wave 

probes were used to measure the wave heights at three different places as 

shown in Fig. 83.

As a matter of interest and to measure the interference effect, 

the first group of tests were carried out on the single isolated hull only. 

Therefore the other half of the model was removed. For the remaining 

tests, the model was assembled and the heave and sway exciting forces 

exerted on one hull measured in the presence of the other. The measure

ments were taken in a range of S/R = 2.0, 3.0, 4.0, 5.96 (2s — hull 

separation centre to centre; 2R = D = diameter of a hull) .
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SincQ the S/G s were installed on two legs which held one hull, 

the total force acting on the hull was the sum of the corresponding force 

value on each leg. In this way, if there was any change in the wave 

height along the hull length, this would be taken into account. Other

wise the measurements on one leg would give half the total force on the 

hull. In fact the tests demonstrated that the force was substantially 

equally distributed on each leg.

In order to measure the forces on each hull separately, the tests 

were carried out in two steps at each spacing. Firstly the measurements 

were taken on the seaward hull and secondly, the model was turned through 

180® and the measurements were repeated on the leeward hull. This was 

done to reduce the amount of measuring and recording equipnent. It might 

be argued that if the forces were measured on both the hulls simultaneously 

the results could be different since in the above procedure it would be 

impossible to simulate the same wave conditions in both tests. This could 

introduce an error depending on wave height and changes in the model pos

ition, because as will be shown later, the forces were not exactly linearly 

proportional to wave height.

In order to clear up this uncertainty the tests at the largest hull 

separation were repeated with a new set of load cells which were fitted to 

one leg of each hull (the previous tests demonstrated the forces on each 

leg of one hull were very much equally distributed, therefore one trans

ducer on one leg of each hull was satisfactory) . The total force on each 

hull was calculated by doubling the measured force value on the leg. 

Fortunately this did not bring about any major difference compared to the 

previous measurements.
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Load CqâZ  TJtamdiidQA^

The wave exciting forces in heave and sway mode on the hulls were 

measured by load cell transducers' ' . They were made up with the

sxisting facilities in the laboratory by converting the legs into the load

cells with the aid of the foil-type electrical resistance s/G's^^^'^^^.

By calibrating the load cell to read in load units other than strain, the

wave loads on each leg could be measured directly.

In order to measure the wave exciting force in heave mode four 

S/G*s were mounted at the central region of the leg above the water level 

as shown in Fig. 84. According to the procedure given in refs [42,45] 

two opposite S/G's were in the vertical direction on face-1 and face-3 

and the other two were in the transverse direction on face-2 and face-4.

To measure the sway forces another four S/G's were fitted, just 

above the previous S/G. They were vertically oriented with a pair on two 

opposite faces - face-4 and face-2 in the wave travel direction (see 

Fig. 84) .

For the strain gauge installation the procedures given in refs 

[45,46] were followed and they were protected and waterproofed by 

special protective coatings and aluminium foil to avoid gauge instability, 

mechanical damage and chemical attack as shown in Fig. 85.

As described above the load cell was composed of the s/G's which 

were passive resistors. Therefore there was a need for a power source in 

order to interpret the changes in the resistance caused by mechanical 

strain (or loads) measured. This could be achieved by a bridge circuit 

which produced an out of balance voltage. Furthermore, this voltage had 

to be amplified and displayed so as to represent the required force units. 

At this stage 'the Wheatstone Bridge', which is the most common bridge 

circuit, was used as a direct readout device where the output voltage was
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face-3
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\h e a v e  d ire c t io n  s t r a in  g a u g e s  m o u n t e d  o n  t h e  le g s  to  p r o d u c e  a  l o a d  c e l l

W  '>■

face-3fiic e -face-1face-
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DEVELOPED SURFACE SHOWING GAUGE ORIENTATION

'out

BRIDGE ARRANGEMENT

Fig. 84 - General arrangement for the load cell transducers
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measured or related to strain (or load). The four active S/G's were

placed in the bridge with one S/G in each of four arms - the full bridge
[42]arrangement - as shown in Fig. 84 . This type of arrangement further

increases the sensitivity of the measuring system, gives improved temper

ature compensation and minimal errors due to connection of the system 

since the leadwires from the measuring point to the instrumentation were 

outside the measuring circuit. Before the system was loaded to the 

Wheatstone Bridge, it was balanced (i.e. by satisfying R^/R^ = Rg/Rg) as 

the output voltage = 0. When the system was loaded a change in the

resistance would unbalance the bridge and produce an output voltage 

across the output terminal. By measuring this voltage and using the 

calibration curve, the voltage readout was converted into the required 

load values.

However, during the tests the measurements in the axial direction 

were troublesome. Although the load cell arrangement in heave mode, as 

shown in Fig. 84, was essentially sensitive only to changes in the axial 

direction (i.e. independent of either bending or torsional loads) when 

the legs were subjected to the bending due to sway force only, while 

there was no load in the axial direction a slight readout in the axial 

direction was recorded. The contribution was a maximum of about 7 to 8% 

for a 4 kg force sway force in the wave travel direction. It was imposs

ible to do any correction by using calibration curves for this error 

since its magnitude and direction was changing randomly as the sway force 

changed. Theoretically this type of installation of S/G's should not 

produce any error as far as the design principal of the load cells is 

concerned, as explained in ref. [42].
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A L U M IN IU M  F O IL M -C O A TG T E R M IN A L L E A D W IR E
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Fig. 85 - Cross-sectional view of long term gauge installation

The other possible reasons for this error could be the low strains 

obtained from the steel tube legs with 1.3 mm thicknesses, the lack of 

symmetry in the tube, the surface preparation, bonding, alignment, solder

ing of read-wires, coating, etc. Despite repeating the installations 

several times, unfortunately this error could not be removed.

Another reason could be electrical noise. Since the output volt

age for the axial load was very small (maximum of 10 mv) , in order to 

scale up this value on the pen recorder very high scale factors were used. 

Obviously this increased the magnitude of the electrical noise and drift 

on the records which could produce errors in the readouts.

Before the.tests, it was intended to store the measurements in 

the data files and carry out the analysis by computer. However, the out

put voltage obtained from the load cells was too small in the axial di

direction (e.g. 4 mv readout for 4 kg-force heave force) while it was 

reasonable in the transverse direction (e.g. 700 mv readout for 4 kg-force 

sway force). Since the operating range of the analog to digital converter 

was bi—polar —2.5 v to +2.5 v, the signals in the axial direction could 

not be collected by the existing facilities at that time and the results 

were recorded on the charts by the multi-channel pen recorder.
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Catlb/LcUxon o{) Load CqI Z  T^amdiidQA^

The calibration of wave-probes were the same as defined in the 

motion tests. The load cells were calibrated after the model was clamped 

onto the platform. The set up for the calibration in calm water is shown 

in Fig. 85.

pulleys

weight

fram ew ork
string wires 

load cell
W.L.

hull hull

Fig. 86 - Experimental setup for the calibration of the load
cell transducer

After taking the zero readings from the load cells, the test 

weights simulating the wave loads were step-by-step increased from 1 kg-f 

to 8 or 10 kg-f. During this procedure the change in the output voltage 

of the bridge was recorded by the pen recorder for each increment of the 

test weight. This process was carried out for axial and transverse loads 

separately. From the tests it was found that, the responses of the load 

cells were linearly proportional with increasing test weights in the 

range of weights applied. There was a difference in the slopes of the 

calibration curves belonging to the transducers on different legs related 

to the differences in the installation conditions and S/G characteristics. 

The slope of the calibration curves before and after the tests were found 

to be slightly different in some cases. Therefore the average value of 

the readings was taken. Another undesirable finding was the slight
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difference in the calibration curves when the direction of the applied 

force was changed. However, this effect was not taken into account dur

ing the analysis.

From the above process the calibration factor was calculated

as :

N
I  {Applied Force [kg-f] / N x Corresponding Voltage [ w ] }  

i=l

Deflection of Pen [mm] /  Corresponding Voltage [mv] 

where N = number of test weights used.

The natural frequency of the vibration of the leg in sway mode 

was measured and found to be about 4 Hz which was well above the wave 

frequency range tested so that resonance effects could have little 

influence on the readings.

A total of 8 channels, 4 channels for the load cells and 4 channels 

for the wave probe readings were recorded by the pen recorder. Each test 

run was preceded and followed by 'zero' measurement in calm water. Before 

a test run was recorded the wavemaker was started and a period of time 

allowed for the waves to arrive at the model and the wave height to 

stabilise at the correct value. The duration of a test run was approxim

ately 50 sec. A generous time was allowed for the tank to calm between 

runs.

The wave frequency was varied from 0.5 Hz to 1.25 Hz and the wave 

heights from 8 cms to 20 cms as given in Table 18.

Characteristic Wave Frequency 
(Hz)

Wave Height 
(cms)

From 0.5 to 1.2 by 0.1 increment 
From 0.55 to 1.25 by 0.1 increment

From 8 to 15 
From 8 to 20

Table 18 -  The range of waves tested in the force tests
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Typical time history records of the forces on the single isolated 

hull are shown in Fig. 87. They are output voltage versus real time 

scaled by the chart voltage factor (K̂ ) and speed factor (K̂ ) as given 

for each record on the chart. The top two records are the deflections 

received from each leg in heave mode while the two bottom records are the 

deflections due to the sway force. The record in the middle of the chart 

is the deflection received from the wave probe aligned in the longitudinal 

symmetry line of the hull.

AnaZg^yU

As Stated earlier the analysis was carried out manually since the 

response signals in the axial direction were too small for the analog to 

digital converter. In order to find the motion and wave amplitudes at 

each test frequency at least three to five amplitude readings were aver

aged and these values were normalised by the corresponding averaged wave 

amplitudes. For this analysis the wave amplitudes, which were obtained 

from the wave probe alongside the front hull, were considered.

In Tables 19 through 23 the measured maximum wave and force values 

were tabulated for the single hull and twin hull configurations.

Single Isolated Hull

Character 
Wave Frequency 

(Hz)

Wave
Height
(cm)

Force Max. 
for Sway 
(kg-f)

Force Max. 
for heave 

(kg-f)

0.6 11.07 4.56 3.80
0.7 13.19 6.14 4.70
0.8 12.88 6.82 5.45
0.9 11.87 7.42 5.40
1.0 11.07 7.25 5.20
1.1 10.82 6.95 4.80
1.2 9.11 5.54 4.15
0.55 15.82 4.95 4.32
0.65 17.67 6.88 5.30
0.75 15.98 7.24 5.82
0.85 15.19 8.12 6.20
0.95 14.87 8.19 6.45
1.05 12.40 7.80 5.80
1.15 11.64 6.23 4.50
1.25 9.30 5.23 3.95

19 - EcperlmentaZ waüe and force data far
oivoular hull in isolation
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ûivominm̂ %yinuikOU)iouî
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^ r * * < N n ^ o ^ ^ « i - 4 v o f N m c N r o o ^ r ^

n r o T r r o c N ^ c o r o m c N C s i w o c o o o

I ?  ?
S  o

11Q) 0)

lOOOOiommforooioiAomr-cNcor~coMrnovoco(N^uivo(NO\(sînvûvovûin̂ ’̂vûvovûvovô ^
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In Fig. 88 the measured force values on the isolated single 

hull are presented as maximum force per unit wave height versus character

istic wave frequency. The dashed and solid lines are the best fit curves 

through the experimental data in heave and sway mode respectively.

As shown in the figure both forces increase as the frequency 

increases and reach their maximum smoothly at about 0.9 and 1.0 Hz and 

then decrease gradually by following the same pattern. There is a scatter 

in the experimental data reflected from the different wave heights used 

at the adjacent frequencies. This indicates that the wave force is not 

exactly linearly proportional to the wave heights tested. Despite the 

same trends of the curves there is a difference in the magnitude of sway 

and heave force at about a maximum of 25% of the maximum sway force at the 

peak point.

In Figs 89 and 90a,b,c,d the load distribution for heave and 

sway mode on the leeward and seaward hulls are given at each hull separ

ation. The dashed and solid lines are the best fit curves passing 

through the experimental data corresponding to the seaward and leeward 

hull measurements.

At a first glance, both figures suggest that the experimental 

data on each hull are scattered into each other's and it is difficult 

to distinguish a trend indicating an unequal load distribution. However, 

when the data is curve-fitted it can be seen that there is a constant 

load increment on the leeward hull relative to the seaward hull (a maxi

mum of 15% of the maximum value of the heave force on the leeward hull 

at S/R = 4.00 and maximum of 20% of the maximum value of the sway force 

on the leeward hull at s / R  = 3.00).
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The load difference between the hulls in heave mode is relatively 

small compared to that in the sway mode in proportion to the magnitudes 

of the forces. As shown in Fig. 89a at the closest hull separation the 

forces on each hull are very close. Whereas in Fig. 89b, c and d the 

same difference occurs at each spacing.

In the sway mode as shown in Fig. 90, the force difference at the 

hull separation of S/R = 2.0 and s/R = 4.0 are relatively small compared 

to those at S/R = 3.0 and 6.0 where the big differences in the wave 

heights causes a non-linear force increase.

Although it is not valid for each hull separation, the force 

differences in the hulls occurs mainly between 0.5 Hz and 1.3 Hz.

Figure 91a,b,c,d show the effect of hull separation on the meas

ured load values at each hull separation relative to the isolated single 

isolated hull values.

As shown in Fig. 91a and c as the frequency increases the forces 

in heave and sway mode on the leeward hull take increasingly larger 

values compared to those on the isolated single cylinder (about a maxi

mum of 15% of the maximum single cylinder force value). From the

theory it is expected that as the hull separation increases the force 

acting on each hull approaches the single isolated hull value. However, 

the tests demonstrate, contrary to the theory, the forces at the largest 

hull separation (S/R = 6.00) are larger than on the single isolated hull 

and the smaller hull separations. The changes in the hull separation do 

not bring great changes in the measured force values at S/R = 2.0, 3.0 

and 4.0.
On the otherhand Fig. 91b and d demonstrate that the sway and 

heave force on the seaward hull have nearly the same magnitude as the

single isolated hull has, except for S/R = 3.00 for sway mode (about 15%
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Fig. 91 - Effect of hull separation on the heave and sway exciting force
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smaller than the force measured a.t other spacings). This could be rel

ated to the higher waves used. The changes in the hull separation do 

not demonstrate a major difference in the measured force values. These 

findings imply that the seaward hull could be treated as a single isol

ated hull.

Figure 92a and b shows the pictures taken during the tests at 

s / R  =  3.0 and 6 . 0  at three different frequencies.
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N

2S/D = 3.00
W. Frequency = 0.7 Hz
W. Height = 15.09 ans

I
2S/D =3.00
W. Frequency = 0.9 Hz
W. Height = 11.93 cms

B
2S/D = 3.00
W. Frequency = 1.2 Hz
W- Height = 8.54 ans

Fi g. 92a - Views of the force tests at varying frequencies for hull
separation (2S.l.to.,Kul 1 diameter (D) ratio of 3
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2S/D = 6.00
W. Frequency = 0.7 Hz
W. Height = 13.75 cms

2S/D = 6 . 0 0
W. Frequency = 0.9 Hz
W. Height = 13.35 cms

2S/D = 6.00
W. Frequency = 1.2 Hz
W. Height = 8.13 cms

Fi g. 92b - Views of the force tests at varying frequencies for hull
separation (2S) to hull diameter (D) ratio of 6
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3.7 CONCLUSIONS

1. For this particular model the steady tilt developed in regular

beam seas with a range of frequency varying between 0.7 Hz and 1.2 Hz 

(a range of period 12 sec to 7 sec on full scale) and wave height in 

excess of 8 cms (about 6 m on F.S.). The worst tilt observed was 1"6® 

for the smallest GM, for the largest GM it was 2.5®, both of these 

occurring at a frequency of 0.9 Hz (a period of 9 sec on F.S.). It 

had a further local maximum at a frequency of 0.7 Hz.

2. As the GM increased, the tendency to tilt disappeared at the

higher frequencies but remained around the 0.7 Hz frequency, i.e. the 

range of tilt frequencies decreased with the lower end of the above 

defined range remaining fixed.

3. Although 2 to 2.5® of steady tilt occurred at the natural heave 

frequency of 0.4 Hz (a period of 21 sec on F.S.), it was found that 

there was no tilt at adjacent higher and lower frequencies. In the 

cases where the roll frequency fell with the experimental range a 

similar result occurred.

4. The magnitude of the tilt increased rapidly and non-linearly

for very small increments of the wave height once a sufficient wave 

height to create tilt was reached.
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5. The tilt also increased non-linearly with decreasing GM. The 

trend of the GM curves with varying frequencies was the same for the 

three smaller GMs, whereas it demonstrated a different trend for the 

two higher GMs.

6. The steady tilt occurred always in the leeward direction if it 

occurred at all. The exploratory tests demonstrated that there was a 

mechanism for the leeward tilt which was very strong at the region where 

the tilt was worst.

7. The steady tilt behaviour was caused by the exciting mechanism 

in regular beam waves and controlled by the restoring moments and the 

moorings if they existed. The effects of the wave parameters on the 

tilt were accentuated when the model's GM was very close to zero.

However, in this case it was impossible to perform the model tests for 

systematic measurements because of unstable behaviour of the model with 

poor restoring moment. The limiting GM for this model was determined 

as 1.90 cm (1.33 m on F.S.).

8. Several factors, which are listed below, were investigated and 

it was found that although each individual factor was not the sole 

mechanism to create the tilt each could affect the magnitude of the tilt. 

These are:

(i) the first impact of the waves
moorings which were arranged as defined in the diagrams

and text;
(iii) the different locations of the fairleads at the centre of 

gravity and the centre of gravity of the pontoons, and

(iv) the different type of flow condition created by the stimul

ators around the underwater geometry.
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9. Inclining tests in calm water indicated that there was no non- 

linearity in the roll restoring moments with varying tilt angles until 

the deck became immersed in the water about 17°.

10. In addition to the investigation for the tilt mechanism given in 8 

above, the measurements of the wave exciting force on the fixed pontoons 

of the model demonstrated that:

(i) the interference effects between the pontoons did not show 

any noticeable load difference between the hulls to cause 

a steady tilt, but there was a slight force increase on 

the leeward hull relative to the seaward hull when the 

wave height increased,

(ii) the force measured on the seaward hull for each hull spac

ing was more or less the same as on the single isolated 

hull measured,

(iii) the motion tests demonstrated that the worst tilt occurred 

at a ratio of the wave length to hull separation of 2.3 

and a second peak occurred at a ratio of 3.8. However, 

the force measurements at various hull spacings did not 

show noticeable force difference at the corresponding 

ratios, and

(iv) the measured force in the sway mode was always greater 

than that in the heave mode for both twin and single hull;

11. In both the motion and the force tests it was observed that, in 

the range of wave height tested, the variation of the first—order motion 

and force values with wave height was not quite linear as expected from 

the linear theory. It was interesting that increase in wave height 

caused a load difference on the measured force values on the twin hulls 

and scatter in the motion response amplitude operators.
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12. Since tests were carried out for more than one wave height at 

each frequency, it is desirable to have a wave height formula, which 

gives a constant slope for each frequency, to analyse the results. In 

the thesis the ABS wave height formula was chosen because :

(i) ^or this scale of model the ABS formula gave a wave height

which could be produced by the existing wavemaker in the
model tank, and

(ii) the ABS formula produced a smaller wave slope than the DnV 

or indeed the maximum slope found at sea; if the model or 

theory indicated tilt at the ABS slope, the tilt is likely 

to be much more severe in steeper wave conditions. There

fore from the design point of view it was desirable to check 

this behaviour in these less severe conditions.

13. The measurements of the wave elevations at different places in the

tank demonstrated differences in readings of 2 or 3 mm due to the effect 

of tank wall, wave beach reflections, etc. However, this difference was

not the cause for the scatter in the measured motion response values.

14. The steady tilt affected the first-order roll and heave response

amplitude operators non-linearly. As the GM decreased higher roll and 

heave motion RAO's were obtained in the frequency region where tilt was 

recorded.

15. The duration of a test run was 1.2 minutes. This length of time

was required to observe the several characteristics of the tilt behaviour. 

One could argue that in this long duration, the sine form of the waves 

generated could be destroyed by the reflection and interference. This 

was sometimes observed at the high frequencies.
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16. The determination of the small GMs required very accurate inclin

ing tests. A small asymmetric distribution of the mass of the model or 

test weights could cause magnified errors due to small GM.

17. The free motion tests for the determination of the natural period 

demonstrated very consistent time intervals between each cycle for each 

set of GM values. However, the ratio of the amplitude of the motion for 

the cycles did not vary exponentially in particular for small GM values. 

This would affect the experimentally calculated added moment of inertia 

and damping, moment for small GMs.
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ChapteA 4 

THEORETICAL ÙJORK

4.1 INTRODUCTION

As stated in Chapter 1, a semi-submersible is exposed to 

dynamic external loads due to waves, wind, current and other agencies. 

Under steady conditions, the loads due to wind, current and others are 

the constant quantities which can cause steady tilt behaviour when the 

appropriate environmental conditions are present.

However, during the simulation of the steady tilt behaviour by 

model tests, in the absence of these steady loads, it was observed 

that the wave-induced loads ■ often had the potential to cause and sus

tain this steady behaviour in spite of their unsteady character. It 

was also found that a mooring system was not necessary to develop the 

steady tilt though it affected its magnitude.

Therefore, keeping in mind the importance of the other steady 

external loads, this chapter concentrates on the theoretical analysis 

of the wave-induced loads which is believed to be mainly responsible 

for the steady tilt behaviour.

The methods and results analysed in this chapter have been 

presented by the author in refs [48,49,50,51,52,53] in more detail. 

Therefore, frequent reference to these studies is made where appropriate 

in the text.
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When a semi-submersible is subjected to surface waves, hydro- 

dynamic forces and moments are exerted on its body. These forces and 

moments will not only have large, first-order, unsteady oscillatory 

components but also small, second-order, steady (mean) or low frequency 

components due to various non-linear effects

The first-order forces (or moments) are linearly proportional 

to wave height and cause the oscillatory motions of the semi-submersible 

with frequencies equal to the frequencies in the wave spectrum. They 

are induced by the particle motions in waves.

The second-order forces (or moments) are linearly proportional 

to the square of the wave height and can cause large amplitude resonant 

behaviour of motions with very low damping. The frequencies of the 

second-order low frequency component are associated with the frequencies 

of wave groups occurring in irregular waves.

The second-order forces are induced essentially by two main properties 

of the surface waves which are:

(i) Momentum transportation,

(ii) Particle motions close to the surface.

When the incident wave encounters the semi-submersible ̂ part of the 

surface waves will be diffracted and the rest will be transmitted.

If the semi-submersible is floating freely, its motions will generate 

waves radiating outwards. According to the conservation of wave 

momentum principle there will be a resulting net force on the body for 

each passing This force is usually known as the "wave drift

force" since it acts on the s e m i-submersible in the direction of wave 

travel .
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Since the semi submersible has deeply submerged lower hulls and other 

submerged elements, it is possible to avoid breaking of the waves.

For these members, the velocity of the water particles moving over 

the top of the hull or submerged element will be greater than those 

moving underneath caused by the surface proximity. This creates a 

reduced pressure cn top of the body contour with respect to the bottom 

(a mean depression of the free surface from the level) resulting in a 

net force in the upward direction. This force is sometimes termed 

"wave suction force" since it causes the body to rise relative to the 

free surface

A regular wave train induces "mean or steady" second-order 

forces resulting in a static shift of the position of the semi-sub

mersible. Whereas in irregular waves or regular wave groups, varying 

sequences of the wave height in time with a certain period result in 

an average force varying with the same period. Since the variations 

of the average force amplitude and zero-crossing points are slowly- 

varying with the time, the resulting second-order force is in 

"slowly-varying" form (or termed as "low-frequency" second-order 

force)

Both components of the wave-induced loads, the first- and 

second—order, act on the semi—submersible and cause the oscillatory 

and steady motions. A s  reviewed in Chapter 2 the tilt behaviour is 

induced by both components in combination. Therefore in the follow

ing these components are analysed separately with their several hydro 

dynamic aspects.
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4.2 FIRST-ORDER WAVE-INDUCED LOADS

As shown in Table 24, the first-order hydrodynamic loads on the 

semi-submersible can be divided into two major components which are:

(i) wave-exciting forces, F^, induced by the wave motion,

(li) Radiation forces, F^, induced by the response motion of the

semi-submersible.

These forces are subdivided into two components as follows:

The wave-exciting force, F , consists of

(1.1) The Froude-Krylov force, F^, caused by the undisturbed incident 

wave pressure when the wave passes across the semi-submersible.

(1.2) The diffraction force, F^, resulting from the hydrodynamic

disturbance introduced by the presence of the semi-submersible

into the waves.

The diffraction force component, F^, can be further decomposed into 

two components as follows:

(1.2.1) The inertial force, F^, in phase with the acceleration of the 

wave motion.

(1.2.2) The velocity force, F^^, in phase with the velocity of the wave 

motion.

Similarly, the radiation force, F^, consists of

(11.1) The inertial force, F^, caused by the added virtual mass of the 

water surrounding the semi-submersible and it is linearly pro

portional to the acceleration of the motion.

(11.2) The velocity force, F^, caused by the dissipation of energy 

(damping) in radiating surface waves from the response motion

of the semi-submersible which is also linearly proportion to 

the velocity of the motion.
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Table 24 - Breakdown of the osc-i'l'latory ftu-id forces (or moments)
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Both forces, and F^, have also viscous components associated with the 

flow velocities about the underwater geometry of the semi-submersible. 
These are

(1.2.2.1) The viscous wave force, caused by the wave-induced 

viscous fluid motion.

(11.2.1) The viscous damping force, F^^, caused by the semi-submersible 

motion-induced viscous fluid motion.

Strictly &nd F ^  should be combined into a single viscous force,

, resulting from the relative velocity due to both the motion of the 

semi-submersible and the wave particles in combination.

There are two fundamentally different approaches to the calcul

ation of first-order wave-induced loads: one mathematical, the other 

empirical.

The mathematical method is used in the design of ships and wide body 

structures. It involves the mathematical solution of equations des

cribing wave diffraction and radiation by the body and ideal fluid 

assumption (e.g. methods based on two- and three-dimensional source 

distribution t e c h n i q u e s ^  ̂  ̂. By using this method, the most

important parameters from the point of view of tilt effect can be taken

into account for the computation of hydrodynamic loads. These parameters

are as follows :

• Frequency Dependence

• Free Surface Proximity
• Hydrodynamic Modelling of Underwater Geometry

• Hydrodynamic Interference between the Underwater Elements

However, in some cases, there are other non-linear parameters such as 

the effect of viscosity, large amplitude wave and response motion, wave 

breaking, etc., which may play an important part in the tilt behaviour.
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The viscous effect is generally considered to be significant

only for structural members with section dimensions which are small in

comparison with the wave particle orbit width which is equal to the

wave height in deep water. They are important if the body shape is

such that the forces due to fluid pressure are small and it has low

damping characteristics. For instance, heaving vertical cylinders with

very large draughts compared to the diameter, rolling cylinders with

nearly circular cross-sections, moored small cylinders with long cables,
r 59]small cylinders in long waves, etc.

Although the earlier mentioned parameters can be represented by 

the mathematical methods in potential theory, the viscous effect is 

represented by the drag term in the empirical I-îorison equation .

This term is a non-linear term which varies with the square of the 

relative velocity induced by the fluid motion and response motion in 

combination. Thus the viscous wave and motion induced forces are 

accentuated for finite long period waves and in resonant motions with 

large a m p l i t u d e s ^ .

Depending on the flow regime the drag component of the wave 

forces on semi-submersible members is taken into account. According 

to linear theory, for a typical member with diameter D in regular deep 

waves of height H, a rough criterion for neglect of drag force is D/H 

> In the case of horizontal drag forces, since the horiz

ontal velocity is maximum at the wave crest, the additional force con

tributed by the crest needs to be considered and this is discussed in 

greater detail later.

In Chapter 3, both the force and motion tests indicated that 

the measured values were strongly frequency dependent. Thus, this 

Gtfect is the most important parameter to be taken into account.
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The free surface effect may not be important at the relatively 

deeply submerged lower hull of the models tested. However, it is 

important on the surface-piercing columns at any draught and the lower 

hulls at a shallow depth of submergence (e.g. in a tilted position).

As shown in Fig. 93, this effect is reflected in the motions of the 

model at large tilt angles so that the vertical motion of the seaward 

hull, which is closer to the free surface, is larger in magnitude than 
that of the leeward hull.

LEEWARD HULL

^ ifig ><

SEAWARD HULL> -23
FREQUENCY ° S.027 Crod/secD

MOTION RECORDS IN REGULAR BEAM SEA

TILT I 12.DAT

Fig. 93 - Typical chart records of motions displaying the effect 
of free surface on the vertical motions of the leeward 
and seaward hull of the model

In extreme cases, in which very large tilt develops, the upper

hull comes very close to the surface or even causes wave breaking.

This type of non-linearity can be covered up to a certain point (e.g.

shallow depth of submergence) by the linearised free surface effect,

but the physical interpretation of the theoretical findings still need

to be explored (e.g. occurrence of a negative added mass for a rec-
[63]tangular pontoon just below the free surface ) ,

Semi-submersibles consist of a number of underwater elements 

of different types in various orientations (e.g. horizontally sub 

merged lower hulls, surface-piercing vertical columns, horizontal and
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diagonal bracings, etc.). The hydrodynamic modelling of this complex 

geometry requires three-dimensional techniques and thus usually con
siderable computational effort^^^'^^^.

However, for a twin-hull semi-submersible having two long slender lower 

hulls which experience most of the total hydrodynamic load on the entire 

body of the vessel, the use of a two-dimensional technique combined with 

the strip method can be justified^ '  '  ' '  ̂. During the hydro

dynamic modelling of the lower hulls the effect of cross-section should 

be taken into account. This effect combined with the free surface 

effect will be accentuated in a tilted position for a lower hull with 

non-circular c r o s s - s e c t i o n .

Having represented the lower hulls by two-dimensional techniques, it is 

anticipated that the use of a similar technique in the column sections, 

which are relatively short and whose cross-sectional dimensions are 

similar in magnitude to the hull separation and the draught, may induce 

considerable errors due to three-dimensional effects. In such cases, 

the loads on the legs may be computed independently from the loads on 

the lower hulls by using three-dimensional t e c h n i q u e s .

In the two-dimensional strip method, procedures for the hydrodynamic 

representation of the columns are either treated independently from the 

lower hulls as vertical cylinders in i s o l a t i o n o r  as surface- 

piercing extensions of the lower hulls (i.e. column and hull combin

ation) to include into the strip computation. These procedures can be

applied to many SWATH ships and semi-submersibles whose vertical columns
 ̂ ^ [64,56,67,51,69,are a significant proportion of the length of the hulls

hydrodynamic representation of an inclined column in a
[68]tilted position is also possible by these procedures

The spatial distribution of the underwater elements creates 

various types of hydrodynamic interference problems. Amongst them, the
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following are the most important:

(i) the interference between the hull sections,

(ii) the interference between the columns and the lower hull of each 

hull and column combination.

The theoretical and experimental investigations on the first 

type of interference phenomenon indicate that the hydrodynamic forces 

of twin-hulled configurations differ significantly from those equivalent 

single hull throughout the frequency

This type of interference is more serious for surface-piercing sections 

compared to a submerged section since the waves at the surface generated 

by radiation or diffraction can be trapped between the inner walls of 

the sections. The two-dimensional theory on which the strip approxim

ation is based requires that according to the reflection principle at 

certain frequencies, which are called "resonant frequencies" these 

waves interact and take a form of standing waves Depending on

the mode of oscillation these standing waves can be of symmetric or 
[52 771asymmetric form ' . As the oscillation frequency varies, changes

in the energy of the standing waves and others travelling outwards 

result in sharp discontinuities in the motion-induced coefficients 

(e.g. negative added mass, zero damping) and the wave-induced coeffic

ients, e.g. refs [74,76].

Depending on the oscill&tion frequency and the phase relation between 

this frequency and that of the generated waves, the ensuing variations 

occupy a significant portion of the low frequency range and induces 

sharp discontinuities within a narrow band of the intermediate or high 

frequency range.

jf the hulls are very close to each other the force values will differ 

from those of a single hull. Even if they are separated many wave
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lengths apart, at a certain number of frequencies, which correspond to 

the resonant frequencies, standing waves will occur inducing sudden 

changes in force magnitudes on the surface-piercing sections.

For completely submerged elements, there will be no equivalent resonant 

behaviour since there is no physical boundary at the surface to trap the 

waves. Some effects of hydrodynamic interference still exist at small 

hull separation but these effects are much less compared to those on the 

surface-piercing sections.

The above mentioned features of this hydrodynamic interference 

effect is a real physical phenomenon in two-dimensions corresponding to 

the resonant behaviour of waves confirmed by the tests, e.g. refs [74, 

75]. However, the occurrence of this behaviour on a semi-submersible is 

open to question. This is mainly because of the three-dimensional 

effects expected as well as the leakage of the energy of the trapped 

waves in the longitudinal direction and the irregular motion of the sea

way. In addition to this physical uncertainty, the hydrodynamic 

representation of the interference effect at a tilted position which 

gives rise to asymmetric underwater geometry and its physical inter

pretation will be controversial.

In spite of the three-dimensional effects or random excitations, 

for semi-submersibles whose vertical columns are a significant propor

tion of the length of the lower hulls (such as pipelaying and derrick 

barges, SWATH ships, etc.) these peaks and deviations cannot be removed 

completely as a hydrodynamic property of the twin-hull geometry. From 

the hydrodynamic design point of view it is advisable to avoid these 

types of column with elongated water plane areas which increase the 

physical boundary length at the water surface and thus the possibility 

for the resonant behaviour.
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This may not be possible for seagoing semi-submersibles like SWATH but 

for stationary semi-submersibles it is better to have circular columns. 

Another disadvantage of having columns with elongated water plane area 

is that in beam seas or near beam seas they cause large horizontal drift 

forces since the reflection of the incident waves at the columns is con
siderable .

The contribution of the lower hulls to the resonant phenomenon 

may not be important at relatively deep depths of submergence. However, 

in the transit condition the potential damping increases with shallow 

depth of submergence. Therefore the deviations in the damping from a 

maximum to zero value results in large deviations in the motion and 

wave-induced forces. If the shallowly submerged lower hulls have wall 

sided shapes this may work as a physical boundary to build up a resonant 

condition. In such a case having circular or elliptical cross-section 

of lower hulls may have advantages compared to rectangular or rectang

ular with rounded corners shapes of hull from the hydrodynamic design 

point of view.

Moreover as indicated in ref. [53] , shallowly submerged rec

tangular hulls with large width can have negative added mass and sharp 

peaks in the damping and added mass coefficients in the heave mode.

This is induced by resonant standing waves occurring in the shallow 

region on top of the large rectangle and it is undesirable as it causes 

discontinuities in the hydrodynamic loading.

The second type of interference phenomenon occurs during the 

hydrodynamic representation of the columns and lower hulls in combin

ation. This results in a "wave—excitationless frequency at relatively 

low frequencies in the heave mode induced by the cancellation of the 

Froude-Krylov force, F^, on the column section and the inertial dif 

fraction force, F of opposite sign on the submerged lower hull
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4-- [51,90]section . This interference effect can be taken into account

automatically by representing the columns as the surface—piercing 

extensions of the hulls . Moreover, as demonstrated by the author 

et al. , this type of representation indicates a third interference 

effect between the above stated two so that as the hull separation 

decreases the wave-excitationless frequency shifts towards a higher 
frequency.

Finally, some tests done with twin surface-piercing cylinders 

with different cross-sections showed that if the cylinders have vertical 

sides at the free surface such as semi-circular or rectangular, 

linearity exists between the body oscillations and the hydrodynamic 

radiation force, but if the cylinder had sloped sides such as triangular,
[7 5]the relationship is non-linear at the lower frequencies . This find

ing implies that elongated waterplane area of columns with fairing (or 

sloped sides) is undesirable from the hydrodynamic design point of view.

4.2.1 OuutLine. 0  ̂Tke,o^eXlc.at App/Loaah {\0K tke. ¥vut-0^dvi 
ijJave,-Jndu(i2.d LoacU

As will be presented in section 4.4.1, there are several effects 

inducing steady second-order loads. Amongst others the oscillatory 

motion response induced by the first-order wave forces is one of them^^^'^^^

From the point of view of steady tilt behaviour, this effect will 

be important as it influences the magnitude of steady wave-induced tilting 

moment in roll mode as well as in other modes as indicated in ref. [21] .

The fundamentals of vector analysis indicate that a change in a 

vector quantity can occur only by a change in length and/or a change in 

direction . Regarding the steady tilt behaviour of semi-submersibles, 

the distance vectors from the centre of the rotation to the application 

point of the oscillatory first-order wave forces on each hull are fixed
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in its body. (There have been arguments about the precise centre of 

roll for semi-submersibles and the application point of the forces on 

each hull for moment considerations, but in practice they are usually 

assumed at the centre of gravity and centre of lower hulls as chosen in 

ref. [21].) Although the lengths of the distance vectors are fixed in 

the moving semi-submersible, their direction changes as the vessel 

moves in space. The change in these vectors is a change in direction 

brought about by the rotation of the semi-submersible and does not 

depend on the translation of the vessel. Considering the beam sea case 

this change will be induced by the first-order roll motion only in 

oscillatory form and small in magnitude justifying linear theory 

assumptions.

During the derivation of the steady wave-induced tilting moment

about the centre of rotation, the product of first-order forces on each

hull and the distance vectors, which both oscillate sinusoidally,

produces a steady moment and a second harmonic moment component. This

effect reduces the steady wave-induced tilting moment on the semi-submers-
[21]ible which is assumed restrained

In the foregoing section although this effect is omitted by the 

assumption of complete restraint, the author realises its importance 

and presents a method for the computation of the first-order forces as 

follows.

The method formulated here is the most rigorous application of 

the strip theory. It assumes that the semi-submersible is split into 

many beamwise strips along its length and the hydrodynamic interaction 

between adjacent cross-sections in the longitudinal direction is 

neglected. This assumption produces a two-dimensional hydrodynamic 

force problem in surface-piercing column sections, which are assumed 

as the extensions of the lower hulls, and in submerged lower hull sections
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It is assumed that the amplitudes of the incident wave and the resulting 

motions of the semi-submersible are moderate compared to the diameters 

of the main underwater elements. Thus the fluid forces will be domin

ated by the component due to pressure and viscous effects can be 

neglected. This assumption implies that even at large tilt angles, the 

hydrodynamic forces should be linear resulting in moderate amplitudes of 

harmonic motions about this tilted position.

Under these linear theory assumptions the sectional hydrodynamic 

loads on the semi-submersible cross-sections are computed by using the
[7 9 ]Frank Close-fit technique which is based on the Green's Function 

Integral Equation Method. This method is applicable to any two- 

dimensional simply connected shape. It has a great advantage in that it 

represents the fluid potential directly due to any shape of disturbance. 

This facility allows the computation of hydrodynamic forces on the 

asymmetric hull section at tilted positions.

In spite of the three-dimensional effects anticipated, the use of the 

beamwise strip method will also facilitate the investigation of both the 

interference problems. Since the columns are assumed as the extensions 

of the hulls, the second type of hydrodynamic interference stated 

earlier is automatically taken into account. However, in the course of 

formulation of the first type of hydrodynamic interference problem the 

reflection principle is used^^^'^^'^^^. Therefore the hull sections 

must be symmetric longitudinally with respect to the vertical mid-plane 

of the twin geometry. This restriction implies that the interference 

between the hull sections can be investigated only in the upright 

position of the twin geometry.

Moreover, since in the Frank Close-fit technique the required velocity 

potential is represented directly by a distribution of pulsating point 

sources around the wetted strip contour, the pressure distribution
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around the contour can be obtained automatically. Such a facility will 

give information to obtain the hydrodynamic pressure centre where the 
hydrodynamic forces act on the section .

The Frank Close-fit technique was developed by Frank^^^^ and has

been used extensively in several ship motion programmes developed in the

David Taylor Model Basin (DTNSDC) ̂  ̂. By making use of the

technique developed in these programmes, the author applied this method

for the asymmetric single sections, symmetric twin—sections and computed

the coupled motion-induced coefficients in plane modes^^^'^^^. He used

the same technique to represent the two-dimensional diffraction potential 
[84,65,66] ^and computed the wave-exciting forces for single and twin 

[49]sections in oblique seas . He also studied the distribution of the

hydrodynamic radiation pressures around semi-submersible types of cross- 
[50]sections

In the following a brief outline of the above hydrodynamic force 

problem is presented for regular beam seas based on the Frank Close-fit 

method. The effect of the earlier stated parameters, i.e. the frequency, 

the free surface, the section geometry, the interference and the tilt, 

are presented for the semi-submersible model tested.

4.2.2 ¥omuZcuUon the, Tk2.oA,2XlaaZ h\<iXhod

It is assumed that the fluid is ideal, of infinite depth and that 

its motion is irrotational. Since the incident wave and resulting motion 

response is assumed sufficiently small in amplitude to justify a linear 

description, this general motion problem can be assumed to be a linear 

superposition of the following boundary value problems :

(Î  incident wave encountered by the semi—submersible section will

be diffracted from it assuming the strip section is rigidly held 

in its fixed position. This is called the "Diffraction Problem".
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(ii) As soon as the incident waves are diffracted due to the presence 

of the section, it is assumed that the motion can be represented 

by the oscillation of this section in initially calm water with 

the same frequency as the waves. This is known as the "Radiation 
Problem".

Thus, the total velocity potential of the fluid motion generated by 

sinusoidal beam waves with the stationary strip section undergoing small 

amplitude oscillation can be described by a time-dependent potential,

$ = #2 + + $2 ... (10)

where 0^ = the incident wave potential (Froude-Krylov potential) 
representing the incoming beam waves

0^ = the diffraction potential representing the disturbance of 
the incoming wave diffracted by the section

0^ = the radiation potential representing the motion-induced 
disturbance of the initially calm water.

The nature of the linear boundary value problems imposes the 

following conditions which should be satisfied by the sectional velocity 

potential :

(i) The Laplace equation in the fluid domain.

(ii) The linearised free surface condition on the free surface.

(iii) The bottom condition at the sea floor.

(ivj The radiation condition at a large distance from the strip

section.
(v) The kinematic boundary condition on the section contour given 

by

E  = ̂  \  ••• "1)

where V = normal velocity component of a point on the section n
contour.
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Within the linear analysis further decomposition of the kinematic 

lioundary conditions yields the following for the radiation problem:

90
= Van - ... (12)

and for the diffraction problem it is assumed that the body is rigidly 
held, thus :

a* a*
aTT + ^  ° (13)

In the strip domain, taken vertically in a beamwise direction, the 

incident wave profile, Froude-Krylov, radiation and diffraction poten

tials are expressed in the strip section as follows. Fig. 94^^^^ :

The incident wave (h) progressing across the x-axis given by:

h = a ei (Yx-wt) ... (14)

where a = maximum of the incident wave

Ü) = radian wave frequency

0)̂  ,
Y  =  —  =  wave numberg
g = acceleration due to gravity

The Froude-Krylov velocity potential 0^ which generates this wave in the 

beamwise direction at the strip contour is given by:

... (15)

The radiation potential 0 is represented by a distribution of

wave source potentials along the strip section wetted perimeter with the
^ [79,49]aid of Green's formula, given by :

o'“ ’(x,y;t) = / Sjl^NS-n) G(x,y;Ç,n) ds ... (16)
^ s
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Fig. 94 - Definition of the coordinate systems and strip section
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where - unknown source strength

G - pulsating source potential of unit strength at a point (Ç,ri)
on the strip contour. See refs [84,85,49].

£  = wetted contour of the strip section

m — mode of oscillation takes 2, 3 and 4 for sway, heave and 
roll respectively.

Since the diffraction is also a disturbance, the diffraction

potential 0^, is expressed in the same m a n n e r :

G(x,y;Ç,n) ds ... (17)

The radiation potential is employed to solve for the sectional motion- 

induced force coefficients (added mass/inertia and damping). The 

diffraction potential and the Froude-Krylov potentials are combined and 

utilised to obtain the sectional wave-induced forces (exciting force/ 

moment) with accompanying phase angles as follows.

Tke. RadLicution ?A.obtm

The unknown source strengths of eg. (16) are found by the

application of the kinematic boundary condition eg. (12) on the strip 

contour as follows :

RE<|(n.V) / (C/D) G(x,y Ç,n) dsj> = 0

IM<|(n.V) / G(x,y Ç,n) ds|> = 0) A c o s  (n,m)

(18)

where = maximum of the motion of the strip in the mode of
motion (m)

cos(n,m) = direction cosine depending on the mode of motion (m) 

n = outward unit normal vector.

According to the Frank Close-fit procedure, the strip contour is approx

imated by a series of straight line segments with a single pulsating



190.

source located at the mid-point of each segment. For the symmetric 

single and twin-section configurations by using the reflection principle 

the problem can be reduced to half of a symmetric section or one part of 

a twin section. in Fig. 95, typical section segmentations are shown for 

a column section in twin, single symmetric and single asymmetric cases. 

The strengths of the sources are assumed constant along the segment 

length but vary from segment to segment. Consequently, the above two 

sets of coupled integral equations, eq. 18, become a set of 2N linear 

algebraic equations, i.e. i=l,2,  N.

! + I = 0

- ! Q f  + I  C l  I.;' = w A cos (n,m)j = l  ̂ ^  j=l ^  ^

(19)

where

RE (5 ,n) j> = and IM <j ej"' (Ç ,n)|> = ... (20)

and and J. are the "influence coefficients" given by1] 1]
Frank and studied by the author in more detail in ref. [48].

By solving the above algebraic equation system, the unknown 

source strengths and, thus, the radiation potential is evaluated. The 

resulting potential consists of components in phase with acceleration 

and velocity. The hydrodynamic pressure along the strip contour is 

obtained from this potential using the linearised Bernouilli equation. 

Integration of the component pressures along the body contour yields 

the corresponding sectional added mass/inertia in phase with the
[49]acceleration and the potential damping in phase with the velocity
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Fig. 95a - Twin-section segmentation
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Fig. 95b - Symmetric single section 
segmentation

Fig. 95c - Asymmetric single section 
segmentation
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Segment geometryFig. 95d

Fig. 95 - Typical section segmentations according to the Frank
Close-Fit Method
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The. V Z {)/)A ,a a tcon  ? A ,o b lm

The Froude-Krylov force given in eq. (15) is broken into its 

real and imaginary parts per unit amplitude of the incident wave 

corresponding to its odd (o) and even (e) components in the form:

^  - RE (x,y t)} = ^  sin(yx) coswt
(21)

- IM (x,y t)} = e^^ cos(yx) sinwt

which generates the appropriate modes of fluid motion. The even potential 

is applied to represent the symmetric flow about the y-axis whereas the 

odd potential function is applied to generate the asymmetric flow field 

about the same axis. The required potential per unit wave amplitude, 

which represents the flow due to the incident wave and the diffracted 

wave in the presence of a fixed strip section is written according to 

the mode of e x c i t a t i o n :

0 (2) $(o)w I D

0(:) _ ^ 0<=) + ,(3)w a . I D

0 $(o)w I D

(22)

The kinematic boundary condition given in eq. (13) will be différent for 

the symmetric (heave) and asymmetric (sway and roll) modes thus:

(3)
D 90 (e)

90

9n

(2,4)
‘D

9n (23)
90 (o)

9n

Substituting the potential expression of eq. (17) and eq. (21) into 

eq. (23) by using the relation given by eq. (22) and utilising the 

Close-fit technique, the following algebraic equation systems are

obtained :
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(i) for heave

I  s" +J, =«
(24)

^Ij* = “ e^i{sin(7X.) sin
+ cos(yx^) cosa^}

(ii) for sway (and, similarly roll)

+ sin(yx^) cosa^}

N N * * * (25)«r =«
where is the segment slope of the i^" segment mid-point on thejth

section contour. Fig. 95.

By solving each of the above equation systems as appropriate, 

the unknown source strength Q̂ °̂ ) and Qĵ ĵ and consequently the required 

diffraction potential is obtained. Both the diffraction potential and 

the Froude-Krylov potential comprise terms in phase with the acceler

ation and terms in phase with the velocity. The integration of the

pressure around the wetted contour produces the sectional wave exciting
[49]force/moments in phase with the acceleration and velocity . Thus: 

f(“ ) = cosfc'™' - wt) ... (26)
where

f(m)| = ̂  ^ ... (27)

is the force maximum and

£'”> = tan"‘ ••• (28)I  /  R

is the phase shift of the force maximum from the incident wave maximum 

at the origin.
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4.2.3 CoïïiputaÙLOyi& tho , VÂJii)t.-OH.dQA. WcvoQ.-'lviduLc.z.d Load^

In this section based on the theoretical method used, the wave- 

induced loads on the semi—submersible model tested in Chapter 3 are 

computed. In spite of the appreciably large three-dimensional effects 

expected, a rigorous application of the strip method for this particular 

model illustrates several hydrodynamic aspects. Among these the effect 

of frequency, section geometry, hydrodynamic interference, surface- 

piercing columns and steady tilt are accounted for. Taking advantage 

of the two-dimensional procedure used, a major part of the investigation 

of these effects is carried out on the sectional loads as well as on the 

total (integrated) loads on the model in the upright position. The 

measured wave-exciting forces on the single hull and twin lower hull of 

the model given in Chapter 3 are compared with forces computed by the 

present method.

?h.2^2.YVtOitiOYL o j

In order to facilitate the presentations, the results are pres

ented in three groups as follows :

(i) Presentation of the sectional and total hydrodynamic loads on 

the particular model tested with emphasis on the effects stated 

above except for the tilt.

(ii) Presentation of the effect of hydrodynamic interference between

the hulls, steady tilt and hull section shape on the sectional

loads with various parameters.

Presentation of the comparison of the experimental and theoretical 

wave-exciting forces on the single and twin lower hull of the 

model in heave and sway mode.

appropriate that the hydrodynamic loads are usually rep

resented by two distinct groups of force coefficients which are used in
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the motion equation:

Motion-induced coefficients (i.e. added mass/inertia and 
damping)

Exciting wave-induced coefficients with accompanying phase 
angles.

Since a semi—submersible has two different types of cross-sections along 

the hull, it is also appropriate to represent these coefficients for:

• completely submerged (hull) section

surface-piercing (column + hull combination) section.

(i) The hydrodynamic coefficients for the semi-submersible model are

computed over the frequency range chosen according to the waves generated 

during the model tests, i.e. 1.885  ̂ü) ^ 7.54 rs \  The coefficients are 

generated for all in-plane modes (heave, sway and roll) including the 

coupled sway-roll motion induced coefficients in the upright position of 

the model.

As shown in Fig. 96, three equally spaced vertical strips in the 

beamwise direction are taken for each column and one strip is taken for 

the hulls neglecting appendages. Thus, there is one completely submerged 

circular hull (section A-A) and four surface-piercing column (and hull 

combination) sections with differing widths at the waterline (section B-B 

and C-C at the outer columns; section D-D and E-E at the intermediate 

columns).

As outlined in the theoretical part, the Frank Close-fit technique 

requires the segmentation of the immersed section contour. Increasing 

the number of segments along the contour increases the accuracy of the 

results but simultaneously increases the computer time requirements. 

Consequently a compromise is normally made to limit costs.
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If the demi hull section is symmetric about its vertical mid-plane and 

hydrodynamic interference between the demi-hull sections is disregarded, 

a considerable saving in computing time is attained by utilising the 

symmetry and considering only one half of a demi-hull section. This 

facility is employed to determine the hydrodynamic coefficients of a 

single symmetric section in the upright position. The same facility is 

also used to determine the hydrodynamic coefficients of twin-hulled 

sections including the effect of hydrodynamic interference, in which 

case one complete demi-hull section is considered in the calculation.

However, when the section is forced into a tilted position, the resulting 

underwater geometry becomes asymmetric and requires the segmentation of 

each one of the complete demi-hull sections for the purposes of comput

ation.

Figure 97 shows the segment distributions of the five typical cross- 

sections considered by using 24 straight line segments for one demi-hull.

In all figures the abscissa is a non-dimensional frequencey yR 

(R is hull radius). The sectional added mass and damping have been non- 

dimensionalised as in Table 25.

Mode of 
Motion

Added Mass 
Coefficients

Damping
Coefficients

Heave Added Mass/p Damping Force/w pS^
Sway Added Mass/p Damping Force/w p S^
Roll Added Inertia/p S^ Damping Inertia/O) p
Sway-Roll Added Moment/p S Damping Moment/w p S^ S

where S is instantaneous cross-sectional area, S is half of the A
hull separation.

Table 25 -  Presentation of the hydrodynamic motion-induced coefficients
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The sectional exciting forces and moments are presented in the 

f o m  of amplitudes | f | and phase angles £ in the m-plane mode 

of motion. These can be written in a time dependent form as:

I f I c o s ( e  - ü)t)

where £ is the phase shift of | f ̂ { from the crest of the incident

wave at the origin of the wave axis system (0-XY) . This is taken at 

the intersection point of the water level and the vertical symmetry 

axis of the twin sections. Fig. 97. it should be noted that | f | is

the amplitude of the sum of the sinusoidal forces acting on the

individual hull section and presented by the coefficients given in 

Table 26.

Mode of 
Excitation

Wave-exciting Force/Moment 
Coefficients

Heave Exciting Force/apgR

Sway Exciting Force/apgR

Roll Exciting Moment/apg

Table 26 - Presentation of the hydrodynamio wave-induced coefficients

For the presentation, the rolling centre is located at the centre of the 

wave axis system (0-XY).

The computed sectional hydrodynamic coefficients of the five 

typical cross-sections shown in Fig. 97, are presented in Figs 98a,b to 

104a,b. The figures termed by (a) show the coefficients of the twin 

sections where the hydrodynamic interaction between the hull sections 

are not accounted for (i.e. each hull in isolation). However, the 

physical interference (phase relation) between the hull sections owing 

to the orientation of each hull relative to the wave is accounted for 

in the wave-induced coefficients.
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Whereas, the figures termed (b) present the same coefficients in the 

corresponding modes when account is taken of the hydrodynamic inter

ference for the motion-induced coefficients and both the hydrodynamic 

and physical interference for the wave-induced coefficients.

The total hydrodynamic loads on the model, which are found by 

integrating these sectional loads along the length of the model, are 

presented in Figs 106 to 112 and compare the values in isolation with those 

for hydrodynamic interference. The results are presented in dimensional 

form against non-dimensional frequency values.

In order to investigate the hydrodynamic effects of the surface- 

piercing columns, the total hydrodynamic loads are presented by separat

ing the loads on the two lower hulls of the model and those on the whole 

model (Figs 113 to 119) . In this presentation the hydrodynamic inter

ference between the hulls is not accounted for.

(ii) In the first group of investigations, the effect of hydrodynamic 

interference is presented for the model with a ratio of hull separation- 

to-hull diameter of 6.0 which is relatively large. In fact, this 

investigation must be carried out systematically over a range of hull 

separations rather than for a single value. Similarly, the effect of 

tilt on these force coefficients also demands a systematic study over a 

range of tilt angles.

Hence, both the effects of hydrodynamic interference and tilt on the 

force coefficients of two different cross-sections were investigated 

over a range of these parameters including cross-section shape effects.

The range of demi-hull sections comprises circular and rectang- 

•Qlâ 2T geometries, the latter with an aspect ratio of 2.0. The circular 

submerged hull and surface—piercing column sections are two typical 

cross—sections,which are similar in size, to the model tested. The
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column thickness to hull diameter (breadth) ratio of the geometrically 

related hull-column combination is 0.5, Fig. 120a. The beam of 

the rectangular section is similar to the hull diameter of the circular 

hull. It is to be noted that although the draught of the circular and 

rectangular hull and column section is different, the depth of submerg

ence of each hull (upright) top surface below the free surface is kept 
the same, Fig. 120a.

The numerical results presented herein are based on a total of 

24 segments distributed along the contour of each single completely sub

merged lower hull section and a total of 32 segments in the case of a 

surface-piercing column section. Figure 120b shows a typical segment 

distribution for the circular section generated by the computer in a 

tilted position.

The hydrodynamic coefficients are generated at 40 frequencies 

within a wide range, 0 < 03 ^ 12, and for the so-called 'infinite- 

frequency' for added mass at the tilt investigated. These infinite 

frequency coefficients, termed 'I', appropriate to each submergence are 

shown in the key box of each added mass figure.

In order to ascertain the importance and nature of hydrodynamic 

interference effects between the hulls of the cross-sections, the 

coefficients are generated for single submerged hull and surface-piercing 

sections in isolation and compared to the coefficients obtained when 

accounting for hydrodynamic interference. Hull separation- to-beam 

ratios, S/B, of 1.5, 3.0, 6.0 are used during this investigation for 

both cross-sections.

In Figs 121 to 130 the effect of hydrodynamic interference on the 

hydrodynamic coefficients of both the circular and rectangular cross 

sections are presented by typical examples in heave and sway mode. The 

full range of presentation is given in ref. [52].
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The investigation of the effect of tilt on the hydrodynamic 

coefficients is based on the assumption that the immersed demi-hull 

sections do not interact with each other hydro dynamically. The hull 

separation-to-hull beam ratio chosen for this phase of the work is 6.0 

as for the model's hull separation. Using specially prepared computer 

routines, each of the four types of stripwise twin-hulled section are 

rotated about the point of intersection between the centreline of 

lateral symmetry and the waterline as shown in Fig. 131. Numerical 

data is generated for the asymmetrical sections tilted in the leeward 

direction at tilt angles of 3°, 6°, 9°, 12° and 15°. Corresponding 

upright, single section data is generated at the equivalent depth of 

submergence, here measured below the free surface to the centre of 

area of each hull as shown in Fig. 132. This equivalent depth of sub

mergence is different for the seaward, H^, and leeward, H^, demi-hull 

sections. It is so defined to filter out the effect of the depth of 

submergence between the asymmetric tilted section and the equivalent 

upright section thus retaining solely the effect of the tilt angle.

An examination of the effect of tilt is carried out by comparing the 

results computed for the leeward and seaward sections and the corres

ponding upright sections which are presented separately on the same 

figures.

The results are presented in Figs 133 to 151 by typical 

examples chosen in the heave and sway modes for both the circular and 

rectangular cross-sections. The full range of this investigation is 

also given in ref. [52]. In these figures the abscissa is a non- 

dimensional frequency yB. The sectional added mass, damping and wave 

0xciting force coefficients are presented as defined in group (i). It 

should be noted that, while for the purposes of the hydrodynamic inter

ference study, |f I is the amplitude of the sum of the sinusoidal
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forces acting on the individual (leeward and seaward) hull, in the 

case of the tilt investigation | f | is the amplitude of the force 
acting on each hull separately.

 ̂ force tests, the wave-exciting force on the lower hulls
of the model was measured at the hull separation-to-hull diameter 

ratios for 2.0, 3.0, 4.0 and 5.0 as well as on that of the single hull 
in isolation.

In the following this experimental force data is compared with 

theoretical results.

As stated in Chapter 3, during the model tests the wave- 

exciting forces were measured on each hull separately in the presence 

of the other hull. Therefore the measured force on each hull includes 

the hydrodynamic effect of the other hull. In order to present the sum 

of the forces acting on the twin hull the physical interference between 

the hulls is taken into account by using the theoretical phase angle, 

of the single hull in isolation.

The comparison of the experimental and theoretical data with 

accompanying phase angles are presented in Figs 152 to 157 for the 

single hull in isolation and twin hull at four hull separations. In 

these figures the abscissa is non-dimensional frequency (yB) while the 

sectional force has been non-dimensionalised as for the previous presen

tations, i.e. by apgB.

VÂj>ciuu>6bon.

The discussion of the results is given in the same groups as 

described above.

2̂_) i. 1 S0gtional Hydrodynamic Coefficients : As illustrated in

Figs 98 to 104 the sectional hydrodynamic coefficients are presented 

for two typical cross-sections of the model. These are.
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Completely submerged twin hull-section (section A-A) 

Surface-piercing twin column (and hull combination) section

with differing ratios of column width at WL to hull diameter

(column thickness ratio) of 0.51 (section D-D), 0.59 

(section E-E), 0.71 (section B-B) and 0.81 (section C-C).

In these figures it is noted that having surface-piercing extensions 

with differing column thickness ratios changesthe hydrodynamic coeffic

ients of the completely submerged hull section dramatically. This 

effect is different for each mode and depends on the column thickness 
ratio.

If one disregards the effect of the hydrodynamic interference. Figs 98a

to 101a, while the inclusion of this extension decreases the added mass

in the heave mode throughout the frequency range, its effect varies in 

the asymmetric modes (sway, roll, coupled sway-roll) with varying 

frequency particularly in the low frequency range.

The trend of the damping curves of the asymmetric modes is different 

from those in the symmetric heave mode. The inclusion of the column 

extension increases the damping of the submerged hull section enormously 

in the asymmetric modes throughout the frequency range while in the 

heave mode it increases it in the low frequency region and diminishes 

towards the higher frequency region.

The effect of the surface-piercing extension on the wave-exciting force 

coefficients follows the same trend as the damping coefficients reflect

ing the Haskind-Newman relationship in the heave and sway mode as

shown in Figs 98a, 99a and 102a,b. However, the force coefficients 

indicate a "critical-frequency" at about 0.26 where the forces on each 

hull section cancel each other out due to the physical interference.
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As illustrated in Fig. 102a, the "wave-excitationless" frequency 

caused by the hydrodynamic interference between the surface-piercing 

extension and the submerged lower hull section occurs at relatively 

higher frequencies, where the damping also becomes zero, for section 

E-E and D-D. As the column thickness ratio increases the wave- 

excitationless frequency shifts towards the higher frequency region.

In order to ascertain the hydrodynamic interference between 

the hull sections if Figs 98a to 104a are compared with Figs 98b to 

104b respectively, it is noted that this effect brings about two dis

tinct discontinuities for the surface-piercing sections. These are 

in the vicinity of a non-dimensional frequency of 0.10 in the symmetric 

mode and that of 0.3 in the asymmetric modes.

The discontinuity about the non-dimensional frequency of 0.3 is caused 

by the two-dimensional interference phenomenon as stated earlier. At 

this resonant frequency the half length of the corresponding surface 

wave is equal to the distance between the inner walls of the column 

sections. This wave is a half antisymmetric standing wave trapped 

between the inner walls. It has a symmetry about the vertical symmetry 

axis of the twin sections, where its maximum or minimum occurs. Its 

zero-crossing points are at the intersection points of the column inner 

walls and the waterline.

By using the relation between the wave frequency and length, 

these non-dimensional resonant frequencies, r can be located by the 

following formula as suggested in refs [73,74]:

K = n —^  R (n=l,2,3, ... for symmetric modes) ... (25)r S-x (n=0.5,1.5,2.5, ... for asymmetric modes) 

where x is half column width at WL.
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Equation 26 yields the first possible non-dimensional resonant 

frequencies in the asymmetric mode (i.e. n=0 .5 ) for each surface- 
piercing section as follows:

“ 0.288, 0.292, 0.299 and 0.305 for section D-D, E-E,
B-B and C-C respectively.

This indicates that the discontinuity at about 0.3 in the asymmetric 
modes is induced by the resonant behaviour.

However, the discontinuity in the heave mode cannot be explained 

by the resonant behaviour which does not occur for the sections and 

frequency range tested here (e.g. K^-0.5 for n=l).

This discontinuity is attributed to the "irregular frequency" 

phenomenon induced by the singular behaviour of the Green's Function

Integral Equation method for certain types of surface-piercing
[79]sections . This is a mathematical failure and thus the computed 

values at this frequency do not represent any physical condition and 

should be disregarded or filtered out by using smoothing techniques 

As suggested in ref. [87] the irregular frequencies can be located by 

scanning the value of the determinant of the matrix coefficients used 

in determining the source strengths on the section contour. As shown 

in Fig. 105a in the vicinity of a non-dimensional frequency 0.10 the 

value of the determinant becomes very small relative to its neighbouring 

values in the symmetric mode. However, it is interesting that as 

illustrated in Fig. 105b, the value of the determinant also presents a 

sudden drop about the non-dimensional resonant frequency of 0.3 in the 

asymmetric modes. Thus, although no irregular frequency is observed in 

the case where the demi-hull section is in isolation, the irregular 

frequencies can occur in a complicated form when the hydrodynamic inter

ference between the hull sections is accounted for. There may be a 

case where the irregular frequency may be nearly coincident with the
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resonant frequency or close to each other affecting the width of the 

deviation band around these frequencies, in such a case it is impossible 
to distinguish between the two p h e n o m e n a .

The comparison of Figs 98a to 104a with 98b to 104b indicates 

that at this hull separation (S/R-6.0) the effect of the hydrodynamic 

interference on the submerged hull section is negligible whereas it is 

considerable on the magnitude of the surface-piercing section coeffic

ients in addition to the complicating resonant and irregular frequency 

phenomenon.

i.2 Total Hydrodynamic Loads : As illustrated in Figs 106 to

109, if the above explained discontinuities are disregarded, the effect 

of the hydrodynamic interference (between the demi-hulls-) on the added 

mass of the model is small. However, the damping of the model is 

reduced considerably when this effect is accounted for in all the modes. 

This interference effect on the heave-exciting force on the model is 

less sensitive and practically unimportant. Fig. 110, while it is 

relatively less in the roll mode. Fig. 112. It is large on the sway 

exciting force resulting in considerable differences in magnitude with 

a different trend in which the critical-frequency, where the zero force 

occurs due to the physical interference, disappears. Fig. Ill, as also 

reported in ref. [76].

The complicating occurrence of two discontinuities are observed at the 

same frequencies in the wave exciting force curves since the disturb

ance caused by the diffraction of the incident wave is represented by 

the same technique for the radiation case.

The effect of the existence of the columns is analysed when the 

hull sections are in isolation. This is preferred to eliminate the 

discontinuities encountered when accounting for the hydrodynamic inter-
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ferenoe between the hulls. As shown in Fig. 113, the inclusion of the 

columns brings about a constant reduction of 10% in the total added 

mass of the model through the frequencies tested, m  the asymmetric 

modes this inclusion increases the added mass of the submerged hull 

considerably in the low frequency range while it does not affect it at 

the higher frequencies as shown in Figs 114 to 116.

The total damping of the lower hull increases considerably in the 

asymmetric modes throughout the frequencies when the columns are 

included. However, this effect is not very strong in the heave mode 
and varies as the frequency varies.

The inclusion of the columns presents a wave-excitationless frequency 

at a non-dimensional frequency of 0.05 caused by the hydrodynamic inter

action between the submerged lower hull and submerged columns in the 

heave mode. Fig. 117. The inclusion of the column greatly increases 

the magnitude of the sway-exciting force on the lower hulls while its 

effect is relatively small on the roll-exciting moment of the lower 
hulls. Figs 118 and 119.

(ii) ii.l The Effect of Hydrodynamic Interference on the Sectional 
Hydrodynamic Coefficients :

Motion-induced Coefficients

Subm2Age,d édctboviS: Although the deeply submerged single, circular

section coefficients in the heave and sway mode are the same, their values 

differ when hydrodynamic interference is taken into account. Figs 121 and 

122. Whereas the heave values generally increase with decreasing hull 

separation, the corresponding added mass and damping values decrease in 

the sway mode. Notably the added mass values for S/B ratios greater 

than 3 are approximately of the same magnitude as those of the single 

hull. Apart from the effect of geometry and aspect ratio on the coeff

icients the differences in the trends of the rectangular section
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results from those of corresponding circular section results are 
negligible, Figs 121a,b and 122a,b.

pb^Acbug 62.cdU.oyi6: a decrease in the hull separation

induces an increase in the added mass and damping values in the heave 

mode. Fig. 123. Hydrodynamic interference induces slight variations 

in the heave added mass coefficients in comparison with those of the 

single hull in isolation. The corresponding variations in damping with 

hull separation and the magnitude of the damping throughout the

frequency range are negligible.

Although all curves have the same trend, the inclusion of the hydro-

dynamic interference brings about sharp discontinuities related to the

resonant and irregular frequency phenomenon as stated earlier.

Table 27 represents the possible resonant frequencies derived from 

eq. 26 for the symmetric and asymmetric modes in the first 3 modes of 

the oscillations (i.e. n=l,2,3 for symmetric mode, 0.5,1.5,2.5 for 

asymmetric mode. The resonant frequencies in the shaded part are out- 

with the range tested here.

Asymmetric Modes (sway, roll)

S/B n = 0 .5 n = 1.0 n = 1.5 n = 2.0 n = 2. 5 n = 3.0

1.5 1.57 3.14 4.71 6.28 7.85 9.42

3.0 0.63 Î 1.26 1.8 2.51 3.14 3.77

6.0 0.28 0.57 0.86 1.14 1.43 1.71
1

Symmetric Modes (heave)

Table 27 -  Location of resonant frequencies
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Referring to Table 27 the discontinuity at a non-dimensional frequency 

of about 0.57 in the heave mode for the largest hull separation is 

because of a symmetric standing wave taking place between the inner 

walls of the columns of wave length equal to hull separation and maxi

mum wave elevation at the centreline (i.e. n=l in eq. 26). For 

narrower hull separations the resonant frequencies occur at higher 

frequencies outwith the range tested in the thesis.

However, in the low frequency region (a non-dimensional frequency 

range between 0.1 and 0.2), except for the single section case, the 

remaining curves have sharp discontinuities at frequencies which do 

not coincide with a resonant frequency. These are attributed to the 

irregular frequency phenomenon stated earlier and should be disregarded 

or filtered out.

The twin-hull asymmetric modes are dominated by the resonant 

frequency (or perhaps combined with the irregular frequency) behaviour 

at larger hull separations as shown in Figs 124a and b. Referring to 

Table 27 no resonant frequency occurs at the smallest hull separation. 

The discontinuity at a non-dimensional frequency of 0.63 for S/B = 3.0 

and the discontinuities at 0.28 and 0.86 for s/B =6.0 are caused by 

the asymmetric standing waves between the inner walls of the column 

section for n =0.5 and 1.5.

Hydrodynamic interference reduces the twin-hull damping and added mass 

coefficients in this mode in comparison with those of the single hull 

although variations in the hull separation do not affect the results 

for all practical purposes (except for the resonant behaviour). As 

shown in Figs 123a,b and 124a,b the trend in the curves in the heave 

and sway mode for both circular and rectangular sections is similar in 

terms of the peaks and troughs. The magnitude of the heave added mass 

of the rectangular section is greater than that of the circular while

for the damping the opposite is the case.
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Wave-induced Coefficients

Su.bïï]2JLg2.d 62.<ltûoyi6: For submerged sections in heave and sway

changes due to hydrodynamic interference are negligible except for the 

smallest hull spacing (S/B=3.0) and the moderate frequency range.

Figs 125 to 128. VThether hydrodynamic interference is accounted for 

not the largest force is observed at the smallest hull separation 

in the relatively low frequency range. As the hull separation increases 

local peaks occur because of the physical interference and result in a 

smaller force magnitude (which takes zero value at certain frequencies). 

For a given hull separation the occurrence of zero total force at certain 

frequencies is purely owing to the phase relation between the demi-hulls, 

Figs 127 and 128. This behaviour does not appear to be affected by 

hydrodynamic interaction in the case of a fully submerged section.

SuA{)0iC2,-pbCAcdng 6 2 .c t lo n 6  : Typical force results for surface-

piercing sections are given in Figs 129 and 130. For rectangular 

sections in the sway mode, the single section force values which do not 

include hydrodynamic interference follow the same trend exhibited by the 

submerged sections. However, this pattern of behaviour is altered and 

the magnitude of the force reduces dramatically when hydrodynamic inter

ference is taken into account.

The wave-excitationless frequency in the heave mode. Fig. 129, shifts 

towards a higher frequency as the hull spacing decreases. As stated in 

the foregoing, since the diffraction potential is represented using the 

same technique employed to represent the radiation potential, the can— 

plicating occurrence of resonant and irregular frequencies are to be 

expected.

As for the submerged section case, zero forces are induced at certain 

frequencies. However, in the case of surface-piercing sections.
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accounting for hydrodynamic interference leads to cancellation of zero- 

force frequencies, except for the wave-excitationless frequency 
referred to.

The trends observed for the rectangular hull interference and those of 

the circular are similar in nature.

ii • 2 The Effect of Tilt on the Sectional Hydrodynamic
Coefficients : The influence of a tilt angle on the

hydrodynamic coefficients manifests itself through the change in the

section area projected normal to the direction of motion, the depth of

submergence (or draught) and in the case of roll and coupled sway-roll,

through the change imposed on the moment arm to the centre of rotation

of the section. Its effects on a submerged hull section differs from

that experienced by a surface-piercing column. Furthermore, significant

differences are induced in the hydrodynamic coefficients of the leeward

and seaward demi-hulls.

Motion-induced Coefficients

SubmOAg2.d 62.cdXoyi6: The influence of tilt on circular sections

is non-existent in all the in-plane modes of motion throughout the 

frequency range and tilt angle range examined except for those changes 

due to the altered depth of submergence. Figs 133 and 134. Its effect 

on the rectangular sections depends on the mode of motion considered.

As shown in Figs 135 and 136 if one compares figs a with c and b with 

d, the effect of pure tilt (i.e. effect of depth of submergence is 

filtered out) due to rotation on the heave and sway coefficients is 

negligible for all practical purposes except for tilt angles exceeding 

10° for which slight variations are found. Significant variations exist 

between the leeward and seaward demi-hull. It may be observed that the 

greatest variations occur in the seaward hull values due to its greater
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proximity to the free surface. Since the leeward hull increases its 

depth of submergence with increasing tilt angle, the variations in its 

coefficients with frequency are much smaller than those of the seaward 

hull. The magnitude of the coefficients of the seaward hull is always 

greater than that of the leeward hull in 0 < K - 0.5 for the range of 

tilt angles and sections examined. This trend may vary beyond this 

frequency.

SuA.^aC2.-pb2Acd.ng 62.cdXoyi6: Even if the effect of the draught

is filtered out, a tilt angle induces significant changes in the non- 

dimensional frequency range <0.4 in the heave mode at angles greater 

than 5° (compare fig. a with c and b with d in Figs 137 and 138). The 

modifications imposed on the sway coefficients are limited to the same 

frequency range and tilt angles greater than 1 0° where slight changes 

can be induced (see by comparison of fig. a with c and b with d in 

Figs 139 and 140).

Figure 138 indicates that whereas the damping assumes a zero value in 

the upright condition, it does not in a tilted position. This phenomenon 

is explained when discussing the wave-induced coefficients of surface- 

piercing sections.

If the motion coefficients of the seaward and leeward hulls at the 

equivalent upright positions are compared, the seaward hull experiences a 

larger force than the leeward hull in the heave mode, figs c and d in 

Figs 137 and 138. The same coefficients at -the actual tilted position 

indicate "the opposite trend so that the leeward hull experiences a larger 

force than the seaward hull, figs a and b in Figs 137 and 138. However, 

sway hydrodynamic coefficients of the leeward hull are always greater 

than those of the seaward hull whether it is in the upright or tilted 

position.
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Wave-Induced Coefficients

Subm2Age.d 60.ctlon6: The effect of tilt on the force amplitude

and phase of the circular section can be explained by the change due to 

depth of submergence. The seaward hull always experiences a larger 

force than the leeward hull throughout the frequency range. Figs 141 to 

146. If the effect of the submergence is filtered out the pure effect 

of tilt on the force and phase angle of the rectangular section is small 

and limited to angles exceeding 10° for which minor changes occur, 

reflecting the slight changes induced in the wave damping.

SuÂ ac2.-pyC2/LCyCyLg 62.cdU.oyi6: The changes imposed by a tilt

angle on the force amplitude and phase of surface-piercing sections are 

significant and particularly noteworthy. As has been illustrated when 

discussing the motion-induced coefficients, Fig. 138, there exists a 

'critical frequency' at which the wave damping and, therefore, the wave- 

exciting forces, will vanish for single column sections having a small 

waterplane area and a large submerged volume. This wave-excitationless 

frequency appears to no longer exist once a tilt angle is imposed on 

the section. Figs 147 and 148.

The modifications due to the tilt angle are most significant in the non- 

dimensional frequency range K < 0.4 and manifest themselves through 

changes in both the amplitude and phase of the force. In the tilted 

positions. Figs 147a and b, as the tilt angle reaches very large values 

(c|) >10°) the heave-exciting force on the leeward hull becomes larger 

than that on the seaward hull. Whereas in the equivalent upright position. 

Figs 147c and d, the seaward hull always experiences a larger heave 

exciting force than the leeward one particularly in the high frequency 

region.

Changes imposed on the wave-induced coefficient in the sway mode due to 

pure tilt effect (the effect of draught is filtered out) are limited to
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tilt angles greater than 10° and are relatively minor. Fig. 150.

In the actual tilted position and equivalent tilted position, the sway- 

exciting force of the leeward hull is always greater than that of the 

seaward hull (compare fig. a with b and fig. c with d in Fig. 150).

These conclusions apply to both circular and rectangular hull sections.

(iii) Comparison of the Experimental and Theoretical Wave-exciting 
Force on the Lower-hulls of the Model

111.1 Single Hull in Isolation; As illustrated in Figs 152 

and 153, the theoretical method, which is based on the two-dimensional 

potential theory, indicates a similar magnitude of wave-exciting force 

for the single hull in the heave and sway mode. However, the experi

ments indicate a greater sway-exciting force compared to the heave 

force particularly in the high frequency range. The correlation between 

the theory and experiments is good in the heave and fair in the sway 

mode.

111.2 Twin-hull at Various Hull Separations: As shown in

Fig. 154 in the heave mode, the agreement between theory and experiment 

is very good at relatively low frequencies and good in the high 

frequencies at the four hull separations tested.

However, similar to the single hull case, the theory underestimates the 

experimental sway-exciting force. The agreement is worst at the smallest 

hull separation and improves as the hull separation increases. Fig. 156.
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.SECTION A-A

SEPARATION Î o!°2 K 
DEPTH OF SUBMERGENCE TO UPPER FACE 00

SECTION B-B
HULL RADIUS , 0.07 H .
SHR , 0.71
DRAFT I 0.38 H
HALF HULL SEPARATION t 0.^2 H

SECTION C-C
HULL GEOMETRY , CIRCUUR
HO. OF SEGMENTS i 24
HULL RADIUS , 0.07 H
SHR t 0.81
DRAFT I 0.3G H
HALF HULL SEPARATION t 0.42 H

SECTION D-D
HULL GEOMETRY 
HO. OF SECHOITS 
HULL RADIUS 
SHR 
DRAFT
HALF HULL SEPARATION

CIRCULAR
24
0.07 K 
0.51 
0.30 H 
0.42 K

SECTION E-E
HULL GEOMETRY , CIRCULAR
NO. OF SEGMENTS t 24
HULL RADIUS t 0.07 H
SHR , 0.59 •
DRAFT , 0.30 H
HALF HULL SEPARATION i 0.42 H

Fig. 97 - Segment distributions of the typical cross sections
considered
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Fig. 98a - Sectional motion-induced coefficients for the heave mode
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Fig. 99a - Sectional motion-induced coefficients for the sway mode
in the absence of the hydrodynamic interaction between 
the twin sections
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in  the presence of the hydrodynamic in te raction  between
the twin sections
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 SECTION A-A
 œÇTION B-B SECTION C-C SECTION 0-0 SECTION E-E
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induced coe ffic ien ts  of the model in the sway mode
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Fig. 121b - Effect of hull separation on the motion-induced coeff ic ien ts
of a submerged rectangular section in the heave mode
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Fig 122b - Effect of hull separation on the motion-induced coe ff ic ien ts
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Fig. 134 Effect of varying t i l t  angles on the heave damping
coe ff ic ien t of c ircu la r  hull section
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Fig. 137 - Effect of varying t i l t  angles on the heave added mass
coe ff ic ien t of c irc u la r  column section
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Fiq 138 - Effect of varying t i l t  angles on the heave damping
coe ff ic ien t of c ircu la r  column section
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Fig. 139 - Effect of varying t i l t  angles on the sway added mass
coe ff ic ien t of c ircu la r column section



250,

g:iii

»

i

— Bru---
KM-DIIENStONAl.

TCW î
nSOUENCY -  K

- 0-

S

I

Fig. 140a - Seaward column section 
in tilted position

Fig. 140b - Leeward column section
in tilted position

 ---- fh 0.00*
---------------(f- 3.00» ...- - ' flw 6.00®
---------------0 -  9.00® 0*12,00®0-15.00̂

i

■or
HOH-OIMENSIONAL FAEOUEMCY -  K

SEAMAH) DEMIHUU.

—  g- 3 .0 0
 6.00
— 0 -  9 .0 0 ' — 0̂*12.00

NOM-OIHQOIO(UL FHEOUENCY -  K

Sm-0.50 SURFACE PIERCING 
LEEWARD OEMIHULL

Fig. 140c - Seaward column section in
equivalent upright position

Fig. 140d Leeward column section in 
equivalent upright position

Fiq 140 - Effect of varying t i l t  angles on the sway damping
coe ff ic ien t of c ircu la r  column section
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Fig. 146 Effect of varying t i l t  angles on the sway exciting force
on rectangular hu ll sections
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4 .  3  F I R S T - O R D E R  M O T I O N  R E S P O N S E

I n  s e c t i o n  4 . 3  t h e  f i r s t - o r d e r  o s c i l l a t o r y  h y d r o d y n a m i c  l o a d s  

a r e  f o r m u l a t e d  a n d  c o m p u t e d  i n  t e r m s  o f  t h e  w a v e  a n d  m o t i o n - i n d u c e d  

h y d r o d y n a m i c  c o e f f i c i e n t s .  T h e  w a v e - i n d u c e d  f o r c e / m o m e n t  c o e f f i c i e n t s  

a r e  a s s u m e d  l i n e a r l y  p r o p o r t i o n a l  t o  t h e  i n c i d e n t  w a v e  a n d  p r e s e n t e d  a s  

t h e  w a v e - e x c i t i n g  f o r  c e / m o m e n t  p e r  u n i t  w a v e  a m p l i t u d e . T h e  m o t i o n -  

i n d u c e d  c o e f f i c i e n t s ,  t h e  a d d e d  m a p s / i n e r t i a  a n d  d a m p i n g ,  a r e  a s s u m e d  

l i n e a r l y  p r o p o r t i o n a l  t o  t h e  a c c e l e r a t i o n  a n d  v e l o c i t y  o f  t h e  m o t i o n  

r e s p o n s e  a n d  p r e s e n t e d  a s  t h e  i n e r t i a l  f o r c e / m o m e n t , F ^ ,  p e r  u n i t  

a c c e l e r a t i o n  a n d  t h e  p o t e n t i a l  d a m p i n g  f o r c e / m o m e n t ,  F ^ ,  p e r  u n i t  

v e l o c i t y .  T a b l e  2 5 .

I n  o r d e r  t o  o b t a i n  t h e s e  m o t i o n - i n d u c e d  f o r c e  c o m p o n e n t s  

( r a d i a t i o n  f o r c e s )  a n d  t h e i r . c o n t r i b u t i o n  t o  t h e  s t e a d y  w a v e - i n d u c e d  

t i l t i n g  m o m e n t ,  t h e  v e s s e l ' s  o s c i l l a t o r y  m o t i o n  d i s p l a c e m e n t  s h o u l d  b e  

k n o w n .  F r o m  t h e  m o t i o n  d i s p l a c e m e n t s ,  t h e  v e l o c i t y ,  a c c e l e r a t i o n  a n d  

t h u s  t h e  r a d i a t i o n  f o r c e / m o m e n t s  a r e  o b t a i n e d  b y  m u l t i p l y i n g  t h e s e  

t e r m s  w i t h  e a r l i e r  c o m p u t e d  a d d e d  m a s s  a n d  d a m p i n g  c o e f f i c i e n t s .  M o r e 

o v e r ,  t h e  c h a n g e  i n  t h e  d i r e c t i o n  o f  t h e  d i s t a n c e  v e c t o r ,  d e f i n e d  i n  

s e c t i o n  4 . 2 . 1 ,  i n d u c e d  b y  t h e  r o l l  m o t i o n  c a n  b e  c a l c u l a t e d  w h e n  t h e  

v e s s e l ' s  r o l l  m o t i o n  i s  k n o w n .

4 . 3 . 1  Ou;tLLn2. ô f, Th2,on.ztLcjoJi App/ioac,k tko . VÂJut-0 fid2A  M o tio n s

T h e  p r e d i c t i o n  o f  t h e  m o t i o n s  o f  a  t w i n - h u l l  s e m i - s u b m e r s i b l e  

a r e  b a s e d  o n  v a r i o u s  m e t h o d s  ( e . g .  M o r i s o n ' s  f o r m u l a ,  s t r i p  t h e o r y ,  

t h r e e - d i m e n s i o n a l  s o u r c e  d i s t r i b u t i o n  t e c h n i q u e ,  e t c . ) .  I n  t h e  

f o l l o w i n g  a  m e t h o d  b a s e d  o n  t h e  s t r i p  t h e o r y i s  u s e d  t o  p r e d i c t  

t h e  m o t i o n  r e s p o n s e  o f  t h e  m o d e l  i n  r e g u l a r  b e a m  s e a s  a n d  t h e  c o m p u t a t 

i o n s  a r e  c a r r i e d  o u t  f o r  t h e  u p r i g h t  p o s i t i o n .
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T h e  s o l u t i o n  o f  t h e  f i r s t - o r d e r  m o t i o n  e q u a t i o n  a t  a  t i l t e d  

p o s i t i o n  b r i n g s  a b o u t  a  m o r e  c o m p l e x  m o t i o n  p r o b l e m  c o m p a r e d  t o  t h a t  

i n  t h e  u p r i g h t  p o s i t i o n  o r  a l t e r n a t i v e l y  t h e  s o l u t i o n  o f  t h i s  e q u a t i o n  

f o r  t h e  u p r i g h t  p o s i t i o n  h a s  g r e a t  s i m p l i f i c a t i o n s  c o m p a r e d  t o  t h a t  i n  

a  m o r e  g e n e r a l  t i l t e d  p o s i t i o n  i n  t e r m s  o f  t h e  c o e f f i c i e n t s  i n v o l v e d  

i n  t h e  m o t i o n  e q u a t i o n .

T h e r e f o r e ,  a l t h o u g h  t h e  f o r m u l a t i o n  o f  t h e  m e t h o d  i s  g i v e n  i n  

g e n e r a l  f o r m ,  n u m e r i c a l  r e s u l t s  a r e  o n l y  p r e s e n t e d  f o r  t h e  s e m i - s u b m e r s 

i b l e  m o d e l  i n  t h e  u p r i g h t  p o s i t i o n .  H o w e v e r ,  t h e  e f f e c t  o f  s t e a d y  t i l t  

o n  t h e  m o t i o n  e q u a t i o n  i s  d i s c u s s e d  w h e r e v e r  i t  i s  a p p r o p r i a t e  a l t h o u g h  

t h e  n u m e r i c a l  c a l c u l a t i o n s  h a v e  n o t  b e e n  c a r r i e d  o u t .

T h e  e f f e c t s  o f  s e v e r a l  p a r a m e t e r s  s u c h  a s  t h e  h y d r o d y n a m i c  

i n t e r f e r e n c e ,  t h e  p r e s e n c e  o f  s u r f a c e - p i e r c i n g  c o l u m n s ,  t h e  h y d r o d y n a m i c  

c o u p l i n g  a n d  d i f f e r i n g  G M s  o n  t h e  m o t i o n  r e s p o n s e s  h a v e  b e e n  i n v e s t i g a t e d .

4.3.2 fo/imuZatcon the. Th<io^QXiciaZ Method

I t  i s  a s s u m e d  t h a t  w h e n  t h e  s e m i - s u b m e r s i b l e  o s c i l l a t e s  a b o u t  a  

m e a n  p o s i t i o n ,  w h i c h  c o u l d  b e  t h e  u p r i g h t  o r  a n y  t i l t e d  p o s i t i o n ,  i t s  

r e s p o n s e  m o t i o n s  r e s u l t i n g  f r o m  t h e  f i r s t - o r d e r  o s c i l l a t o r y  l o a d s  a r e  

s m a l l  i n  m a g n i t u d e  t o  j u s t i f y  t h e  l i n e a r  t h e o r y  a s s u m p t i o n s .  T h e  f l u i d  

i s  a s s u m e d  i d e a l  f l u i d  a n d  t h u s  t h e  e f f e c t  o f  v i s c o s i t y  a n d  t h e  v i s c o u s  

f l u i d  f o r c e ,  F ^ ,  i s  n e g l e c t e d .  M o r e o v e r ,  t h e  s e m i - s u b m e r s i b l e  h a s  

l o n g i t u d i n a l  a n d  t r a n s v e r s e  s y m m e t r y  i n  i t s  u p r i g h t  c o n d i t i o n  a n d  i s  

p o s i t i o n e d  b e a m  o n t o  t h e  r e g u l a r  w a v e  t r a i n s .  T h u s ,  o n l y  t h e  i n - p l a n e  

m o d e s  o f  m o t i o n s  ( i . e .  s w a y ,  h e a v e  a n d  r o l l )  t a k e  p l a c e .

A c c o r d i n g  t o  N e w t o n ' s  s e c o n d  l a w ,  t h e  p r e v i o u s l y  d e f i n e d  h y d r o -  

d y n a m i c  l o a d s ,  F ^ , F ^  a n d  t h e  h y d r o s t a t i c  r e s t o r i n g  l o a d  F ^ , w h i c h  i s  

a s s u m e d  l i n e a r l y  p r o p o r t i o n a l  t o  t h e  m o t i o n  d i s p l a c e m e n t , w i l l  b e
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b a l a n c e d  b y  t h e  i n e r t i a l  f o r c e ,  w h i c h  i s  p r o p o r t i o n a l  t o  t h e  a c c e l e r 

a t i o n  o f  t h e  m o t i o n .  T h i s  r e s u l t s  i n  t h e  f o l l o w i n g  3  d e g r e e s  o f  

f r e e d o m  m o t i o n  e q u a t i o n :

4

j ;  ( " j k  +  A j k ) S k  +  ^ j k  = k  +  = j k  = k  =  F j  • • • ' 2 7 )

w h e r e  k  =  m o d e  o f  m o t i o n  a n d  t a k e s  2 , 3  a n d  4  f o r  s w a y ,  h e a v e  a n d  
r o l l  r e s p e c t i v e l y

j =  m o d e  o f  e x c i t a t i o n  a n d  t a k e s  t h e  v a l u e s  s i m i l a r  t o  k  f o r  
t h e  c o r r e s p o n d i n g  m o d e s

=  m a s s  m a t r i x  c o n t a i n i n g  t h e  m a s s ,  m a s s  m o m e n t  o f  i n e r t i a  
a n d  p r o d u c t s  i n e r t i a  o f  t h e  b o d y

A  =  a d d e d  m a s s  a n d  a d d e d  m o m e n t  o f  i n e r t i a  m a t r i x  p e r  u n i t  
a c c e l e r a t i o n

=  d a m p i n g  f o r c e  a n d  m o m e n t  o f  i n e r t i a  m a t r i x  p e r  u n i t  
v e l o c i t y

C., =  r e s t o r i n g  f o r c e  a n d  m o m e n t  m a t r i x  p e r  u n i t  d i s p l a c e m e n t  j k
F j  =  c o m p l e x  w a v e - e x c i t i n g  f o r c e  a n d  m o m e n t  m a t r i x  p e r  u n i t  

w a v e  a m p l i t u d e

I n  e g .  ( 2 7 )  s i n c e  t h e  r i g h t - h a n d  s i d e  i s  c o m p l e x

F j  =  R E  { F j  e ^ ^ ^ }  . . .  ( 2 8 )

t h e  r e s u l t i n g  m o t i o n  d i s p l a c e m e n t s  s ^  a r e  a s s u m e d  t o  b e  c o m p l e x  a s  

f o l l o w s  :

=  R E  { : %  . . .  ( 2 9 )

w h e r e  F .  =  F .  +  1  F  • • •  ( 3 0 )
] J-*-

S k  =  = k R  +  i  5 % ;  • • •  < 2 1 )

F r c m  e g .  2 9 ,  t h e  v e l o c i t y  a n d  a c c e l e r a t i o n  o f  t h e  m o t i o n  a r e  w r i t t e n  

a s  f o l l o w s  :
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B y  s u b s t i t u t i n g  e q s  2 8  a n d  3 3  i n t o  2 7  a n d  o m i t t i n g  t h e  t i m e  f a c t o r  
- i w t  ^®  i n  b o t h  s i d e s  o f  t h e  e q u a t i o n :

4
J 2  +  A ] k )  <- +  B j k  <-  +  C j k  < ® k >  =

( 3 4 )

T h e  e l e m e n t s  o f  t h e  m a t r i c e s  i n  e q .  3 4  a r e  a s  f o l l o w s .

IkaXnJbi

T h e  e l e m e n t s  o f  t h e  g e n e r a l i s e d  m a s s  m a t r i x  t a k e  t h e  f o l l o w i n g  

v a l u e s  i n  t h e  u p r i g h t  p o s i t i o n :

M  =  M  =  pv, M  = I , M  = M  =  M  =  M  =  M  =  M  = 0  22 33 44 44 23 32 24 42 34 43

w h e r e  V  i s  v o l u m e  d i s p l a c e m e n t ,

I  i s  t h e  m a s s  m o m e n t  o f  i n e r t i a  o f  t h e  s e m i - s u b m e r s i b l e  a b o u t44
t h e  r o l l i n g  a x i s .

I n  a  t i l t e d  p o s i t i o n  t h e  m a j o r  c h a n g e  w i l l  b e  i n  t h e  m o m e n t  o f  i n e r t i a  

t e r m  s i n c e  t h e  i n s t a n t a n e o u s  p o s i t i o n  o f  t h e  m e m b e r s  o f  t h e  s e m i -  

s u b m e r s i b l e  w i l l  b e  d i f f e r e n t  r e l a t i v e  t o  t h a t  i n  t h e  u p r i g h t  p o s i t i o n .

kddoA Mæ6>6 a.nd Vamping HcU/Ux

w h e n  t h e  s e m i - s u b m e r s i b l e  o s c i l l a t e s  h a r m o n i c a l l y  i n  t h e  

i n i t i a l l y  c a l m  w a t e r ,  i t  i n d u c e s  s y m m e t r i c  o r  a s y m m e t r i c  f l o w - f i e l d s  

d e p e n d i n g  o n  t h e  m o d e  o f  o s c i l l a t i o n .  T h i s  c a n  b e  o b s e r v e d  a s  r a d i a t 

i n g  s u r f a c e  w a v e s  i n  a  f o r m  o f  c o s i n e  o r  s i n e  w a v e  a s  a p p r o p r i a t e  t o  

t h e  s y m m e t r i c  h e a v e  o r  a s y m m e t r i c  s w a y  a n d  r o l l  m o t i o n s  r e s p e c t i v e l y .

C o n s i d e r  i n  t h e  g e n e r a l  c a s e  a  b e a m w i s e  s t r i p  c o n t o u r  o f  t h e  

s e m i — s u b m e r s i b l e  w h i c h  i s  f o r c e d  t o  o s c i l l a t e  i n  a n y  o f  t h e  k ^ ^  i n —  

p l a n e  m o d e s  ( e . g .  h e a v e ,  k = 3 )  w i t h  t h e  m o t i o n  a m p l i t u d e  ( e . g .  s ^

f o r  h e a v e ) .
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T h e  d i s t u r b a n c e  o f  t h e  f l u i d  c a u s e d  b y  t h i s  m o d e  o f  o s c i l l a t i o n  i n d u c e s

c o u p l e d  f o r c e s  o n  t h e  s t r i p  c o n t o u r  i n  a l l  t h e  i n - p l a n e  m o d e s  ( e . g .  i f

t h e  s e c t i o n  i s  f o r c e d  t o  o s c i l l a t e  i n  t h e  h e a v e  m o d e ,  i t  i n d u c e s  f o r c e s

a n d  m o m e n t s  i n  t h e  s w a y  a n d  r o l l  m o d e  a s  w e l l  a s  t h e  f o r c e  i n  t h e  h e a v e

m o d e ) .  T h u s ,  t h e  i n d u c e d  f o r c e s  a n d  m o m e n t s  w i l l  h a v e  t h e  a c c e l e r a t i o n

c o m p o n e n t  w  a ^ ^  a n d  t h e  v e l o c i t y  W b c o m p o n e n t  i n  d i f f e r e n t  d i r e c t i o n s

d e p e n d i n g  o n  t h e  f l o w - f i e l d  g e n e r a t e d  ( e . g .  s y m m e t r i c  h e a v e  m o t i o n

i n d u c e s  c o u p l e d  s w a y  f o r c e s  ( w ^ a  , w b  ) , c o u p l e d  r o l l  m o m e n t
2 3 2 3

(0 ) ^ a  ,0) b  ) a n d  p u r e  h e a v e  f o r c e s  (cü^a , cob ) ).
4 3 43 33 33

A s  a p p r o p r i a t e  t o  t h e  h u l l s  o f  t h e  s e m i - s u b m e r s i b l e ,  l e t  s u b s c r i p t  s  

a n d  Z  d e n o t e  t h e  h y d r o d y n a m i c  q u a n t i t i e s  b e l o n g i n g  t o  t h e  s e a w a r d  a n d  

l e e w a r d  d e m i - h u l l  s e p a r a t e l y .  I n  T a b l e  2 8 ,  t h e  s e c t i o n a l  r e s u l t a n t  

a d d e d  m a s s  a n d  d a m p i n g  f o r  a  t w i n - s e c t i o n  b y  o m i t t i n g  t h e  s u b s c r i p t  

( 2  +  Z) a r e  p r e s e n t e d  b y  s u m m a t i o n  o f  t h e  e l e m e n t  l o a d s  f o r  o n e  d e m i -  

h u l l  ( e . g .  s e a w a r d  d e m i - h u l l  2  i s  c h o s e n  i n  T a b l e  2 8 ) .  T h e s e  r e l a t i o n s  

a r e  g i v e n  i n  r e f .  [6 6 ] a n d  b a s e d  o n  t h e  a s s u m p t i o n s  t h a t  t h e  s e m i - s u b -  

m e r s i b l e  i s  s y m m e t r i c  w i t h  r e s p e c t  t o  t h e  v e r t i c a l  c e n t r e  p l a n e  a n d  

o s c i l l a t e s  a b o u t  t h e  u p r i g h t  p o s i t i o n  w i t h  s m a l l  m o t i o n  a m p l i t u d e .

S e c t i o n a l  A d d e d  M a s s  
f o r  T w i n - H u l l  (s+£)

S e c t i o n a l  D a m p i n g  
f o r  T w i n - H u l l  ( a +^)

& 2 2  =  2 [ a 2 2 ]g ^22  =

^ 2 3  =  0 ^ 2 3  =  0

& 2 4  =  2 [ ^ 2 4 ^ 8 ^ 2 4  “  ^ ^ ^ 2 4 ^ 3

^ 3 2  =  ° ^ 3 2  =  0

^ 3 3  =  ^ [ a g g ] ^ ^ 3 3  =  2 [ b g g ] ^

^ 3 4  =  ° ^ 3 4  =  0

^ 4 2  “  ^ ^ ^ 4 2 ^ 5 ^ 4 2  “  ^ ^ ^ 4 2 ^ 3

* 4 3 = 0 ^ 4 3  =  0

* 4 4  =  ^ ^ * 4 4 ^ 3
\ 4  =  2 [ b ^ , ] ^

T o b Z e  2 8  -  r e s w Z t a M f  f o r c e s  m o m e n t s
due to motion of the semi-submevsible
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I n  t h e  a b o v e  a n a l y s i s  t h e  r o t a t i o n  c e n t r e  h a s  b e e n  t a k e n  a t  t h e  o r i g i n

(0 ) o f  t h e  w a v e  a x i s  s y s t e m  w h i c h  l i e s  o n  t h e  c a l m  w a t e r  s u r f a c e .

H o w e v e r , i n  p r a c t i c e  t h e  r o t a t i o n  c e n t r e  i s  u s u a l l y  t a k e n  a t  t h e  c e n t r e

o f  t h e  g r a v i t y .  T h e r e f o r e ,  i n  t h e  f o l l o w i n g  i n t e g r a l  e x p r e s s i o n  o f  t h e

t o t a l  h y d r o d y n a m i c  l o a d s ,  t h e  s e c t i o n a l  e l e m e n t  l o a d s  a r e  t r a n s f e r r e d

t o  t h e  c e n t r e  o f  t h e  g r a v i t y  i n  t h e  v e r t i c a l  d i r e c t i o n . E v e n t u a l l y

t h e  e l e m e n t s  o f  t h e  a d d e d  m a s s  m a t r i x  A . ,  a n d  t h e  d a m p i n g  m a t r i x  B . ,] k  ^  ^  ] k
a r e  o b t a i n e d  b y  i n t e g r a t i n g  t h e  s e c t i o n a l  v a l u e s  a l o n g  t h e  z - a x i s  a s  

f o l l o w s  :

L 2  L 2
* 2 2  =  /  a 2 2 d z  ^ 2 2  =  /  b j j d z

- L l  - L I

L 2  L 2
*24 = *42 = /  (a^.tOG a^^)dz = J (b^^±OGb^^)d

- L l  - L l

L 2  L 2
A 3 3 =  /  a g g d z  A 3 3  =  /  b 3 3 d z  . . .  ( 3 5 )

—Ll —Ll

L 2  _  _  L 2  _  _
* 4 4 =  /  [ a 4 4 ± O G ( 2 a 2 , ± O G  a ^ J J d z  /  [ b ^ ,  ±  0 G ( 2 b , ,  ±  O G  b 2 2 ) ] d z

-Ll -111

*23 = *32 = *34 “  *43 = ° ®23 = ®32 = ®34 = ®43 = °

L 2
w h e r e  /  =  d e n o t e s  i n t e g r a t i o n  o f  t h e  s e c t i o n a l  v a l u e s  a l o n g  t h e  s e m i -

- L 1
s u b m e r s i b l e  l e n g t h ,

±  O G  =  d i s t a n c e  b e t w e e n  t h e  o r i g i n  (O) a n d  t h e  c e n t r e  o f  g r a v i t y  ( G )  

t h e  ( + )  s i g n  i s  t a k e n  f o r  (G) a b o v e  (0 )  

t h e  ( - )  s i g n  i s  t a k e n  f o r  (G) b e l o w  ( 0 ) .

A s  s t a t e d  a b o v e  t h e  r e l a t i o n s  g i v e n  i n  T a b l e  2 8  a r e  b a s e d  o n  t h e  s e m i -  

s u b m e r s i b l e  b e i n g  i n  t h e  u p r i g h t  c o n d i t i o n .  H o w e v e r ,  w h e n  t h e  s e m i -  

s u b m e r s i b l e  i s  i n  a  t i l t e d  p o s i t i o n ,  t h e r e  w i l l  b e  a  r e q u i r e m e n t  

t o  c a l c u l a t e  t h e  f o r c e  c o e f f i c i e n t s  o f  e a c h  d e m i - h u l l  i n  i t s
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t i l t e d  p o s i t i o n .  T h i s  w i l l  r e s u l t  i n  n o n - z e r o  c o u p l e d  c o e f f i c i e n t s  

( i . e .  a  , b  , a  , b  , a  , b  , a  , b  ) w h i c h  a r e  b a l a n c e d  o u t32 32 23 23 34 3 4 4 3 4 3
i n  t h e  u p r i g h t  p o s i t i o n  d u e  t o  s y m m e t r y .

(^ave,-EzcltZnci F o / i c e  M aX/Ux {¥j]

U n d e r  t h e  s i m i l a r  s y m m e t r y  a s s u m p t i o n s  m a d e  f o r  t h e  r a d i a t i o n  

p r o b l e m ,  w h e n  t h e  s t r i p  c o n t o u r ,  w h i c h  i s  r i g i d l y  h e l d  i n  t h e  u p r i g h t  

p o s i t i o n ,  e n c o u n t e r s  t h e  i n c i d e n t  w a v e  t h e  r e s u l t a n t  f o r c e s  e x e r t e d  o n  

t h e  t w i n - h u l l  a r e  r e l a t e d  t o  t h a t  o n  o n e  h u l l  i n  t e r m s  o f  t h e  s y m m e t r i c  

( e v e n )  a n d  a s y m m e t r i c  ( o d d )  c o m p o n e n t  o f  t h e  i n c i d e n t  w a v e  a s  f o l l o w s

s ( 3 6 )

T h e  i n t e g r a t i o n  o f  t h e  s e c t i o n a l  f o r c e s  a l o n g  t h e  z - a x i s  y i e l d s  t h e  

t o t a l  w a v e - e x c i t i n g  f o r c e s  p e r  u n i t  a m p l i t u d e  o f  t h e  i n c i d e n t  w a v e  a s

f o l l o w s  :

F,
r = /^ -Ll

L 2
F, ."T = j fgdz ... (37)

-Ll

M L 2
—  =  f f , d z

-Ll

I n  a  t i l t e d  p o s i t i o n  t h e  r e l a t i o n s  g i v e n  b y  e g .  3 6  w i l l  n o t  b e  v a l i d  

s i n c e  t h e  m a g n i t u d e  o f  t h e  f o r c e s  o n  e a c h  d e m i - h u l l  w i l l  n o t  b e  e q u a l  

d u e  t o  a s y m m e t r y .  T h e r e f o r e  t h e  f o r c e s  o n  e a c h  d e m i - h u l l  s e c t i o n  

s h o u l d  b e  c a l c u l a t e d  s e p a r a t e l y  a n d  t h e  r e s u l t a n t  f o r c e  o n  t h e  t w i n  

s e c t i o n  s h o u l d  b e  t h e  s u m m a t i o n  o f  t h e s e  f o r c e s  b y  t a k i n g  i n t o  a c c o u n t  

t h e  p h a s e  r e l a t i o n  b e t w e e n  t h e m .
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T h e  e l e m e n t s  o f  g e n e r a l i s e d  r e s t o r i n g  f o r c e  m a t r i x  t a k e  t h e  

f o l l o w i n g  v a l u e s  i n  t h e  u p r i g h t  p o s i t i o n :

= 0  ( o r  i f  m o o r i n g  o r  a n c h o r i n g  i s  c o n s i d e r e d ) ,

C  = p g A ,  C  =  p g V G M ,  C  =  C  =  C  =  C  = C  =  C  = C  
3 3  W 4 4  2 3  3 2  2 4  4 2  4 3  3 4

w h e r e  i s  s t i f f n e s s  o f  t h e  m o o r i n g  o r  a n c h o r i n g ,

A ^  i s  t h e  w a t e r p l a n e  a r e a ,  a n d

G M  i s  t h e  h e i g h t  o f  t h e  t r a n s v e r s e  m e t a c e n t r e  a b o v e  t h e  c e n t r e  
o f  g r a v i t y .

W h e n  t h e  s e m i - s u b m e r s i b l e  i s  i n  a  t i l t e d  p o s i t i o n  t h e  w a t e r p l a n e  a n d  

t h e  r e s t o r i n g  m o m e n t  a r m  w i l l  b e  d i f f e r e n t  r e l a t i v e  t o  t h a t  i n  t h e  

u p r i g h t  p o s i t i o n .  M o r e o v e r ,  t h e  c o u p l e d  e l e m e n t s  i n  t h e  h e a v e  a n d  r o l l  

m o d e  b e c o m e  n o n - z e r o . H o w e v e r ,  s i n c e  s e m i - s u b m e r s i b l e s  u s u a l l y  

h a v e  s m a l l  w a t e r p l a n e  a r e a s  a n d  r e l a t i v e l y  s m a l l  G M s  t o  d e v e l o p  l a r g e  

t i l t s ,  t h e  c h a n g e s ,  d u e  t o  a s y m m e t r y ,  i n  t h e  m a t r i x  c o e f f i c i e n t s  m a y  n o t  

b e  s o  i m p o r t a n t .

I f  e g .  3 4  i s  e x p a n d e d  f o r  t h e  t h r e e  m o d e s  o f  m o t i o n s  b y  a c c o u n t 

i n g  f o r  t h e  s i m p l i f i c a t i o n s  i n  t h e  u p r i g h t  p o s i t i o n ,  r e s u l t i n g  f r o n  t h e

r e a l  a n d  i m a g i n a r y  p a r t  o f  t h e  e q u a t i o n s ,  t h e  f o l l o w i n g  m a t r i x  f o r m  o f
[ 5 1 ]t h e  e q u a t i o n  i s  o b t a i n e d  :

C 2 2 ” t>) W 22"*^^22 0 (ÜB22 0 U B 24 ® 2R ^ 2R

0 0 0 “ « 3  3
0

®3R ^ R

-(Ü B 22

0

0 ® 2 it ^ 2 2

0)B2^

- ( M 22+ A 22

0

0 - ü ) ^ A 2 ,
® 2l

=

\ R

0 - “ B j a 0 0 C 3 3 - “ * ( " 3 3 + A 3 3 0
® 3 l

-W B » 2
0 - W * A t 2 0 (M h h + A ^ „ )
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B y  s o l v i n g  t h e s e  s i x  l i n e a r  e q u a t i o n s  f o r  t h e  r e a l  s, a n d  i m a g i n a r y  s, ,k R  ^ k l
t h e  r e s u l t i n g  m o t i o n  d i s p l a c e m e n t  s ^  a r e  o b t a i n e d  a s  f o l l o w s  : 

f r o m  e q .  2 9 ,  =  | s ^ |  c o s ( a ^ - w t )  . . .  ( 3 8 )

+  3  = ; ) ^  . . .  ( 3 9 )

\  = ••• (40)

w h e r e  | s ^ J  =  m a x i m u m  o f  t h e  m o t i o n  d i s p l a c e m e n t

~  p h a s e  s h i f t  o f  t h e  m a x i m u m  o f  t h e  m o t i o n  d i s p l a c e m e n t  
f r o m  t h e  m a x i m u m  o f  t h e  i n c i d e n t  w a v e  a t  t h e  o r i g i n  (0 ) 
o f  t h e  w a v e - a x i s  s y s t e m .

4 . 3 . 3  CompatcuUoyu ô/i the, Vln^t-OhdoA Motion Re^ponô^

I n  t h i s  s e c t i o n  t h e  f i r s t - o r d e r  o s c i l l a t o r y  m o t i o n s  o f  t h e  

m o d e l  u s e d  i n  t h e  e x p e r i m e n t s  a r e  c o m p u t e d ,  b a s e d  o n  t h e  t h e o r e t i c a l  

m e t h o d s  p r e s e n t e d  e a r l i e r .  T h e  t h r e e  d e g r e e s  o f  f r e e d o m  m o t i o n  e q u a t i o n  

i s  s o l v e d  f o r  s w a y ,  h e a v e  a n d  r o l l  r e s p o n s e  o f  t h e  m o d e l  i n  i t s  u p r i g h t  

p o s i t i o n  f o r  r e g u l a r  b e a m  s e a s .  T h e o r e t i c a l  r e s u l t s  a r e  c o m p a r e d  w i t h  

t h e  e x p e r i m e n t a l  m o t i o n  d a t a  f o r  t h e  l a r g e s t  G M  v a l u e .  T h e  e f f e c t  o f  

h y d r o d y n a m i c  i n t e r f e r e n c e , p r e s e n c e  o f  t h e  c o l u m n s , h y d r o d y n a m i c  c o u p l i n g  

a n d  d i f f e r i n g  G M s  o n  t h e  m o t i o n  r e s p o n s e  a r e  i n v e s t i g a t e d .

Vn.2JiQ,YiXatloYL o{\

T h e  m o t i o n  r e s p o n s e  i n  e a c h  m o d e  i s  r e p r e s e n t e d  b y  m o t i o n  

a m p l i t u d e - t o - w a v e  a m p l i t u d e  r a t i o  v e r s u s  n o n - d i m e n s i o n a l  f r e q u e n c y .

T h i s  p r o v i d e s  t h e  n o n - d i m e n s i o n a l  " R e s p o n s e  A m p l i t u d e  O p e r a t o r "

( R A O  -  m / m )  i n  t h e  h e a v e  a n d  s w a y  m o d e ,  w h e r e a s  i t  h a s  t h e  u n i t s  

( d e g r e e / m )  i n  t h e  r o l l  m o d e .  T h e  a c c o m p a n y i n g  p h a s e  a n g l e  ( a ^ )  a r e  

p r e s e n t e d  i n  d e g r e e s  w h e r e v e r  i t  i s  a p p r o p r i a t e .  T h e  e x p e r i m e n t a l  

d a t a  i s  p r e s e n t e d  i n  t h e  h e a v e  a n d  r o l l  m o d e  s i n c e  n o  e x p e r i m e n t a l  

d a t a  w a s  t a k e n  i n  t h e  s w a y  m o d e .
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T h e  d a t a  r e q u i r e d  f o r  t h e  c o m p u t a t i o n s  o f  t h e  e l e m e n t s  i n  t h e  

h y d r o s t a t i c  a n d  r e s t o r i n g  m a t r i x  a r e  o b t a i n e d  f r o m  t h e  m o d e l  c h a r a c t e r 

i s t i c s  a t  0 . 3 6  m  d r a u g h t  g i v e n  i n  C h a p t e r  3  a n d  A p p e n d i x  I I . 1.

I n  o r d e r  t o  s i m u l a t e  t h e  e x i s t e n c e  o f  m o o r i n g s  i t  i s  a s s u m e d  t h a t  t h e  

m o d e l  m o v e s  w i t h  a  n a t u r a l  p e r i o d  o f  T ^  - 1 8  s  w h i c h  c o r r e s p o n d s  t o  a  

n a t u r a l  p e r i o d  o f  1 5 0  s  f o r  t h e  p r o t o t y p e .  T h u s  t h e  r e s t o r i n g  f o r c e  

c o e f f i c i e n t  ( o r  C ^ )  c a n  b e  o b t a i n e d  b y  t h e  f o l l o w i n g  r e l a t i o n ;

/ m  +  a  \
<=22 =  4 ^ 2  ^  2 2  ^ 2 2  2 8 . 5 2  N m " ^

"^m

w h e r e  =  5 8 . 3  k g  ( a t  0 . 3 6  m  d r a u g h t )

A ^ ^  =  1 7 4 . 5  k g  ( a t  a  p e r i o d  o f  1 8  s e c )

I n  F i g s  1 5 8  t o  1 6 1  t h e  r e s u l t s  a r e  p r e s e n t e d  f o r  e a c h  m o d e  o f

m o t i o n  s h o w i n g  a  c o m p a r i s o n  o f  t h e  r e s u l t s  w h e n  a c c o u n t i n g  f o r  t h e  

h y d r o d y n a m i c  i n t e r f e r e n c e  b e t w e e n  t h e  d e m i - h u l l s  a n d  f o r  t h e  d e m i - h u l l s  

i n  i s o l a t i o n .  T h e  f i g u r e s  f o r  t h e  h e a v e  a n d  r o l l  m o t i o n  a l s o  i n c l u d e

t h e  e x p e r i m e n t a l  r e s u l t s  a t  G M  =  0 . 0 1 9  m  a n d  0 . 0 7 9  m .

I n  F i g s  1 6 2  a n d  1 6 3  t h e  e f f e c t  o f  t h e  h y d r o d y n a m i c  c o u p l i n g  b e t w e e n  t h e  

s w a y  a n d  r o l l  m o d e  o n  t h e  m o t i o n  r e s p o n s e  a r e  p r e s e n t e d .

F i g u r e s  1 6 4  t o  1 6 7  i l l u s t r a t e  t h e  e f f e c t s  o f  t h e  c o l u m n s  o n  e a c h  m o d e

o f  m o t i o n  r e s p o n s e  w i t h o u t  t h e  h y d r o d y n a m i c  i n t e r f e r e n c e  b e t w e e n  t h e

d e m i - h u l l s  a n d  t h e  h y d r o d y n a m i c  c o u p l i n g .

I n  F i g s  1 6 8  a n d  1 6 9  t h e  e f f e c t  o f  m e t a c e n t r i c  h e i g h t ,  G M ,  o n  t h e  s w a y

a n d  r o l l  m o t i o n  r e s p o n s e  c u r v e  i s  s h o w n  f o r  t w o  l i m i t i n g  G M s  t e s t e d

( ( Ü  =  0 . 0 1 9  m  a n d  G M  =  0 . 0 7 9  m )  .m i n  m a x
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T h e  f o l l o w i n g  t h e o r e t i c a l  r e s u l t s  a r e  b a s e d  o n  t h e  a s s u m p t i o n  

t h a t  t h e  m o d e l  o s c i l l a t e s  a b o u t  i t s  u p r i g h t  p o s i t i o n .  T h e r e f o r e  t h e  

e x p e r i m e n t a l  d a t a  w i t h  t h e  h i g h e s t  G M  t e s t e d ,  a t  w h i c h  p r a c t i c a l l y  n o  

t i l t  o c c u r r e d ,  a r e  e s s e n t i a l  f o r  t h e  c o m p a r i s o n .

A s  s h o w n  i n  F i g s  1 5 8  a n d  1 5 9  t h e  a g r e e m e n t  b e t w e e n  t h e  t h e o r y  

a n d  e x p e r i m e n t  i n  t h e  h e a v e  m o d e  i s  g o o d  f o r  t h e  m o d e r a t e  a n d  h i g h  

f r e q u e n c i e s  w h i l e  i t  i s  p o o r  a t  l o w  f r e q u e n c i e s  i n  p a r t i c u l a r  a t  t h e  

r e s o n a n c e  r e g i o n .

I n  t h e  r o l l  m o d e  a s  i l l u s t r a t e d  i n  F i g .  1 5 1 ,  t h e  a g r e e m e n t  b e t w e e n  t h e  

t h e o r y  a n d  e x p e r i m e n t  i s  w o r s t  a t  l o w  f r e q u e n c i e s  a n d  i m p r o v e s  

w i t h  i n c r e a s i n g  f r e q u e n c i e s .  T h e  d i s c r e p a n c y  i n  t h e  l o w  f r e q u e n c y  

r e g i o n  f o r  b o t h  m o d e  o f  m o t i o n s  c a n  b e  a t t r i b u t e d  t o  s e v e r a l  f a c t o r s .  

A m o n g  t h e s e ,  t h e  e f f e c t  o f  v i s c o s i t y ,  w h i c h  i s  a c c e n t u a t e d  i n  t h i s  

r e g i o n  w i t h  t h e  l a r g e  a m p l i t u d e  o f  r e s o n a n t  b e h a v i o u r ,  t h r e e - d i m e n s i o n a l  

e f f e c t s  d u e  t o  t h e  c o l u m n  p a r t s  a n d  p o s s i b l e  e x p e r i m e n t a l  e r r o r s .

( i )  E f f e c t  o f  t h e  H y d r o d y n a m i c  I n t e r f e r e n c e

A s  s h o w n  i n  F i g s  1 5 8  t o  1 6 1 ,  t h e  i n c l u s i o n  o f  t h e  h y d r o d y n a m i c  

i n t e r f e r e n c e  i n t o  t h e  c o m p u t a t i o n s  b r i n g s  a b o u t  s o m e  f l u c t u a t i o n s  a t  

t h e  p a r t i c u l a r  f r e q u e n c i e s  e n c o u n t e r e d  d u r i n g  t h e  a n a l y s i s  o f  t h e  

h y d r o d y n a m i c  f o r c e s .

T h e  f l u c t u a t i o n  i n  t h e  h e a v e  m o d e  a t  a b o u t  t h e  n o n - d i m e n s i o n a l  f r e 

q u e n c y  o f  0 . 1 0  i s  i n d u c e d  b y  t h e  i r r e g u l a r  f r e q u e n c y  p r o b l e m  w h i c h  

d o e s  n o t  r e p r e s e n t  a n y  p h y s i c a l  c o n d i t i o n  a n d  t h u s  i t  s h o u l d  b e  d i s 

r e g a r d e d .

T h e  f l u c t u a t i o n  a t  a b o u t  t h e  n o n - d i m e n s i o n a l  f r e q u e n c y  o f  0 . 3  i n  t h e  

s w a y  a n d  t o  a  l e s s e r  e x t e n t  i n  t h e  r o l l  m o d e  i s  i n d u c e d  b y  t h e  r e s o n a n t  

p h e n o m e n o n . A s  s h o w n  i n  F i g .  1 6 1 ,  t h e r e  i s  n o  s c a t t e r  i n  t h e
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e x p e r i m e n t a l  r o l l  m o t i o n  d a t a  a b o u t  t h i s  f r e q u e n c y  i n d i c a t i n g  t h e  t w o -  

d i m e n s i o n a l  r e s o n a n t  b e h a v i o u r .

H o w e v e r ,  i f  t h e s e  f l u c t u a t i o n s  a r e  d i s r e g a r d e d  t h e  p r a c t i c a l  i m p o r t a n c e  

o f  t h e  h y d r o d y n a m i c  i n t e r f e r e n c e  i s  n e g l i g i b l e ,  b u t  s l i g h t l y  i m p r o v e s  

t h e  m o t i o n  p r e d i c t i o n  i n  t h e  l o w  f r e q u e n c y  r a n g e  f o r  t h e  h e a v e  a n d  r o l l  

m o d e .

( i i )  E f f e c t  o f  H y d r o d y n a m i c  C o u p l i n g  b e t w e e n  t h e  S w a y  a n d  R o l l

T h e  i n c l u s i o n  o f  t h e  h y d r o d y n a m i c  c o u p l i n g  b e t w e e n  t h e  s w a y  a n d  

r o l l  m o d e  i n t r o d u c e s  t h e  e f f e c t  o f  G M  o n  t h e  s w a y  m o t i o n  r e s p o n s e  s o  

t h a t  t h e  s w a y  m o t i o n  i n c r e a s e s  w i t h  d e c r e a s i n g  G M  a s  s h o w n  i n  F i g .  1 6 2 .  

T h e  u n c o u p l e d  m o t i o n  e q u a t i o n  a u t o m a t i c a l l y  d i s r e g a r d s  t h e  e f f e c t  o f  G M  

o n  t h e  s w a y  m o t i o n .

A s  i l l u s t r a t e d  i n  F i g s  1 6 2  a n d  1 6 3  t h e  i n c l u s i o n  o f  t h e  h y d r o d y n a m i c  

c o u p l i n g  i n c r e a s e s  b o t h  s w a y  a n d  r o l l  m o t i o n  r e s p o n s e .  D e s p i t e  t h e  

t h e o r e t i c a l  n e e d  t o  i n c l u d e  t h i s  t e r m ,  t h e  i n c l u s i o n  o f  t h e  c o u p l i n g  

e f f e c t  d e c r e a s e s  t h e  a c c u r a c y  o f  t h e  p r e d i c t i o n  i n  t h e  r o l l  m o d e .  F i g .  

1 6 3 .  T h i s  c a n  b e  r e l a t e d  t o  t h e  i n c r e a s i n g  e r r o r s  d u e  t o  t h e  t h r e e -  

d i m e n s i o n a l  e f f e c t s ,  w h i c h  a r e  a c c e n t u a t e d  f o r  t h e  a s y m m e t r i c  m o d e s ,  i n  

( o r  b y )  t h e  a s y m m e t r i c  c o u p l i n g  c o e f f i c i e n t  a s  w e l l .

( i i i )  E f f e c t  o f  C o l u m n s

T h e  a b o v e  c a s e  i s  c o m p l i c a t e d  d u e  t o  t h e  h y d r o d y n a m i c  i n t e r 

f e r e n c e  a n d  c o u p l i n g  e f f e c t ,  a n d  t h e r e f o r e  i t  i s  d e s i r a b l e  t o  e x a m i n e  

t h e  s i t u a t i o n  w h e n  t h e s e  e f f e c t s  a r e  n o t  p r e s e n t .

A s  s h o w n  i n  F i g s  1 6 4  a n d  1 6 5 ,  t h e  i n c l u s i o n  o f  t h e  c o l u m n s  w i t h i n  t h e  

t h e o r y  p r e s e n t e d  d e m o n s t r a t e s  a  m u c h  b e t t e r  p r e d i c t i o n  i n d i c a t i n g  t h a t  

t h e  b e a m w i s e  s t r i p  m e t h o d  c a n  b e  u s e d  t o  r e p r e s e n t  t h e  c o l u m n  e f f e c t  i n  

t h e  h e a v e  m o d e .
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A s  i l l u s t r a t e d  i n  F i g .  1 6 6 ,  t h e  e f f e c t  o f  c o l u m n s  i n c r e a s e s  t h e  m o t i o n

r e s p o n s e  o f  t h e  m o d e l  w i t h  t w o  l o w e r  h u l l s  t h r o u g h o u t  t h e  f r e q u e n c i e s  

t e s t e d .

I n  t h e  r o l l  m o d e ,  t h e  i n c l u s i o n  o f  t h e  c o l u m n s  d e c r e a s e s  t h e  r e s p o n s e  

m o t i o n  o f  t h e  l o w e r  h u l l s  d i s p l a y i n g  b e t t e r  a c c u r a c y  i n  c o m p a r i s o n  w i t h  

e x p e r i m e n t s .  F i g .  1 6 7 .

( i v )  E f f e c t  o f  G M

S i n c e  t h e  c o u p l i n g  b e t w e e n  t h e  h e a v e  a n d  r o l l  i s  c a n c e l l e d  o u t  

i n  t h e  u p r i g h t  p o s i t i o n ,  t h e  h e a v e  m o t i o n  r e s p o n s e  w i l l  n o t  b e  a f f e c t e d  

b y  a n y  c h a n g e  i n  G M .  H o w e v e r ,  a s  s h o w n  i n  F i g s  1 6 8  a n d  1 6 9 ,  a s  t h e  G M  

i n c r e a s e s  t h e  s w a y  a n d  r o l l  r e s p o n s e  d e c r e a s e s .  T h i s  e f f e c t  i s  s t r o n g  

i n  t h e  l o w  f r e q u e n c y  r e g i o n  a n d  d i m i n i s h e s  w i t h  i n c r e a s i n g  f r e q u e n c y .
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4 . 4  S E C O N D - O R D E R  H Y D R O D Y N A M I C  F O R C E S

I n  s p i t e  o f  t h e i r  s m a l l  m a g n i t u d e s ,  s t e a d y  ( m e a n )  o r  s l o w l y -  

v a r y i n g  ( l o w - f r e q u e n c y )  t y p e  o f  s e c o n d - o r d e r  f o r c e s  a n d  m o m e n t s  h a v e  

i m p o r t a n t  e f f e c t s  o n  s e m i - s u b m e r s i b l e s .  D e p e n d i n g  o n  t h e  m o d e  o f  

e x c i t a t i o n  t h e  r e s p o n s e  m o t i o n  o f  t h e  v e s s e l  c a n  b e  m a g n i f i e d  r e s u l t i n g  

i n  l a r g e  e x c u r s i o n s  f r o m  t h e  m e a n  p o s i t i o n  w h e n  t h e  v e s s e l ' s  r e s t o r i n g  

f o r c e  o r  m o m e n t  i s  s u c h  a s  t o  g i v e  a  l o n g  n a t u r a l  p e r i o d .

S e m i - s u b m e r s i b l e s  ( a n d  s u b m a r i n e  v e s s e l s )  e x p e r i e n c e  r e l a t i v e l y  

l a r g e  s e c o n d - o r d e r  f o r c e s  i n  t h e  v e r t i c a l  d i r e c t i o n  a s  w e l l  a s  l a r g e  

d r i f t  f o r c e s  i n  t h e  h o r i z o n t a l  d i r e c t i o n  b e c a u s e  o f  t h e i r  s m a l l  ( a n d  

n o n - e x i s t e n t )  w a t e r p l a n e  a r e a  a n d  l a r g e  s u b m e r g e d  h u l l s .  T h e s e  f o r c e s

a r e  t h o u g h t  t o  b e  r e s p o n s i b l e  f o r  t h e  l o n g - p e r i o d  r o l l  a n d  h e a v e
1 6 , 9

[ 3 0 ]
m o t i o n s  o f  s e m i - s u b m e r s i b l e s a n d  f o r  b r o a c h i n g  p r o b l e m s  o f  s u b 

m a r i n e s  n e a r  t h e  f r e e  s u r f a c e

A s  r e p o r t e d  i n  p r e v i o u s  s t u d i e s  a n d  o b s e r v e d  i n  m o d e l  t e s t s  

r e f e r r e d  t o  i n  C h a p t e r  3 ,  t h e  s t e a d y  t i l t  a n d  h e a v e  m o t i o n  o f  s e m i -  

s u b m e r s i b l e  m o d e l s  w i t h  s m a l l  G M s  h a s  b e e n  a l s o  a t t r i b u t e d  t o  t h i s  

s t e a d y  v e r t i c a l  c o m p o n e n t .

C o n s i d e r i n g  r e g u l a r  w a v e s , t h e  s t e a d y  s e c o n d - o r d e r  f o r c e s  c a n  

b e  d e f i n e d  a s  t h e  t i m e  a v e r a g e  o f  t h e  h y d r o d y n a m i c  f o r c e s  a c t i n g  o n  a  

b o d y .  T h i s  s t e a d y  c o m p o n e n t  c a n  b e  o b t a i n e d  b y  c a l c u l a t i n g  t h e  m e a n  

f o r c e  o v e r  o n e  p e r i o d  o f  a  s i n u s o i d a l  w a v e .

I n  s e c t i o n  4 . 1 ,  i t  h a s  b e e n  d e f i n e d  t h a t  t h e  s e c o n d - o r d e r  

f o r c e s  a r e  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  w a v e  h e i g h t .  H o w e v e r ,  i n  a  

g e n e r a l  d e f i n i t i o n  t h e  t e r m  o f  s e c o n d - o r d e r  c o n t a i n s  t h e  p r o d u c t  o f  

t w o  f i r s t - o r d e r  t e r m s  w h i c h  c a n  b e  w a v e  h e i g h t ,  p a r t i c l e  v e l o c i t y ,  

p r e s s u r e ,  c u r r e n t  v e l o c i t y  o r  v e s s e l ' s  m o t i o n  r e s p o n s e .
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I n  t h e  m o s t  g e n e r a l  c a s e  t h e  s e c o n d - o r d e r  f o r c e s  c a n  b e  g r o u p e d  

i n  t w o  m a i n  c a t e g o r i e s  b a s e d  o n  t h e  f l o w  c h a r a c t e r i s t i c s  a s  f o l l o w s  :

(i) P o t e n t i a l  F l o w  F o r c e s  ( i i )  V i s c o u s  F l o w  F o r c e s  

T h e  r e s e a r c h  c o n c e r n i n g  s e c o n d - o r d e r  h y d r o d y n a m i c  f o r c e s  w a s  i n i t i a l l y  

s t a r t e d  f o r  t h e  p r e d i c t i o n  o f  t h e  a d d e d  r e s i s t a n c e  o f  s h i p s  

T h e r e f o r e  a t t e n t i o n  w a s  c o n c e n t r a t e d  o n  t h e  l o n g i t u d i n a l  c o m p o n e n t  o f  

p o t e n t i a l  s t e a d y  f o r c e s  i n  r e g u l a r  w a v e s .  I n  r e c e n t  y e a r s  w i t h  a n  

i n c r e a s i n g  n u m b e r  o f  m o o r e d  o f f s h o r e  s t r u c t u r e s ,  m o s t  o f  t h e  r e s e a r c h  

h a s  b e e n  c o n c e n t r a t e d  o n  t h e s e  t y p e s  o f  s t r u c t u r e s  i n c l u d i n g  r a n d o m  w a v e  

e f f e c t s .  M o r e o v e r  t h e r e  h a s  b e e n  a  n e e d  t o  c a l c u l a t e  t h e  s t e a d y  v i s c o u s  

f l o w  f o r c e s  b e c a u s e  o f  t h e  r a n g e  o f  d i m e n s i o n s  o f  t h e  m e m b e r s  i n v o l v e d  

i n  t h e s e  s t r u c t u r e s .

M a j o r  r e v i e w s  o f  t h e  t h e o r i e s  d e v e l o p e d  a n d  c o m p a r i s o n s  w i t h  

s o m e  e x p e r i m e n t a l  w o r k  c a n  b e  f o u n d  i n  r e f s  [ 1 4 , 5 8 ] .  B r i e f l y  t h e

e x i s t i n g  t h e o r e t i c a l  m e t h o d s  c a n  b e  g r o u p e d  a s  f o l l o w s  :

( a )  U s i n g  p o t e n t i a l  t h e o r y  t h e  s t e a d y  f o r c e s  a r e  o b t a i n e d  b y  

e q u a t i n g  t h e  c h a n g e  i n  t h e  m o m e n t u m  o f  t h e  s u r f a c e  w a v e s  i n  t h e

f a r - f i e l d  t o  t h e  m e a n  f o r c e  e x e r t e d  o n  t h e  b o d y .  T h i s  m e t h o d

i s  c a l l e d  " T h e  F a r - f i e l d  ( W a v e  M o m e n t u m )  M e t h o d "  a n d  t h e  s t e a d y  

f o r c e  d e p e n d s  o n  t h e  f i r s t - o r d e r  w a v e  p o t e n t i a l  i n  t h e  f a r -  

f i e l d  ( e . g .  r e f s  [ 9 9 , 1 0 0 , 1 0 1 , 1 0 2 , 1 0 3 ] ) .

( b )  U s i n g  p o t e n t i a l  t h e o r y ,  t h e  s t e a d y  a n d  t h e  s l o w l y - v a r y i n g  

f o r c e s  a r e  o b t a i n e d  m o r e  s t r a i g h t f o r w a r d l y  f r o m  t h e  d i r e c t  

i n t e g r a t i o n  o f  t h e  f l u i d  p r e s s u r e  o n  t h e  i n s t a n t a n e o u s  w e t t e d  

s u r f a c e .  T h e  m e t h o d  i s  t e r m e d  " T h e  N e a r - f i e l d  ( D i r e c t  I n t e g r a t 

i o n )  M e t h o d "  a n d  t h e  s t e a d y  f o r c e  d e p e n d s  o n  t h e  f i r s t - o r d e r  

w a v e  p o t e n t i a l  w h e r e a s  t h e  s l o w l y - v a r y i n g  f o r c e  d e p e n d s  o n  b o t h  

t h e  f i r s t -  a n d  s e c o n d - o r d e r  p o t e n t i a l  i n  t h e  n e a r - f i e l d  ( e . g .  

r e f s  [ 3 1 , 1 0 4 , 1 4 , 5 8 , 1 0 5 , 1 0 6 ] ) .
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(c) U s i n g  t h e  e m p i r i c a l  M o r i s o n  E q u a t i o n  a n d  t h e  R e l a t i v e  M o t i o n  

C o n c e p t  t h e  m e a n  v i s c o u s  d r a g  c o m p o n e n t  i s  o b t a i n e d  o v e r  o n e  

w a v e  p e r i o d  ( e . g .  r e f s  [ 1 2 , 9 2 , 9 3 , 9 4 ] ) .

(i) Steady Potential Flow Forces

From the point of view of the steady potential forces both 

methods, the near-field and the far-field, have some advantages 

relative to the other. Although the near-field method is more com

plicated and requires more computational effort it provides more 

insight into the mechanism by which waves and structures interact to 

produce these forces. Therefore it is used to illustrate the compon

ents of the steady potential forces in regular waves as follows.

The most comprehensive discussion of the second-order potential 

forces is given by P i n k s t e r w h o  presented the contributions involved 

in these forces as follows :

I. Wave elevation II. Velocity head III. Body translation

IV. Body rotation V. Second-order wave

The first-order forces are induced by pressures acting over the 

mean wetted surface of the body. When the hydrostatic decay of this 

pressure, which includes diffraction effects, is considered from the 

mean waterline to the instantaneous free surface, this yields an addit

ional steady force over one wave period. This is termed "wave-elevation 

(or relative wave height)" component.

The Bernoulli equation introduces a dynamic pressure in terms 

of the quadratic first-order wave particle velocities including 

diffraction effects. The integration of this dynamic pressure over the 

mean wetted surface yields a steady force component which is termed 

"Velocity head" component.
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The first-order force represents pressures acting on the body 

3-S if it always occupies its mean position. In fact, because of the 

translational displacement of the body (heave, sway and surge) the 

pressure field slightly changes. Thus the integration of the product 

of this pressure gradient by the translational body displacement yields 

the steady "body translation" force component.

As the body rotates (in pitch, roll, yaw) the directions of

the pressures, which act at right angles to the body's instantaneous

surface, changes. For instance a roll angle will tilt the bottom of a

rectangular pontoon so that the pressure in the vertical direction will

give a horizontal force component which is the product of the heave

pressure and the roll angle. Since the wave pressures integrated over

the body surface can be expressed in terms of the body acceleration,

the "body rotation" force component will be the product of the first-
[ 9 1 ]order rotational motion and body mass and acceleration .

"The second-order wave" component is induced by the pressure 

gradient in the second-order waves.

(ii) Steady Viscous Flow Forces

Although Morison's equation does not perfectly represent the

several aspects of the hydrodynamic loading it has the advantage of

taking into account the viscous effect. In this formula the flow

velocity in the viscous drag term, may have a constant part and a

harmonic part. The constant part is induced by the mass transport of

the waves ('Stokes' drift) and a possible current, whereas the harmonic
[ 9 3 ]part is induced by the wave particle motions

The constant velocity components induce a steady "wave-current

drag" force at a submerged location in terms of the form and friction 
rgi 921factor ' . The latter is a very small part of the form drag.
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Since the wave particle velocity is harmonic, the drag force 

induced by this velocity at a submerged location has a zero-mean over 

one wave period. However, because of the changing surface elevation 

along the splash zone of a vertical cylinder, a mean "wave-drag" force 

in the horizontal direction is obtained due to the horizontal wave 

particle velocities

Having explained the physics of the steady second-order forces, 

in the following section the vertical component of these steady forces 

is studied and used to compute the steady wave-induced tilting moment.

In the formulation of this moment,potential steady forces in the horizon

tal direction are neglected assuming that they are balanced out by an 

artificially applied equivalent mooring force in the opposite direction.

Although the steady forces are neglected in the analysis, the 

author studied this component and presented a method to compute this
[53]force based on the two-dimensional beamwise strip method used earlier

Briefly in this procedure, the sectional steady horizontal force in

the beamwise direction is expressed by Maruo's formula derived from
[99]the far-field (wave momentum) method as follows :

i  pg ••• (41)

where A_^ is the complex form of the scattered wave amplitude at 

the far-field (-°°) .

The reflected wave amplitude A_^ consists of the vector sum of the

diffracted wave amplitude due to the presence of the fixed strip

section and the radiated wave amplitude of the oscillating strip

section for the in-plane modes. Both wave amplitudes are obtained

from the asymptotic (far-field) expression of the velocity potentials
 ̂ . [103]which are represented by using the Frank Close-fit technique
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This method is based on a model of wave generation and reflec

tion by the vessel. Since semi-submersibles are in general less 

obstructive to wave propagation, wave reflection is not a dominating 

factor in the steady horizontal force. Even the modelling of the 

columns, where the greater part of the reflection occurs, by two- 

dimensional methods may result in large three-dimensional errors. 

Therefore the author hesitates to use this method for this configur
ation.

Regarding the above review of the steady forces, for semi- 

submersibles with structural member dimensions at the waterline of 

the same order as the water particle motions, the wave drag force 

acting on the members may contribute significantly to the total steady 

force. Therefore it may be necessary to take into account this steady 

force component on the columns fron the point of view of the wave- 

induced tilting moment calculation.

4.4.1 \J2JüxcuaJi Stoxidij Se.c.ond-0/LdeA on a TwtM. HuZZ SenU-
SubmeA6Xb£e,

Before semi-submersibles were introduced, the second-order 

vertical forces were investigated for control problems of submarines 

in the vertical direction near the free surface. Therefore the 

majority of the theoretical investigations were based on two-dimensional 

theories for completely submerged single slender bodies of simple cross- 

sections, in particular, circular sections.

[31]Among these Ogilvie gave a two-dimensional exact solution for the

second-order horizontal and vertical force on a submerged circular 

cylinder under regular beam waves. The solution was given with no 

assumptions regarding the slenderness of the body or length scale of 

the problem.
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Gcodman  ̂ calculated the second-order vertical force on a slender 

body of revolution under regular and irregular head and beam seas'. In 

this study it was ass'umed that the wave lengths were of the same order 

as the transverse dimensions of the body.

Lee and Newman^  ̂ derived expressions for a submerged body of arbit

rary cross-section under regular oblique waves retaining the assumption 

of slenderness with respect to the body length, wave length and depth 

of submergence.

The pioneering studies for the calculation of this force com

ponent relating to the steady tilt phenomenon were based on the above 

mentioned two-dimensional studies as reviewed in Chapter 2. Although 

more powerful three-dimensional methods were available to calculate 

this component perhaps because of the conplexity of the tilt phenomenon 

in terms of other effects involved or because of the less practical 

importance of this phenomenon, they have not been utilised for the 

solution of tilt phenomenon. An additional reason might be that the 

forces acting on the submerged hulls are dominant compared to those on 

the vertical surface-piercing columns. Thus this type of approach for 

the twin-hull type semi-submersible could be justified.

In order to use these two-dimensional techniques, several 

approximations had to be made because of the ccmplex geometry of semi- 

submersibles and restrictions due to the use of the theory. Among 

these, the effect of the vertical columns, lower hull cross-section, 

free surface, hydrodynamic interference between the hulls and heading 

angle can be accounted for.

In this section the second-order vertical force on a semi- 

submersible is calculated according to the methods given by Numata et 

al. , Martin and Kuo^^°^ and Morrall^^^^ in comparison with the
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method suggested in the thesis based on Lee and Newman's solution ̂ .

Several hydrodynamic aspects such as the effects of cross-section, tilt, 

hydrodynamic interaction between the hulls, heading angle and surface- 

piercing columns are investigated. The calculated vertical steady 

force values by these methods are also compared with experimental 

measurements taken by Morrall.

4.4.1.1 OuXLine, o{, th2,on.zXÂ.(i.at cuppKooLok:
[31]1. Ogilvie gives the exact solutions of the first- and second-

order steady wave forces on a submerged circular cylinder under regular 

beam waves. The forces calculated are exact to second-order in non- 

viscous potential theory and are given for the following cases :

(i) The cylinder is fixed under the waves,

(ii) The cylinder is forced to oscillate sinusoidally in

calm water, and

(iii) The cylinder is free to respond to the waves.

He also gives the approximate solutions for these forces. It is shown

that over an appreciable range of radius and depth of submergence of 

the cylinder, the approximate solutions yield reasonable agreement in 

comparison with the exact solutions.

In both solutions, the exact one which was extended for twin 

cylinders by Martin and the approximate one which was used by Numata, 

the non-linear boundary value problem is solved by using the perturb

ation technique. The required velocity potential of the flow and 

other quantities derivable from this potential such as pressures, 

forces and motion of the cylinder are expanded in a convergent power 

series.

In the exact solution, the velocity potential is expressed in terms 

of the second- and first-order potential which is represented as a
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combination of the incident wave and disturbance potential with unknown 

coefficients. The non-linear free surface and other boundary conditions 

are expanded in a Taylor series about the undisturbed positions of those 

boundaries. In this way higher-order non-linear conditions up to second- 

order are defined by lower linear ones. The application of the boundary 

condition required yields the unknown coefficients and thus the velocity 

potential. From this potential, pressures and forces are obtained by 

means of the Bernoulli and Blasius t h e o r e m s .

Ogilvie assumes that if either the radius of the cylinder R is 

small or the depth of the submergence H (distance from the centre of the 

circle to the water level) is large, the free surface effects becane 

unimportant and the disturbance potential can be represented in a 

simpler form by using the circle theorem and thus the first

sectional force expressions are given as follows :

(i) Cylinder is restrained

I [2yR]
f^ = 2TTpg a^ (yR) ̂  e^^^ ~^yR- • * * (42)

[ 109]where I^[2yR] is the modified Bessel Function of the first-kind

(ii) Cylinder is free to respond to waves

= 2wpg (YR) ̂  - j ... (43)

In eq. 43 it is assumed that the motion of the cylinder is similar to 

the motion of the water particles in the absence of the cylinder.

In both cases the steady force in the horizontal direction f^ is found 

to be zero. This is because a submerged circular cylinder, which is 

rigidly held in fixed position, or moving with the motion of equivalent 

water particles does not reflect any waves which could cause a net hor

izontal force but the incident waves suffer a phase shift in passing
3 • ^ [1 1 0,111] the cylinder
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In Figs 170 and 171 the comparison of the exact and approximate sol

utions are shown for the restrained and free c y l i n d e r s .

On the other hand Goodman ̂ gives the second-order vertical

force expression for a slender body of revolution under regular beam 

seas by assuming that the wave length is of the same order of magnitude 

as the body radius.

The steady vertical force is given per unit length as follows 

(eq. 30 in ref. [104]):

-t 2 2 -2Y(H-t1o ) I C2YR]f = 2pg Y^a^ S e  ° ^y A YR

_ Y  (H-ri ) ___________________ ______________________
+ 2pg S e ° 1 O' sin(üJt-Ŷ  ) ~ C  cos (üJt-Ŷ  )A I o o

(44)

where = ttR^, is the body cross-sectional area.

In the formulation of this force problem Goodman assumes that the 

motions of the body consists of a steady component induced by

the second-order force and an oscillatory component Ç', p ' induced by 

the first-order forces in the horizontal and vertical direction.

When the body is restrained

p = Ç  = p ' = Ç ' = 0  and eq. 44 becomes as follows: o o

I [2y r ]
. 2pg ... (45)

When the body is free to respond to regular waves, it is assumed that 

the oscillatory part of the motion , p' is such that the body moves 

like a water particle, i.e.

-Y(H-P )
F ' = - a e sin (wt-yC )° ... (46)

-y(H-p ) 
p' = a e , cos (cût-yÇ )
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Approximate Solution 

Exact Solution

Fig. 170 - steady vertical force on a restrained
submerged circular cylinder[31]

sr
0.01

0.001

[3:

0.0001

a.00001

Approximate Solution 
Exact Solution

Fig. 171 - Steady vertical force on a freelyfloating submerged circular cylinder[31]
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The substitution of eq. 46 into 44 yields the steady force expression 
as follows :

= 2pg S.
2yR

- 1? ... (47)

In eqs 45 and 47 if S^=7TR^, the results are similar to Ogilvie's

approximate solutions except for Ogilvie assumes that the steady

motion induced by the steady upward force and induced by the

steady drift of the water are neglected since they are higher than
r 3 iisecond-order in order to formulate steady motion problem

As stated in Chapter 2, Numata et al.^^^^ calculated the steady 

vertical force on the semi-submersible by using Ogilvie's approximate 

solution for the restraint case, eq. 42. The restrictions and approxim

ations imposed by the use of this approximate solution have already been 

discussed in Chapter 2.

Martin and Kuo calculate the steady vertical force by making 

use of Ogilvie's exact solution for twin circular cylinders. There

fore no assumption is made for the effect of free surface. Under 

linearised potential theory assumptions, the effect of the free surface, 

hydrodynamic interference between the cylinders and the oscillatory 

motions of the cylinders are taken into account.

[29]Morral gives the final expressions for the steady vertical 

force on a restraint submerged horizontal prism and circular footing as 

given by eqs (1.14) and (1.15) in Appendix I.

2. Lee and N e w m a n g i v e  an analytical solution for the steady

vertical force on a submerged slender body with arbitrary cross-section 

under regular oblique waves. This theoretical study is based on the 

assumptions of slenderness with respect to the body length, wave length 

and depth of submergence. In non-viscous linear potential theory, the



296

disturbance potential of the fluid induced by an arbitrary shape of 

slender body is represented by "Kochin's Function" derived from Green's 

theorem,and by making use of momentum considerations the final steady 

vertical force is expressed in terms of the longitudinal distribution 

of cross-sectional area and added mass of the body. The assumption 

of slenderness with respect to the depth of submergence implies that 

the damping resulting from wave generation induced by the body oscil

lations can be neglected and that the added mass values can be 

approximated to the values for an unbounded fluid.

The formulation of this method is given in ref. [102]. In the 

following the final expression of the force is presented for use in the 

analysis of the steady-tilt problem.

Total steady vertical force F on a free slender body submerged 

under the regular oblique waves is given as follows :

F^ = -j pg(ya)^ e^^^ <{ cos^HJ I (Ycosy) 
- 'i. (0)

+ sinry
I  ̂(Ycosy) i^(Ycosy)

^b6 ^f6

I  (0 )  +3

I^ (Ycosy) I^ (Ycosy)
1,(0) ^b5 ^f 5

(48)

where I^ (Ycosy) 
12 (Ycosy) 
I, (Ycosy)

= / cos (Yz cosy) 
L

dz (49)

I^(Ycosy) 
I,(Ycosy)

= / z sin(yz cosy) 
L

+ a,,/?
+ ^ 33/P

dz (50)

■f5
■f6 ^ 33/P

z^dz (51)
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^22 ^3 3 the sectional added mass coefficients in the sway and
heave mode,

and are the volume moment of inertia of the body with respect
to the X- and z-axes of the body coordinate system whose 
origin is located at the centre of gravity with oy-axis 
towards the upward and oz-axis towards the bow,

y is the angle of wave incidence relative to the positive 
z-axis.

In eq. 48 the first terms in the brackets Î  (0)r (j=l/2,3), 

correspond to the force when the body is held in a fixed position, i.e.

Py = J  pg (Ya) ̂ j + sin^ I dz ... (52)

The terms containing the squares of I^ contribute to the forces induced 

by the body oscillations.

4.4.1.2 Computcutloyu and cU6cci66d.on ika ^tojady vojvtiacit

{̂ 0Kd2.: The precise determination of the wave-induced steady

tilting moment is essential for the analysis of tilt behaviour. An 

equilibrium steady tilt occurs when this moment is balanced by the 

vessel's restoring moment.

As formulated in the following section and compared with the 

experimental measurements, this steady moment is assumed to be induced 

by the steady vertical force only. Therefore in this section by making 

use of the above stated theoretical solutions this force component is 

computed for a twin-hull semi-submersible. Its several aspects are 

discussed as follows.

EUe,ct 0^

The solution given by Lee and Newman theoretically takes into 

account the effect of arbitrary shape exactly, whereas the others are 

for cylinders with circular cross-sections.
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As shown in eqs 48 and 52 the effect of section shape in the force 

expression is represented by the longitudinal distribution of the cross- 

sectional area and the heave and sway added mass of the sections in an 

unbounded fluid. If one defines the following coefficients :

C, = ( = A  +  S  =(®A ••• (53)

These coefficients represent the relative difference between a lower-

hull with arbitrary cross-section and an equivalent body of revolution

having the same sectional area distribution. In Fig. 172 the variations

of the hydrodynamic coefficients of two of the most common hull cross-

sections, rectangular and rectangular with corner radius, for various

aspect ratios are shown. Since the fluid is assumed unbounded the

heave added mass of the section with an aspect ratio (x) is equivalent

to the sway added mass of the section with the inverse of this ratio

(1/x). By making use of these added mass coefficients and the sectional

areas, coefficients C and C for the same cross-sections and aspect
2  3

ratios are illustrated in Fig. 173. As shown in this figure, the 

replacement of a rectangular cross-section with the same sectional area 

of circular cross-section, which is suggested by Numata et al., is 

reasonable for aspect ratios about one. Deviations from the aspect 

ratio of one will result in increasing error.

If the hull is restrained, in eq. 52, the effect of cross-
f 9 ^2 2 ^3 3 \section is represented by the f 2S^ + sin y 4 —  j term. This term

is non-dimensionalised as follows :

<=0 = (®A + sln'P ̂  + ̂ ) / ^ A  • • • (54)

The factor of 3 in eq. 54 is introduced to normalise the summation in

the parenthesis for the sake of convenience.
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In Fig. 174 the effect of aspect ratio on coefficient C is illustratedo
for beam seas. As shown in this figure as the aspect ratio deviates 

from unity (i.e. section gets elongated in either direction, vertical

horizontal), coefficient and thus the steady force always increases 

in beam seas. The worst force is experienced at the peak values of 

aspect ratios considered while the least force is experienced on the 

circular cross-section. The rectangular cross-section with corner 

radius always demonstrates a lesser force compared to the rectangular 

with a maximum of 20% for an aspect ratio of one where the section con

verges to a circular section.

oX t u x

Except for the solution given by Martin and Kuo, in the other 

solutions presented the dynamic free surface effect is neglected because 

of the large depth of submergence assumption. However, its static
—2yheffect is taken into account by the exponential term (e ) in all.

When the semi-submersible is in a tilted position, this effect will be 

taken into account via this term by the different depth of submergence 

of each hull. At the same time if the hull cross-section is non

circular, this may result in an additional change induced by the effect 

of instantaneous section shape at the tilted positions.

Since Lee and Newman's solution is applicable to non-circular cross- 

section bodies, this effect was investigated by using the solution for 

rectangular and rectangular with corner radius sections restrained 

under regular beam waves. The aspect ratios of both sections are 2 

and the latter has a corner radius which equals half of the section 
depth. Figure 175 illustrates this effect on the non-dimensional added 

mass and coefficient of these two typical sections. This figure 

shows that although the heave and sway added mass coefficient varies
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with varying tilt angles, does not change because of the counter 

acting behaviour of the added mass coefficients for these particular 
sections.

kfdAodynamA^c dnt2A^2A2.nc2,

The use of Lee and Newman's solution in the twin-hull configur

ation excludes the hydrodynamic interaction between the hulls since it 

is given for a single body. As shown in eq. 52, the effect of hydro- 

dynamic disturbance is introduced by the infinite added mass of the 

body. Therefore it is thought that the hydrodynamic interference can 

be taken into account by using twin-hull added mass coefficients which 

include the hydrodynamic interference between the hulls at first-order 

as studied earlier. Figure 176a illustrates the heave and sway added 

mass coefficients of deeply submerged twin circular hull sections at 

various hull separation and those of the same section in isolation by 

comparison. Practically for a hull separation to hull diameter ratio 

of less than 3, the heave added mass of the section deviates consider

ably from the isolated value compared to the sway added mass. This

results in a slight increase in coefficient C and thus in the totalo
steady vertical force on twin cylinders in the upright position.

Fig. 176b.

0  ̂ h2,acUnq angte.

So far no experimental and theoretical work has been done for

the effect of the heading angle on the steady tilt behaviour. Although

this parameter has not been explored by experiments in the thesis, by 

making use of the force expression in eq. 52, in which this parameter

is introduced by a term sin^y, one may deduce its importance.

Figure 177 illustrates the effect of a heading angle on coefficient 

for three typical cross-sections for the restrained case. As shown in
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this figure while the worst force is induced in beam sea condition for 

the rectangular section, the least force is experienced in head or 

following sea conditions for the circular section. The variation of 

the heading angle from beam sea to head or following sea results in 

a maximum of 60% force increase for circular, 50% for rectangular with 

corner radius and 40% for rectangular cross-section.

oj v2Atlc.aZ 6u/i{)ace.-pleACylnq columnà

The use of the above method neglects the presence of the surface- 

piercing columns because of the two-dimensional treatment. However, 

including the existing three-dimensional studies, there has been no 

study which demonstrates the contribution of the steady vertical force 

on surface-piercing columns of a semi-submersible compared to the total 

steady force on the vessel. Therefore the importance of this effect is 

discussed rigorously as follows.

Figure 178a shows the steady second-order vertical force on a 

floating hemisphere given by Pinkster in terms of its components, 

explained in section 4.3. As illustrated in this figure component II 

(velocity head force) and component III (body translation force) are 

the effective components. Since the body lines run vertically at the 

free surface, component I (wave elevation force) is zero. Component IV 

(body rotation force) does not contribute to the total force because no 

roll motion occurs. Thus the total force can change its direction from 

downward to upward under the two effective components.

Although the flow-field around a vertical column is different from 

than that around the sphere, both geometries are surface-piercing and 

have a similar shape of waterplane. Therefore there may be a similarity 

in trends of the curves of the forces on these two geometries so that, 

at least, the steady force may be either upward or downward depending on
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the body motions. However, if the surface-piercing body is restrained, 

component III will be zero and thus the total steady vertical force will 

be dominated by the downward velocity head component II. This con

clusion is supported by Taylor and Hung's results ̂ . By using the 

same method they demonstrated a steady downward vertical force on 

fixed vertical surface-piercing column arrays (see table 3 of ref. [106])

On the other hand the steady vertical force on a submerged 

circular cylinder is shown in Fig. 178b in the manner given by Pinkster. 

Since the body is fully submerged no contribution arises from component I, 

Because no roll motion occurs component IV is also zero. Thus the total 

force is dominated by components II and III as in the surface-piercing 

hemisphere case. However, contrary to this case, component II is always 

positive indicating an upward force, while component III is downward. 

Because of the dominant component II, the resultant force is always in 

the upward direction. As noticed in both Figs 178a and b, the inclusion 

of motion response decreases the total force considerably.

The above discussion may lead to a rough conclusion for the 

effect of the columns on the total steady force on the semi-submersible. 

The inclusion of the vertical columns, which induce a steady vertical 

force in the downward direction, reduces the total steady vertical 

force on a submerged circular hull which is positive in the upward dir

ection. This trend is very strong when the assumption of a restrained 

body is made. The inclusion of the first-order motion may have a varying 

effect on this trend (see Fig. 178).

CompoAlàon the, (ixÂ^tinq tke,o^eXlccil moXkocU

In this section, the steady vertical force on each hull of a 

restrained semi-submersible model, which is similar in dimensions to 

the model tested, are computed under the steady tilt effect. The results
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are obtained from the solutions given in the foregoing by Numata et al.
*

(eq. 41), Martin and Kuo , Morral (eqs 1.14 and 1.15 in Appendix I).

Lee and Newman (eq. 52) . The methods are also compared with the experi

mental measurements taken by Morral (see Chapter 2) on a submerged 

circular cylinder.

Figure 179 illustrates the comparison of the results obtained 

from these solutions for the model presented in this figure. The depth 

of submergence and the hull separation distance of the model is similar 

to the model tested. The effect of the vertical columns and the model's 

oscillatory motions are not taken into account. As shown in this figure, 

although the forces on the leeward hull are similar in magnitude, the 

differences in the solutions for the seaward hull increase with growing 

tilt angles. Since the method presented by Martin and Kuo theoretically 

takes into account the dynamic free surface effect, it demonstrates large 

forces in magnitude in the low and moderate frequency region compared to 

the others. Lee and Newman's solution, which is denoted as PRESENT in 

the key box of the figure, gives relatively less force over the range of 

frequencies compared to the other solutions.

In Fig. 180, the comparison of these solutions excluding Martin 

and Kuo's, which is only valid for circular sections, is illustrated for 

the same model but with a rectangular cross-section of pontoon with 

aspect ratio of 1.27. In Numata's solution equivalent radius is defined 

from the equivalent cross-sectional area of rectangular and circular 

section. As shown in this figure, the present method which theoretically 

accounts for the effect of cross-section exactly manifests greater force 

compared to the other two methods over most of the frequency range.

*The results are obtained from the computer program developed bg Martin 
and Kuo in ref. [20].
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In Fig. 181, these solutions are also compared with Morral's 

test results on a single submerged hull of circular cross-section includ

ing the theoretical result obtained from the three-dimensional near-field 

method (NMI-wave program). As reviewed in Chapter 2, in these tests, the 

steady vertical force was measured on the hull with the presence of the 

vertical columns at four different depths of submergence. As shown in 

Fig. 181 for the largest depth of submergence (H/R = 3.38) all the 

solutions are in reasonably good agreement with the experimental data.

As the depth of submergence decreases Martin and Kuo's solution is still 

in good agreement with the test results indicating the importance of 

dynamic free surface effect while the others underestimate the test data. 

At the shallowest draught (H/R = 1.5) all the solutions present entirely 

different magnitudes and trend of forces compared to the test data in 

which the steady force changes its direction upwards to downwards.

Although this thesis concentrates on the twin-hull semi-submers- 

ible as a supplementary information, in Fig. 182, two solutions given by 

Numata and Morral for a footing type semi-submersible are compared. As 

stated in Appendix I, Numata's approach based on the equivalent volume 

of the footing and corresponding circular is shown at the top of Fig.

182. The figure indicates that Numata's approximate solution presents 

greater force compared to Morral's. The difference in magnitude of the 

forces from each method increases with increasing frequency. At large 

depths of submergence both solutions present similar results.

The above results have been drawn under the assumption that the 

hulls or footings are restrained. In fact when the oscillation of the 

semi-submersible is taken into account the magnitude of the steady 

vertical force is reduced. Figure 183 demonstrates this effect for



305.

twin circular hulls in beam seas obtained from eqs 42 and 43 for the hulls 

restrained and free to respond to waves. In the free case it is assumed 

that each hull moves similarly to the orbital motion of the wave with 

zero phase lag. As shown in this figure under this assumption the mag

nitude of the force on each pontoon is about a maximum of 8% of that on 

each pontoon in the fixed position.

Lee and Newman's solution, eq. 48, yields a vanishing steady vertical 

force when the body is free under regular beam seas because of the rig

orous slender body approximations.
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Fig. 178a - Breakdown of steady vertical force of a floating 
hemisphere into its components[14] (where R is 
radius of hemisphere)
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Fig. 178b - Breakdown of steady vertical of a submerged circular 
cylinder into its components [14] (where V is the dis
placement volume of the cylinder)
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4 . 4 . 2 . 1  Stmd-Lj t i L t i n q  mom2.n t  ÂnduLczd b i] tko , veA X lcaZ  62.c.ond-oàd2A  ^oA^e;

As reviewed in Chapter 2, Numata et al. predicted the steady 

tilt angles at the intersection points of the steady tilting moment 

induced by the vertical steady force and the static righting moment over 

a range of tilt angles expected. He demonstrated qualitative agreement 

between theoretically predicted and experimentally observed tilt angles.

In order to validate this approach by using the systematic test 

data generated in the thesis, the steady tilting moment expression is 

derived in this section. The similar rigorous assumptions and simplific

ations, which were made by Numata et al., are made but without the 

restriction for the shape of the lower hull. The vertical steady force 

in the moment expression is calculated using Lee and Newman's solution 

which theoretically accounts for the effect of slender hull shape exactly.

4.4.2.1.1 VomuLcvtion o{̂  pn,obtm:

It is assumed that the semi-submersible consists of two lower 

hulls which are slender with arbitrary cross-sections distributed along 

the hull length. The effect of surface-piercing columns is not taken 

into account. The hydrodynamic interference between the demi-hulls, 

which are assumed deeply submerged and sufficiently apart, is neglected.

The semi-submersible is assumed completely restrained under regular 

beam waves, with small amplitude in order to justify linear potential 

theory assumptions.

The use of the complete restraint assumption results in a larger value 

of steady tilting moment and thus a conservative result. Moreover there 

will be no oscillatory motion-induced forces with their steady moment.

The oscillatory wave-exciting forces on the restrained body will induce 

the only oscillatory effects.
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The steady horizontal force is assumed balanced out by an artificially 

applied mooring force at the application point of this force. Thus the 

steady tilting moment is induced only by the steady vertical forces 

which are assumed acting at the centroid of each hull.

Under the above stated assumptions, let the semi-submersible

be tilted in the leeward direction. This induces a steady tilting
"t “tmoment by the steady vertical force and F^ on the seaward and 

leeward hull in different magnitudes due to the different depth of 

submergence and Fig. 184.

incident wave

-t

- t /( H),

Fig. 184 - Quasi-static analysis of steady tilt induced by the steady
vertical forces (potential)
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Quasi-static analysis of the steady tilting moment about the centre 

of gravity reduces to the following expression from Fig. 184:

»T = ® ^ ® 0 ••• '55)

where suffices s,f.,h,v and t: denote the quantities associated with
the seaward hull, leeward hull, horizontal direction, vertical 
direction and tilting and the overbar (-t) indicates the time 
average steady value.

By using eq. 52, the steady vertical forces on the hulls are 

as follows :

-t 9 -2yHg r. -,F = pg (ya) e V[l + 0.5
(56)

IF = pg (ya)2 e v[l + 0.5 (Kg2 + K33)]

with H = (H - S tand)} coscb s o

= (H^ + S tancj)} cos# (from Fig. 184) 

/
_ ^

2 2 '^^3' ^ pV

(57)

^ a (a )dz
and K (K ) = ---     are the sway and heave added mass

coefficients of one lower hull

V = / S^(z)dz is the volume displacement of one
L lower hull

The substitution of eq. 56 into eq. 55 yields the wave-induced steady 

tilting moment as follows :

-+• -if -2yH -2yH/ -2yH -2yHn
= pg (ya) ̂ V[l + 0 .5 (K2 2 + K 3 3)] V S  cos#(,e -e ) + D sin#(e +e )

(58)
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4.4.2.2 Stô adij tLttlnoj mom2.Yvt Indaczd bi{ tkt d/iaq {̂q/lcz

A semi-submersible can be exposed to appreciable steady drag 

forces. This force component can make a significant contribution to 

the steady tilting moment as indicated by De Souza and Miller. In the 

following theoretical approach, the calculation of the steady moment on 

a twin-hull semi-submersible is based on Morison's Equation.

4.4.2.2.1 OlutZAJiZ 0^ ihZ-Oh-OJlyLCLClZ. app/LOClch: The hydrodynamic forces

on cylindrical members of a semi-submersible can be represented by 

Morison's equation including the viscous drag component. The use of 

this equation implies certain restrictions because of its empirical 

n a t u r e A m o n g s t  others, the restriction, which 

requires the wave length to be greater than five times the cylinder 

diameter, is essential. This enables one to use particle velocities 

and accelerations calculated at the centre of the members instead of 

integrating the corresponding pressure around the surface of the 

cylinder.

In terms of Morison's equation, the force on a unit length of 

the submerged portion of a fixed cylindrical member is expressed as 

the sum of an inertial force (f̂ ) and a drag force (f^), i.e.

f = + fj, =pCj^ V + D v|v| ... (59)

where c and C are the inertia and drag coefficients, S is the M D A
cross-sectional area, D is the cylinder diameter and V and

V are the velocity and acceleration of the water particles

in the incoming wave at the centre of the element.

In eq. 59 by substituting V = coswt, where is the maximum 

particle velocity it follows :

f(t) = - pC^ sinwt + Y  D cosü)t | cos03t |   (60)
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The above force expression is harmonic in nature. The procedure to 
find its mean value is as follows :

,T+t
f(t) dt ... (61)

t
where T is one period of time.

Equation 61 yields a zero-mean value for f(t) given in eq. 60 at any 

submerged location.

However, in order to find the total force on a member, the

force expression per unit length given by eq. 60 is integrated along

the member. During this process, the integration is taken up to the

wave surface for the horizontal forces on a surface-piercing member.

Although Morison's equation is based on small amplitude linear wave

theory and valid up to still water level, in practice it is stretched

up to the wave crest. It is believed that the accuracy is improved 
[91-94]by doing this . Then the total horizontal force on a surface-

piercing column becomes :

H+n
^%(t) J ^A sinwt t Y  P D  cosü)t jcoscüt j )dy

o (62)

where D is column diameter, H is the column depth and p is the 

crest elevation.

Equation 62 can produce a non-zero mean if the crest elevation is 

not zero and is in phase with either of the inertia or the drag com

ponent . In such a case only the drag term, which is in phase with
[91,92,115]the crest elevation, yields a non-zero mean

Based on the above approach, the steady horizontal drag 

forces on the columns of a semi-submersible will induce most of the 

tilting moment. In_the following formulation this moment component
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is given for a twin-hull semi-submersible in beam seas based on 

Morison's equation. The effect of vertical drag forces on the 

columns is ignored. Although the drag forces on the submerged 

lower hulls do not contribute to the steady moment they are included 

in the formulation for completeness and illustration.

4.4.2.2.2 foAïïiütcUÿCoyi 0^ pXobZojïi: Consider a twin circular hull semi-

submersible fixed in beam on regular waves. The axis defining the 

wave system (o-xyz) lies on the free surface with the origin (o) at 

the middle of the two hulls as shown in Fig. 185.

x=s

Fig. 185 - Twin circular hull semi-submersible in regular beam seas

SuA^ac.2.-PXeA(Un,q j/eAtlcjot Cotumn

(a) Moment induced by the horizontal drag force

By using Fig. 185, the roll-exciting moment about the COG 

induced by the sway force on element dy of the column is:
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T P C g  Ap u|u|(OG-y) 
c c (63)

where c indicates quantities associated with columns.

A = 2R dy Pc c (64)

and the horizontal wave particle velocity at a depth of y is:

Yyu = - a w e  cos (yx-wt) (65)

As a result of the small diameter member assumption the variation of

the velocity across the diameter of the element dy is neglected.

Moreover the variation of Cg along the depth of column and thec
hydrodynamic interference between members are also ignored. Then

by substituting eqs 64 and 65 into eq. 63 and integrating from the

bottom of the column up to the wave crest, the moment induced on

one column is :

. acos (yx-wt)
Mx (yg a^) | [oG e -y e^^^Jdy

-H cos(yx-wt)I cos(yx-wt)I

~ T ) (Yg a^) (INT) cos (yx-wt) |cos(yx-Wt) | ... (66)z c  c

acos (yx-wt) __ zyy
where INT = [OG e - y e  J dy

-H

2y
ÔG ^g2Yacos(lfx-ut) _g-2YHj_

1 / zyacos(yx-wt) -zyH 
2Y ~ ^

( acos (Yx-0)t) H j

(67)

Su.bmeAq2,d Lme A HuZt&

(a) Moment induced by the horizontal drag force

By using Fig. 185 the roll exciting moment about the COG 

induced by the sway force on a transverse hull element dz is:
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= Y  u|u|(KG - R )2 “R   (68)h h

where index h indicates quantities associated with lower hulls,

Ap^ = 2R^ dz ... (69)

and it is the horizontal mean velocity at the lower hull axis

given by:

u = - a w e  cos (yx-wt) ... (70)

After substituting eqs 69 and 70 into eq. 68, integrating it along 

the hull length the moment induced on one lower hull is :

= J P C p  (2R^ L) e ° cos (yx-wt) | cos (yx-Wt) | (KG - R^) (yg a^) 
h h

(71)

(the variation of along the length of the lower hull is neglected) .
h

(b) Moment induced by the vertical drag force

By using Fig. 185, the roll-exciting moment about the COG

induced by the heave force on a vertically taken hull element dz is:

= J  pCp Ap v|v|x ... (72)
h h

where Ap = 2R dz ... (73)
h ^

and V is the mean vertical velocity at the lower hull axis 

given by:

-yH
V  = a W e  ° sin (yx-wt) ... (74)

By substituting eqs 73 and 74 into eq. 72 and integrating 

along the hull length the moment induced by one lower hull is :

My = ^ P  Cp (2R^ L) (yg a^) e ^ ° sin (yx-Wt) | sin (yx-wt) |x —  (75)
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The total roll-exciting moment induced by the drag force on 

the semi-submersible is obtained by summing eqs 66, 71 and 75 by 

considering the number of members on the leeward and seaward side 

of the vessel:

Nr
M^^t) =

1=1 i W x = S
M

M

x=-S

x=S

“x. x=S

M (76 )
x=-S

where N^ is the number of columns on each hull, S is the half hull 
separation.

The above moment expression is formulated when the vessel is 

in the upright position. If the vessel has a tilt of (|), the effect 

on the column is to change the lower limit of the integral H to :

(H - S tancf)) coscf) for the leeward column

(H + S tan^) coscf) for the seaward column
(77)

Similarly the upright depth of the lower hulls is to change to

(H^ - S tancj)) cos(j) for the leeward lower hull

(H + S tancj)) coscf) for the seaward lower hullo
(78)

The change in the transverse dimensions and force due to the small 

tilt is neglected since it is expected to have a very small effect.

The steady (mean) tilting moment induced by the total drag 

force on the semi-submersible is found by:

Mr (t)  a t (80)
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4.4.2.3 Compa/LUon ^xpoAÂme.yit and tkwfiy {̂ofi tko. mve-Znduced 
-tWtlng moimnt and ciUciu^Zon /LC6u£t4:

Following the discussion on the components of the steady 

tilting moment the comparison and discussion is carried out in two 

groups: (i) the moment induced by the steady vertical force.and

(ii) the sum of the moment induced by the steady vertical force 

and the steady drag force.

(i) As reviewed in Chapter 2, Numata, et al. predicted the

actual tilt angles observed in model tests by using the wave-induced 

tilting moment and the righting moment expression given by eqs 1.5 

and 1.6 of Appendix I. In their procedure both moments were pres

ented on the same axis over a range of possible tilt angles ((p $ 16°) . 

The angles corresponding to the intersection points of the two

moment curves indicated the predicted tilt angles. Over a series of

six tests qualitative agreement was demonstrated between the pre

dicted and actual tilt angles as shown in Fig. 5. The figure indic

ated that although the tilting moment curves are nearly linear, the 

restoring moment curve had a non-linear form. This non-linearity 

was due to the presence of the cross-members and bracings (see Figs 

I.1 and 1.2 of Appendix I) causing an intersection of the two moment 

curves. The predicted tilt angles corresponding to the intersection 

points were in reasonable agreement with the actual tilt angles 

observed in their tests.

It was thought that the limited number of predictions pub

lished by Numata, et al. may not be satisfactory to justify their 

theory. Therefore it was decided to compare the extensive motion 

data produced in the thesis. Tables 10 to 14, with predictions 

obtained from the above procedure.
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For the tilting moment computation eq. 58 was used. This 

was different from the Numata, et al. expression in terms of the 

steady vertical force expression involved. It was applicable to 

any cross-section lower hull. However, the use of the Numata, et 

al. expression or the expression suggested in eq. 58 would not yield 

any major difference for a circular section lower hull as discussed 

in section 4.3. The righting moment was expressed by Agm sincf) where 

A was the total displacement of the model.

When the two moment curves for the model were plotted over a 

range of possible tilt angles, it was noted that both the curves 

were nearly linear with different slopes at the origin. Since the 

model did not have any bracing or cross-member, its righting moment 

for each GM was linear as shown in Fig. 186. This figure presents 

the righting moments for the first three GMs at the actual tilt 

angles obtained fron the static inclination tests. As shown in two 

typical examples at the smallest GM (0.019 m) , Fig. 187a, and at the 

largest GM (0.079 m), Fig. 187b, the righting moment was always larger 

than the wave-induced tilting moment. The difference between the 

slopes increased rapidly demonstrating considerably larger slopes 

for the righting moment as the GM increased.

The above investigation demonstrated that there was no need 

to have a non-linearity in the righting moment curve to experience 

a steady tilt. Moreover the gap between the two lines of the actual 

equilibrium tilt angles suggested it was necessary to investigate 

further the difference between the two moment mechanisms. Therefore 

an alternative way of presenting the comparisons was carried out as 

follows :

The steady wave-induced moment for the model for each test run was 

predicted from eq. 58 at the actual tilt and wave data, which were
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tabulated in Tables 10 to 14. The righting moments were also calcul

ated at the corresponding tilt angles. Since the actual tilt angles 

theoretically indicates an equilibrium condition, the two moments 

computed at these angles should be equal or close in magnitude.

The results of such a comparison for typical frequencies, 

where the steady tilt occurred in the model tests, are presented in 

Figs 188 to 189. In these figures the wave-induced tilting moment 

is represented by a small circle corresponding to each test run.

Since the righting moment is linearly dependent on the tilt angles, 

it is represented by the solid line passing through the values com

puted at the actual tilt angles. As shown in Figs 188a and 188b there 

is relatively close agreement between the magnitudes at the smallest 

GM. However, as the GM increases the magnitude of the righting 

moment increases rapidly compared to that of the wave-induced tilt

ing moment resulting in an increasing difference between them.

Fig. 189.

The above investigation indicated that based on the Numata, 

et al. theory, the equilibrium between the magnitudes of the two 

moments at the actual tilt angles is highly dependent on GM.

As discussed in Chapter 3, it was not possible to test the 

model with a smaller GM than 0.019 m because of practical difficult

ies. If it were possible and the resulting tilt angles could be 

measured accurately, the author has a strong feeling that the tilt

ing moment could beccxne larger than the righting moment at the 

actual tilt angles due to the strong influence of the GM.

The above findings brought about the conflicting fact that 

whatever the model's GM was, if it had a steady tilt, at the equil

ibrium angle theoretically the tilting moment and the righting 

moment should be equal in magnitude; whereas the computations based
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on the Numata, et al. theory demonstrated that this depended on the 

model's GM.

The GM dependent gap between the two moments could be 

attributed to the inexact representation of the wave-induced moment 

mechanism. From the point of view of the righting moment mechanism, 

the variation of the moment arm under certain combinations of waves 

(trough or crest) relative to the position of the model may not be 

important because of the small waterplane area of the columns. 

Therefore the existing righting moment formula, which is valid for 

the static water level, can be justified. Whereas the inexact rep

resentation of the tilting moment due to the absence of the steady 

horizontal forces is important as explained below.

The steady horizontal forces acting on the columns form the 

major part of the total steady horizontal force on a semi-submers

ible. Figure 190 illustrates the components of the potential steady 

surge force on a three columns per hull twin rectangular hull semi- 

submersible referring to section As shown in this

figure the wave-elevation component (component I) is the dominant 

component while the remaining only reduces somewhat the effect of 

contribution I. In addition to this potential component, steady 

effects of the horizontal drag forces on the surface-piercing

columns will be important depending on the column diameter and wave
[91-94] . .height . It is important that both force mechanisms originate

due to wave motion about the free surface depending on wave height

and diffraction of waves (for the potential component) from the

columns.

On the other hand if the geometric characteristics of the 

model used in these tests are considered, its draught is 0.36 m and 

its KG varies between 0.28 m to 0.22 m corresponding to GMs of
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0.019 m and 0.076 m respectively. When the model has the smallest GM, 

the COG about which the steady tilting moment is taken, is close to 

the free surface. Therefore the contribution of the horizontal forces 

to the tilting moment will be less due to a small moment arm. However, 

as the GM increases, the COG shifts downward while the horizontal 

forces still act about the free surface. This will introduce an 

increasing moment. Referring to Figs 188a and 188b it was noted that 

the tilting moments were in relatively close order of magnitude with 

the righting moment at the smallest GM. In this case because of the 

small moment arm the absence of the horizontal forces on the column 

had less effect on the tilting moment. Whereas as the GM increased 

this effect becomes appreciable due to the increased moment arm 

resulting in an underestimated tilting moment.

(ii) The steady horizontal force due to the potential wave

elevation component (conponent I) has been es^lained in section 4.4.

It can be presented on a column by the time average value of the
[94]following expression : 

n 2tt
p(0,y)R COS0 d0dy ... (81)

—H o

its moment about the COG is the time average value of :

1
“x " '2

-H 6
p(0,y)R (OG-y) cos0 d0dy ... (82)

where H is column height, n is crest elevation, R is column

diameter, p is the total pressure and 0 is the polar angle.

In the above equations the pressure p includes the diffraction effect 

of the waves. This requires a three-dimensional representation 

because of the column configurations. Since the use of two-dimensional
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beamwise strip theory demonstrated large three-dimensional errors in 

the column part, this contribution could not be taken into account 

by the close-fit method presented in the thesis. Therefore the 

absence of this component will cause an underestimation in the tilt

ing moment results to be presented.

However, the effect induced by the drag component on the 

semi-submersible model is taken into account based on the theory 

given in section 4.4.3:

Figures 191 and 192 (a,b,c) present the roll exciting moment exerted 

on the model by the drag force for two extreme GMs. For these 

illustrations the moments about the COG are broken down into the 

contributions from the vertical and horizontal directions in the 

upright position. The wave amplitudes at which the moments are com

puted are obtained from the modified ABS wave height formula as 

shown in Fig. 193. In the computations the drag coefficient for 

the column and hull was taken as 1.2.

As illustrated in Figs 191b and 192b the contribution due to the 

vertical drag force on the lower hulls is completely symmetric 

indicating a zero mean over one period. Whereas the contribution 

due to the horizontal drag force. Figs 191c and 192c, is asymmetric 

resulting in an asymmetric rolling moment as shown in Figs 191a and 

192a. This asymmetry yields a mean moment over one period which is 

always in the leeward direction over the range of frequencies tested. 

(In Figs 191 and 192 negative y-axis indicates the moment in the lee

ward direction.)

Having computed the mean value of the oscillatory roll- 

exciting moment, these mean moments are presented in Fig. 194 for 

differing GMs in the upright position. As shown in this figure as
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the GM increases the tilting moment is increased. It should be noted 

that since the mean moment is always in the leeward direction the 

negative sign of this moment is disregarded.

According to the Numata, et al. theory, in order to develop 

a steady tilt there is a requirement for an initial starting mechan

ism. Depending on the direction of this mechanism a steady tilt 

could occur in either direction, leeward or seaward, since the theory 

provides a bi-stable tilting moment. The inclusion of the drag com

ponent automatically brings about a mechanism which provides an 

initial tilt always in the leeward direction. This finding confirms 

the model test results in terms of the preferred direction of tilt. 

However, in addition to this ccomponent the-effect of the other com

ponents, which are not taken into account in the thesis, (e.g. the 

leeward column and hull is exposed to a wave diffracted by the pres

ence of the seaward column and hull, the vessel's oscillatory motion 

about a tilted position) can cause a preferred direction of tilt.

In Figs 195 to 198 the sum of the moment induced by the 

steady vertical force and the drag force are compared to the right

ing moment at the actual tilt angles. As shown in these figures the 

inclusion of the drag component closes the gap between the two moments 

considerably particularly at the largest GM, Fig. 197. However, there 

is still a difference between the two moments. Fig. 198, which indic

ates that tilting moment is still underestimated. However, it is 

noted that for large tilt angles the tilting moment becomes larger 

than the righting moment ((f) ^ 12°), Figs 195 and 196. This can be 

attributed to the combination of several factors which are induced by 

the non-linear behaviour of the forces in large waves, restrictions 

imposed by the measuring mechanism (LVDT strings) and moorings at
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extreme tilts and sometimes green water at the deck due to wave 

splashing.

One important point is that during the tilting moment com

putations, it is assumed that the model is fixed. Therefore the 

computed moment theoretically should be overestimated. Whereas if 

the vessel's oscillation is taken into account the tilting moment 

will be reduced considerably as demonstrated by Martin and Kuo. In 

such a case to close the gap between the two moments will be imposs

ible. Therefore the restraint body assumption may well be justified 

due to the existence of the moorings. Otherwise there is a need to 

take into account the effect of moorings into the moment computations.

Having predicted the tilting moment on the basis of the two 

force components (vertical potential force and horizontal drag force), 

the comparison with the righting moment at the actual tilts demon

strated an underestimation of tilting moment. Therefore the moment 

prediction still needs to be improved in terms of the other compon

ents involved. This underestimated tilting moment results in an 

underestimate of the tilt angles as shown in Figs 199 and 200. As 

illustrated in these figures, the initial tilting mechanism due to 

the drag component results in an intersection of the two moment 

curves although this was not possible by the Numata, et al. approach 
as demonstrated earlier (Figs 186a and 187b). However, Fig. 199 presents 

a predicted tilt of 2° for a GM = 0.019 m while the actual tilt is 

6.92°. In Fig. 200 a predicted tilt of 0.7° is obtained for a 

GM = 0.079 m while the actual tilt is 1.36°.

From the above investigation it can be concluded that at the 

actual tilt angles a precise balance between the two monents is 

essential. An inexact representation of the moments, particularly the
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tilting moment, will lead to large errors in the steady tilt predic

tions. Therefore unless a precise balance can be achieved between 

the two moments, a prediction of steady tilt will not be possible.

4.4.3 MjyUmum GM to LmiX, Stzadii TÂJU, Zn RtgulaA Bexm (Jilavê

From the point of view of the present stability criteria, 

the most important parameter to be determined is the GM required to 

limit the steady tilt behaviour. If the regular sea state is known 

for a given range of frequency and wave height, a limiting GM, which 

allows some minimum amount of tilt, can be established from the 

equilibrium condition of the wave-induced tilting moment and the 

righting moment. As given in eq. 1.5 of Appendix I, Numata, et al. 

suggested the minimum GM criteria to avoid wave-induced tilt in 

regular beam seas. However, this criteria needs to be improved in 

terms of its interpretation and the representation of the tilting 

moment involved as explained below.

4.4.3.1 OatLiYin tkdon.2Jû,(uoüi app̂ oack and {omuZcution oi pKobtm: 
when the vessel has,a steady tilt at an angle of cj), the vessel's 

righting moment M^(^) should be balanced by the total wave-induced 

tilting moment given by:

EM̂ (cj)) = M^ ((f)) + M^ ((f)) + Others ... (83)T T
—where M^(^) is the moment induced by the steady vertical force 

given by eq. 58,

((f)) is the moment induced by the steady drag force given 

by eg. 80,

Others is the remaining moments which have been left out in 
the thesis but should be included for the exact rep

resentation of the tilting moment.
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Then, at a tilted position:

Em̂ ((|)) =  M^ ( ( p ) ... (84)

with

M̂ ((f)) = pg GM sincf) ... (85)

for relatively small angles. Where V indicates the vessel's totals
displacement volume.

The substitution of eqs 83 and 85 into eq. 84 results in a GM value 

given by:

GM^in = I Pg sincj) ... (86)

where ^^g^in tihe GM to limit the steady tilt to the angle (j).

For any GM > GM . the vessel will have a smaller angle than d)min  ̂ ^
for GM < GM^^^ the vessel continues to develop tilt with growing

magnitude until the leeward deck touches the water which could lead 

to a capsizing condition.

In order to demonstrate the consequence of the Numata, et al. 

approach in the following the minimum GM obtained on the basis of the 

steady vertical force is given:

If the tilting moment is induced by the steady vertical force only, 

eq. 83 becomes :

Em ^ = M^ ... (87)T T
—  twhere M^ is given by eq. 58. By substituting eq. 57 into 58 under

the small angle approximations given by:

cos^ - 1 , sin0 - tancf) - ( f ) ,  it follows

= Pg(ya) ̂  V [l+0.5 +K^^)] -e

+ D* (e'TS* + e-=YS*) ^ ... (88)
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The substitution of :

^2YS^ + C-2YS* ^ 2 cosh 2YS*

^2ys^ . e-ZYS* = 2 sinh 2YS*
(89)

cosh 2yS(f) - 1 

sinh 2yS(f) - 2yS(f)

into eq. 88 yields:

Em^ - pg(ya)^ e ̂ ° V [l + 0. 5 (k^ ̂ J] {4ys^ + 2d} (j) ... (90)

By substituting eqs 90 and 85 into eq. 84 and assuming sin<f) ̂ (p, it
follows :

™ m i n  " 'Ya)Z e ° ^  [l + 0.5 KssXlfdYsZ +2d ) ... (91)
s

Equation 91 is similar to the min GM expression given by Numata, et

al. and applicable to the lower hull with arbitrary cross-section.

As noted in eq. 91, GM^^^ is independent of (p although it is derived

from the equilibrium of the two moments at the tilted position (f).

Numata, et al. defined GM . in eq. 91 as the minimum GM to avoidmin
steady wave-induced tilt in regular waves.

4.4.3.2 Computatlonà {̂oH, mZnJjnm GM and dUauÂ^Zon êj>LiZt6:

The minimum GM criteria proposed by Numata, et al., eq. 91 (or

eq. 1.5 in Appendix I) needs to be improved on the following grounds.

Having the minimum GM expression independent of a tilt angle 

on the basis of the steady vertical force does not define 

it as the minimum GM to avoid steady tilt. However, according to 

eq. 86 theoretically to avoid steady tilt either the tilting moment 

should be zero or the GM should be infinitely large and for any normal 

level of GM, some tilt will always occur. Since the minimum GM is 

highly dependent on the steady tilting moment it is essential to
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account for all the forces which contribute to tilting moment or an 

erroneous minimum GM will be obtained.

' In order to show the consequence of Numata, et al's criteria;

the minimum GM of the model was computed at a range of wave frequencies

and heights obtained from the ABS wave height formula. The results are

presented in Fig. 201. As shown in this figure, a minimum GM curve is 

obtained corresponding to each of the original model test GMs. Amongst 

the five minimum GM curves the largest minimum GM corresponds to the 

smallest test GM (1.33 m in full scale) and has a peak value at 0.0135 m 

(0.945 m on the full scale). According to Numata, et al’s interpret

ation when the model has a GM just above this minimum value it will 

avoid steady tilt over the range of frequencies. However, the experi

mental findings do not confirm this criteria. As shown in Fig. 202, 

the model with original GMs varying between 0.019 m and 0.079 m, which 

are well above the largest minimum GM (0.0135 m) , still demonstrates 

steady tilt angles varying between 12° and 1° respectively.

The above investigation indicates that although the idea of a 

minimum GM criteria proposed by Numata, et al. is plausible, it needs 

to be improved in terms of the above stated points. Therefore it is

believed that the following procedure will improve the criteria one 

step further :

The minimum GM should be obtained from eq. 85 in which the 

steady tilting moment should be represented as precisely as possible. 

This equation theoretically requires an acceptable amount of steady 

tilt to be specified. Therefore a proposed tilt (say (j) < 3°) is 

imposed. Then for a given sea state (e.g. ABS wave height formula 

can be used) by limiting the tilt motion to this specified value, the 

minimum GM required is calculated for each frequency. The largest of 

these must be used as the design criteria for the proposed steady tilt.
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Using the above procedure the minimum GMs to limit the model's 

tilt to 0.5°, 1°, 2° and 3° are presented in Fig. 203 (a,b,c,d). For 

comparison, the minimum GMs obtained from the Numata, et al. approach 

is also shown in Fig. 203 . As illustrated in this figure in order

to limit the steady tilt to a very small amount of tilt ((|) = 0.5°) the

largest minimum GM varies between 0.065 m to 0.10 m (4.55 m to 7.0 m 

on the full scale). Such a large minimum GM is due to the very small 

magnitude of tilt proposed. If this limit angle is increased by a 

small amount, the GM reduces dramatically. As shown in Fig. 203d for 

3° of proposed tilt, the largest minimum GM is 0.025 m (1.75 m on the 

full scale). This is nearly twice the minimum GM proposed by Numata,

et al. to avoid steady tilt in the same wave range.

As noted in the above investigation, the minimum GM to limit 

steady tilt is highly dependent on the tilting moment and the specif

ied limiting tilt angle. To impose a negligibly small tilt angle or 

to avoid steady tilt is practically impossible and would require a 

very large GM.

In the presence of wind, its effect can be included into the 

tilting moment expression, eq. 83, and this will affect the minimum 

GM required. The inclusion of the wind effect brings problems of 

its accurate calculation (when combined with the wave-induced effects) 

which has been reviewed in Chapter 1. However, the above procedure on 

the basis of the equilibrium of the righting moment and the combined 

tilting moment at a specified tilt angle can still be used for the 

limiting GM. For the validation and verification of the moment rep

resentation, model tests under the combined effect of wave and wind 

will be essential.
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 GM- 0.019M GM- 0.029M GM- 0.03BM

tTbI ÏÔTÔ3 ïaTF 
TILT AN8. IDES]

EXPERIMENTAL RIGHTING MOMENTS

Fig. 186 - Righting moment of the semi-submersible model obtained
from the model tests
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F ig . 188a -  Comparison o f r ig h t in g  moment aga inst t i l t i n g
moment" p red ic ted  on the basis o f  steady v e r t ic a l 
p o te n tia l fo rces  a t actua l t i l t  angles obtained 
from the te s ts  fo r  a frequency o f 0.7 Hz to  0.9 
Hz (OR = 0.019 m)
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TOTAL

SEMI-SUBMERSIBLE

-2.5

-t

2.5

Fig. 190 - Potential surge force on a three column per hull twin
rectangular semi-submersible[14,i16]
(where V is  the displacement volume of the semi-submersible)
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Fig. 191b
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Fig. 191c
V IS .  ROLL MT. -  HORIZ. COMP. 
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• -0.75

Fig. 191 - Breakdown of roll exciting moment due to the drag force into
its vertical and horizontal components for GM = 0.019 m
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Fig. 192c
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Fig. 192 - Breakdown of the roll exciting moment due to the_drag force
into its vertical and horizontal components for GM = 0.079 m
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POTENTIAL TILTING MOMENT 
POT. + V IS . TILTING MT. 

-RIGHTING MOMENT__________
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FREQ.= 0 .7  HZ

STEADY TILT ANGLE t DEBBEE ]

POTENTIAL TILTING MOMENT 
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-RIGHTING MOMENT__________
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POTENTIAL TILTING MOMENT 
t il t in g  MT. 
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0.9 FREO. = 0. 9 HZ
STEADY TILT ANGLE t DEGHEE ]

GM 0 . 0 1 9  M

Fig. 195 - Comparison of righting moment against tilt in g
moment on the basis of steady vertical forces 
(potential) and steady drag forces (viscous) 
at actual t i l t  angles obtained from the tests 
for a frequency of 0.7 Hz to 0.9 Hz (SR = 0.019 m'
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Fig. 196 - Comparison of righting moment against tilt in g
moment on the basis of steady vertical force 
(potential) plus steady drag forces (viscous) 
at actual t i l t  angles obtained from the tests 
for a frequency of 1.0 Hz to 1.2 Hz (GR = 0.019 m)
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Fig. 198 - Comparison of righting moment against tilt in g  
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4.5 CONCLUSIONS

The following conclusions are drawn from the theoretical work 

presented in this chapter and the comparisons with the experimental 

work given in Chapter 3.

1. A proper representation of the wave-induced steady tilting 

moment is an essential part of understanding the tilt phenomena.

From the theoretical and experimental investigation of the components 

of this moment it is found that:

The main components are the steady potential vertical force 

on the lower hulls and steady horizontal forces on the columns induced 

by both the drag and potential effects.

The contribution of the horizontal forces is less when the 

COG is near the free surface. Then the total moment is dominated by 

the potential vertical force on the lower hulls. Increasing vertical 

shifts of the COG from the free surface give rise to an increasing 

contribution from the horizontal forces.

2. The comparison of the theoretical wave-induced tilting moment

and the righting moment computed at the actual tilt angles (except at 

the extreme tilt angles 0 ^ 12°) generally demonstrates an under

estimation of the tilting moment. This is most likely due to the 

absence of the steady potential horizontal force and in particular 

the wave-elevation component on the columns. The computation of this 

force component on the columns requires a three-dimensional represen

tation of the fluid potential including the diffraction effects of 

the waves.
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3. The overestimated tilting moments computed at the extreme

tilt angles are induced usually in large waves. Therefore non-linear 

effects particularly on the vertical components become dominant. 

Moreover, the restrictions due to the measuring system (LVDT strings) 

and the mooring system and the effects of the water splashing on the 

deck at large tilts will create equilibrium conditions which do not 

reflect the true full scale behaviour.

4. In the prediction of the wave-induced tilting moment it is 

assumed that the vessel is completely restrained. This produces an 

overestimated moment and thus more conservative results than the 

freely floating body assumption. However, if the vessel is assumed 

as freely floating the tilting moment predicted would be considerably 

underestimated in comparison to the experimental data. Therefore 

keeping in mind the restrictions due to the mooring system, the res

trained body assumption may well be justified.

5. The moment induced by the vertical steady force has a bi-stable 

character. Depending on the direction of the initial disturbance it 

can induce tilt in either leeward or seaward direction. However,

the moment induced by the horizontal drag force acts as a starting 

tilt mechanism and induces steady tilt always in the leeward direc

tion, confirming the experimental observations. Although the effect 

of reflection due to columns is not considered in the thesis, this 

can contribute to the leeward tilt since the leeward column (and 

hull) is always exposed to a wave which has already lost some of 

its energy in passing the seaward columns.

6. A non-linearity in the righting moment curve due to the 

presence of the bracings and cross-members is not necessary to 

experience steady tilt.
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7. Over a given range of regular beam waves a minimum GM to limit

the vessel's steady tilt to a specified magnitude can be determined. 

This limiting GM is highly dependent on the precise determination of 

the tilting moment and the proposed limiting tilt. The absence of 

any component involved in the tilting moment could lead to a serious 

misjudgement in the determination of the minimum GM. Practically, to 

avoid steady tilt or to have negligible tilt requires an undesirably 

large GM.

8. The vertical steady force component is one of the main com

ponents contributing to the tilting moment. However, it has not 

been explored in the literature in terms of its several aspects.

The further investigation on this component with emphasis on the 

tilt phenomena brings about the following conclusions :

(Unless it is stated the following conclusions apply to submerged 

lower hulls being held fixed under regular beam seas.)

(a) The steady force is mainly dominated by the depth dependent 

exponential term. The differences between the exact and 

the approximate methods for the calculation of this force 

are negligible at large depths of submergence. As the depth 

of submergence reduces the exact method produces a larger 

force and better agreement with the experimental data com

pared to the approximate theories. However, at very small 

depths of submergence both the exact and the approximate 

methods present different magnitudes and trend of forces 

compared to the test results which indicate the forces to be 

in a different direction.
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(b) A rectangular shaped lower hull experiences a greater force

compared to a circular one with the same sectional area. The

modelling of a rectangular lower hull by a circular one 

having the same sectional area distribution leads to an under

estimate of the force. This error increases with deviations 

of aspect ratio from unity.

(c) For a rectangular cross-section the deviation from unit aspect

ratio increases the force (i.e. section gets elongated in

either direction vertical or horizontal).

(d) A rectangular lower hull with rounded corners always exper

iences a smaller force than a purely rectangular hull with the 

same aspect ratio and the force decreases with increasing 

corner radius. When the hull cross-section converges to a 

circle whose diameter is equal to the beam of the rectangle, 

the maximum force on the circular hull is 20% less than the 

maximum force on a purely rectangular hull.

(e) For a rectangular hull and a rectangular hull with rounded

corners in a tilted position there is no change in the magni

tude of the force induced by the rotation compared to that in

the upright position.

(f) The hydrodynamic interference between the lower hulls increased 

the force magnitude for a hull separation to lower hull 

diameter ratio of less than 3.

(g) The worst force is obtained in beam sea conditions and it

decreases in magnitude with the deviation of heading angle from 

this condition.
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(h) The inclusion of a surface-piercing column on a submerged 

lower hull reduces the force acting on the lower hull.

(i) The oscillatory motion of a lower hull in a similar manner to 

the orbital motion of the incident wave with zero phase lag 

results in a very small force compared to that of the lower 

hull being held fixed.

9. Although the steady contribution induced by the vessel's oscil

latory motions is neglected because of the fixed body assumption, a 

two-dimensional method based on the beamwise strip theory for the 

forces and motions is presented. The following conclusions are drawn 

based on the results obtained from this method in regular beam seas :

(i) The computed sectional and total hydrodynamic loads on 

the semi-submersible model indicates the large contribution 

induced by the column mainly at lower and relatively moderate 

frequencies particularly in the asymmetric modes.

(ii) The method used presents satisfactory predictions for 

the heave mode and less satisfactory predictions for the roll 

mode particularly at lower and moderate frequencies compared 

to the experiments.

(iii) Theoretically, the motion response in regular beam 

seas requires hydrodynamic coupling between the sway and the 

roll mode. This introduces the effect of GM on the sway res

ponse. In spite of this fact the uncoupled motion response 

demonstrates a better correlation with the roll test data.

This can be attributed to the increasing degree of three- 

dimensional effect due to the inclusion of the coupled motion 

induced force coefficient (sway into roll).



361.

(iv) The findings (9) (i) to (9) (iii) indicate that the 

method is suitable for vertical motion predictions while it 

is not recommended for asymmetric motion predictions. This 

is mainly because the use of the method in way of the column 

neglects the three-dimensional effects which are consider

able on circular columns for the asymmetric modes.

(v) At spacings of normal semi-submersible hulls the hydro- 

dynamic presence of the other hull alters the hydrodynamic 

force coefficients of the single hull. The effect is more 

significant for the motion-induced coefficient, in comparison 

with the wave-exciting coefficients, increasing their magni

tude in the vertical but decreasing it significantly in the 

horizontal direction.

(vi) In terms of the main underwater elements, the hydro- 

dynamic interference between the hulls is most serious for 

columns, especially those which extend over a considerable 

part of the hull. Even if they are many wavelengths apart 

resonant frequencies, which induce standing waves between the 

hulls, can occur resulting in dramatic changes (peaks and 

troughs) in the force curves. For the submerged sections at 

hull separation-to-hull width ratio greater than 3 the inter

ference is negligible for all practical purposes.

(vii) From the point of view of the semi-submersible model 

tested which had a large hull separation (S/R = 6.0) and 

circular columns, where the three-dimensional effects are 

dominant, hydrodynamic interference effects are not important.

(viii) If the shallowly submerged lower hulls have a wall

sided shape, this may work as a physical boundary to build
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up a resonant condition. In such a case having circular or 

elliptical lower hulls may have an advantage compared to 

rectangular and rectangular with rounded corner lower hulls 

from the hydrodynamic design point of view.

(ix) Despite some of its theoretical weaknesses, the method 

of including the hydrodynamic presence of the columns improves 

the prediction of motion with high accuracy in the heave and 

less accuracy in the roll mode in comparison to the motion 

test data. This effect is considerable in the low frequency 

range tested.

(x) The hydrodynamic presence of the columns results in a 

'wave-excitationless frequency' caused by the body (hull + 

column) - wave interaction. The location of this frequency 

changes: (a) by changing the ratio of the column waterplane

area to underwater volume (in sectional case the ratio of 

column width to hull diameter), (b) by changing the separ

ation distance between the columns.

(xi) Based on the investigation of two typical cross- 

sections of lower hulls which are circular and rectangular 

shape (see Fig. 120a) it is found that: at a relatively

deep depth of submergence of the lower hull the hydrodynamic 

force coefficients for the rectangular section of aspect 

ratio larger than 1 are greater than that for the circular 

section in the vertical mode. The opposite is true in the 

horizontal mode and is also valid for the surface-piercing 

column sections.

(xii) The solution of the oscillatory motion equation under 

the tilt effect demands a proper representation of the hydro
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dynamic force coefficients at the tilted position. The 

theoretical investigation of these coefficients in the vertical 

and horizontal mode indicates that the influence of a tilt 

angle on the coefficients manifests itself through the change 

in the section area projected nomal to the direction of motion 

and the depth of submergence.

For submerged rectangular sections the effect of pure tilt is 

negligible for all practical purposes except for tilt angles 

exceeding 10° for which slight variations occur.

For the surface-piercing column section the principal effect 

is in the heave mode. Marked changes occur at relatively small 

tilt angles. The wave-excitationless frequency completely 

vanishes for a tilted column section. Changes in the sway 

force coefficients are limited to tilt angles greater than 10° 

and are relatively minor. This conclusion applies to both 

circular and rectangular hull sections.



364

ChapteA 5 

CONCLUSIONS

In this last chapter, a general review of the whole study 

reported in this thesis is presented with emphasis on the overall 

conclusions and some recommendations for future design practice 

and research.

Dissatisfaction with the rules for the assessment of the 

intact stability of semi-submersibles in dynamic conditions has 

existed since their adoption in 1968. There has been considerable 

pressure from designers and operators of semi-submersibles to reduce 

the stability criteria which in turn would allow a higher deck load 

through a reduction in GM. This pressure was somewhat reduced 

following the loss of the "Alexander L. Keilland" and the "Ocean 

Ranger". Although neither of these accidents was caused by inade

quate statical stability, it became clear how quickly a minor 

structural weakness could lead to a major disaster. The rules and 

regulations regarding stability have been strengthened but the 

problem of tilt is not dealt with explicitly in these regulations.

Part of the reason for this is the lack of full scale data 

on the occurrence of tilt. So far there has been no well documented 

reports of tilt being observed on full scale semi-submersibles.

Some verbal statements have been made suggesting tilt has occurred 

in one or two instances but it was attributed to wind, current and 

mooring effects. In the Ocean Ranger enquiry reference was frequently 

made by helicopter pilots and others to the vessel having a tilt which
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was attributed to wind and bad ballasting with a possible low 

It is easy to confuse tilt due to hydrodynamic causes with tilt due 

to wind and possible current effects on a moored vessel. The high 

wave conditions, which give rise to tilt, are normally associated 

with co-linear wind and thus the tilt in the vessel is generally 

attributed to the effects of wind alone. However, in the thesis it 

is shown that tilt can occur in waves alone and that there will 

always be a preferred direction of tilt.

RqaluùU Ve,dac2,d /̂lom EanLioA.

The majority of research studies concerned with this topic 

were originally intended to shed some light on certain dynamic aspects 

of semi-submersibles and tilt was a by-product of this work. Thus the 

problem was not explored rigorously and conflicting statements were 

made regarding certain experimental features. The different 

theoretical approaches based on the available test data indicated that 

there was still a need for further research work to fully understand 

the phenomenon. Numata, et al. demonstrated a qualitative agreement 

between theory and experiment over a limited range of tilt data on the 

basis of the potential second-order vertical force on the lower hulls 

if they were assumed to be held fixed in position. In De Souza and 

Miller's approach, this vertical force component was not considered 

but it was demonstrated that the steady drag forces on the columns 

produced an appreciable part of the induced tilt angles. Martin and 

Kuo solved the problem for a columnless twin circular hull model by 

calculating the potential forces on the freely oscillating hulls, 

exact to second-order and they indicated that the previous two 

approaches were too crude. The comparison of their predictions with 

the columnless model which had only freedom in the roll direction 

demonstrated a fair agreement for very small tilt angles.
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Unfortunately the experimental work associated with these 

various investigations and certain other tests did not provide suf

ficiently accurate data over a wide enough range of predominant 

parameters (wave frequency, height and GM) to validate any of these 

theories. In certain respects the experimental results were in con

flict with one another and this was undoubtedly a major cause of 

delay in obtaining a complete understanding of this phenomenon.

Thus the first objective of this research was to obtain some 

accurate experimental work devoted entirely to the tilt problem so 

that some conflicting reports in the early studies could be clarified 

and to assist the theoretical developments.

ExpoAmentaZ (nJoAk

The experiments were concentrated on one of the most popular 

designs, the twin circular hull multi-column semi-submersible model 

in regular beam seas.

Systematic measurements of tilt were made over a wide range 

of the predominant parameters (five different GMs, as wide a range 

of wave steepnesses as the tank would permit and wide frequency 

range). The collection of this extensive wave and motion data and 

their analysis was carried out using a computer based system by a 

specifically written package of programs. Although the results were 

analysed and presented in the frequency domain, it is possible to 

reproduce the time history of each test run for time domain investi

gations at some future date as illustrated in this study.

From the model tests, the frequency range and lower limit to 

the wave height necessary to cause tilt can form a basis for design
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purposes and further research studies for this particular type of 

semi-submersible. Keeping in mind the effect of scale for the proto

type it was found that steady tilt developed in regular beam seas 

with a range of wccoe frequencies varying between 0.7 Hz and 1.2 Hz 
(a range of period of approximately 12 sec to 7 sec on the full scale) 

and wane height in excess of 8 cms (about 6 m on the full scale). The 

worst tilt observed was around 15° for the smallest GM tested 0.019 m 

(1.33 m on the full scale) at a frequency of around 0.9 Hz (a period 

of about 9 sec on the full scale) and wave height in excess of 14 cms 

(about 10 m on the full scale). In this extreme case the leeward 

deck edge was frequently immersed and large wave impacts occurred but 

no tendency to capsize was observed. The tilt had a local maximum at 

a frequency around 0.7 Hz. The range of wave frequencies and heights 

over which tilt occurred was highly dependent on GM. As GM increased 

the tendency to tilt disappeared but persisted around the local maxi

mum 0.7 Hz, i.e. the range of tilt frequencies decreased with the 

lower end of the range remaining substantially fixed.

The systematic investigation of the effect of wave height on 

steady tilt required more tests with varying wave heights at each 

frequency in some cases including waves near to maximum steepness. 

However, for the analysis of the results and for preliminary design 

purposes it is desirable to use a constant wave slope in order that 

consistent results be obtained. In the thesis use was made of an ABS 

formula which gives smaller wave slopes than some other classification 

societies indicate, but which would thus give a conservative predic

tion of tilt conditions. Also, the model results indicated clearly 

considerable non-linear effects at very steep waves and it was 

desired to use essentially linear theoretical results.
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As GM decreased the steady tilt increased non-linearly and the 

effects of the wave parameters on the behaviour became more accentu

ated. Although model tests with very low GMs is very desirable in 

order to study the build-up of tilt with these parameters in practice 

this is extremely difficult due to the sensitivity of the model and 

experimental set-up to small changes in conditions.

Based on the several exploratory tests carried out it was con

cluded that the following effects, i.e. the first impact of the waves, 

the location and style of the moorings and fairleads, changes in 

viscous effects between model and full scale could affect the tilt 

but none of them were solely responsible for the development of tilt. 

Systematic measurements of the wave-exciting forces on the lower hulls 

at various hull spacings and on a single hull in isolation were pro

vided at moderate and high waves over a wide range of frequencies.

From these investigations it was found that the hydrodynamic inter

ference between the lower hulls did not show any noticeable load 

difference which could induce a steady tilt at moderate heights. 

However, in high waves the forces on the leeward hull slightly 

increased relative to those on the seaward due to possible non-linear 

effects.

The model tests demonstrated that for this particular design 

the steady tilt always developed in the wane travel direction (lee

ward tilt). There is a mechanism in the waves for this preferred 

direction of tilt which is independent of the first impact of the 

waves, the moorings and the fairlead locations as concluded from the 

exploratory tests.

In some previous studies it was demonstrated that the non- 

linearity in the roll restoring moment (righting moment) due to the
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presence of the bracings and cross-members caused an intersection of 

the wave-induced tilting moment and righting moment resulting in a 

steady tilt angle. However, the inclining experiments with the pres

ent model indicated that there was no non-linearity in the righting 

moment curve until the deck edge was immersed but the model could 

still develop steady tilt. Thus this non-linearity was not necessary 

to experience a tilt.

From the analysis of the oscillatory motions it was concluded 

that the heave and roll motion response of the model were affected 

non-linearly by the tilt effect. As the GM decreased higher heave 

and roll motion was recorded in the frequency range where steady tilt 

developed.

Tk2.oA,eJxc.al (Oo/ik

The tilt angles measured from the experiments enable one to 

obtain the righting moment which must exist and be equal and opposite 

to the steady wave-induced tilting moment.

To determine this tilting moment it is necessary to consider 

all the steady forces and their resulting moments which are applied 

to the vessel.

All the existing tilt theories and mechanisms have been exam

ined in detail and computer programs developed to determine the 

numerical values of the tilting moment for the present semi-submers

ible model.

From the comparison of the righting moment and tilting moment 

at the measured tilt angle it was concluded that two most important
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sets of wave forces contributing to the upsetting moment were:

(i) Steady vertical forces on the lower hulls due to potential

effects, and

(ii) Steady horizontal forces on the columns due to drag effects.

However, the predicted tilting moment and the resulting tilt response 

on the basis of these components still demonstrated an underestim

ation of the test results which was believed to mainly originate from 

the steady horizontal forces due to potential effects particularly on 

the columns.

The steady vertical force on the lower hulls was obtained by 

the computer program developed from a solution of the linear far- 

field method for a single submerged slender body with arbitrary 

cross-section. The effect of the cross-sectional area shape and the 

hydrodynamic interference between the two hulls on this force was 

investigated. The computer program developed using the Frank Close- 

fit method was utilised to compute the added mass of arbitrary cross- 

sections and the hydrodynamic interference between twin sections.

From the theoretical investigations it was concluded that the 

replacement of a rectangular hull with a circular one based on the 

same sectional area distribution would underestimate the steady 

vertical force. The error in this underestimation increased with 

deviations of the aspect ratio from unity.

The hydrodynamic interference between the lower hulls 

increased the steady vertical force for hull separation to hull 

diameter ratio less than 3.

Moreover, the worst vertical force occurred in beam sea con

ditions and it decreased in magnitude with the deviation of heading
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angle from this position. When the surface-piercing columns were 

included the steady vertical force decreased.

The steady horizontal force on the model due to drag effects 

was obtained by the computer program developed based on the Morison 

formula. The contribution of this force component into the tilting 

moment was sensitive to the vertical position of the COG. It acts 

as a starting tilt mechanism and induces steady tilt always in the 

wave travel direction confirming the experimental observations.

The computation of the above two force components and result

ing tilting moment was based on the fixed body assumption which 

demonstrated consistently better agreement with the righting moment 

over the test data. In the case of a freely floating body the com

puted moment would be reduced considerably.

Although the oscillatory effects were not incorporated into 

the moment computations, the theoretical investigation of these 

effects was carried out in the thesis to assist further consider

ations of the hydrodynamic aspects of tilt. Two main computer 

programs were developed based on the Frank Close-fit technique, in 

which the two-dimensional Green's Function Integral Equation Method 

was utilised. They compute the motion-induced force coefficients 

(added mass inertia and damping) and the wave-induced force coeffic

ients for the in-plane modes in regular oblique seas.

The versatility of this technique enabled investigations to 

be carried out for the effect of arbitrary cross-section (particu

larly asymmetric underwater geometry due to tilt), the effect of 

free surface and the hydrodynamic interference between the under 

water elements of the semi-submersible on the frequency dependent 

hydrodynamic coefficients in two-dimensions.
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The hydrodynamic coefficients obtained from these programs 

were implemented in a package of computer programs developed to solve 

the oscillatory motion equation in regular beam seas on the basis of 

the beamwise strip method. It was believed that the primary require

ment for the solution of the motion under the tilt effect was a 

proper determination of the hydrodynamic coefficients. Thus, from 

the investigation of these coefficients for circular and rectangular 

sections it was concluded that the influence of a tilt angle mani

fests itself through the change in the section area projected normal 

to the direction of motion and depth of submergence (for submerged 

section) or draught (for surface-piercing section).

The effect of pure tilt (isolated from the free surface 

effect) on the hydrodynamic coefficients should be taken into account 

even for small tilt angles in the vertical mode for the surface- 

piercing column sections. However, in the horizontal mode this 

effect was limited to tilt angles greater than 10° and was relatively 

minor. For the submerged rectangular section slight variations 

occurred after 10° and the effect can be changed by the depth of sub

mergence.

The effect of depth of submergence on the motion-induced 

coefficients practically vanishes for a depth of submergence (from 

the top of a section contour to the water level) exceeding two and 

a half times the section depth or diameter and at this depth the 

potential damping also vanishes.

The effect of increasing the corner radii for a given aspect 

ratio of rectangular section will decrease the hydrodynamic coeffic

ients as the rectangular geometry approaches to an ellipse.
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The application of the Frank Close-fit method for the wave- 

exciting force predictions on the single and twin circular lower hull 

was found satisfactory by the model tests particularly in the heave 

mode. However, the motion predictions on the basis of the hydro- 

dynamic coefficients obtained from this method was found satisfactory 

for the vertical heave mode while it was less satisfactory for the 

asymmetric roll mode. This was mainly because the use of the Close- 

fit method in the beamwise direction for the circular columns 

neglects the appreciable three-dimensional effects which are accen

tuated at the columns in the asymmetric modes. Thus the use of this 

method should be restricted to the vertical force and motion pre

dictions for this type of geometry and it should be combined with 

three-dimensional methods for the column in the asymmetric modes. 

However, the method is still one of the most suitable for slender 

lower hulls and for twin-hull semi-submersibles with long struts 

(SWATH) or elongated waterplane area of columns where the three- 

dimensional effects are relatively smaller.

It was concluded that the hydrodynamic interference was most 

serious for surface-piercing members, particularly the columns which 

extended over a considerable part of the lower hulls and for sub

merged hull at hull separation-to-hull width ratio less than 3.

However, in terms of the semi-submersible design considered which had 

a large hull separation and circular columns, this effect was not 

important since it did not build up a resonant condition due to large 

three-dimensional effects.

It was demonstrated that the exclusion of the hydrodynamic 

effects of the columns produced overestimated heave and roll motion 

in the low and moderate frequency range. Therefore their absence in 

the motion prediction may be justified only in the high frequency range
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RddommZYidoitioYUi

In general design practice for semi-submersibles with low 

GMs, the steady tilt behaviour should be checked by model tests and 

it should not be confused with other steady effects (wind, current, 

moorings, etc.).

As suggested by Numata, et al. over a given range of regular 

beam waves a minimum GM to limit the vessel's steady tilt motion can 

be determined by the following procedure:

Select a range of regular waves whose period varies between 

about 7 sec to 12 sec and height in excess of about 5 m but smaller 

than about 12 m. The variation of the period with wave height 

physically should reflect that at sea as the waves get longer the 

maximum steepness decreases (for this purpose the modified ABS wave 

formula given by eg. 9 can be used). Specify an acceptable amount of 

steady tilt angle to limit the vessel's tilt motion. Then obtain 

the minimum GM from eg. 86 for each wave period and corresponding 

height. The largest value of the GMs calculated is the minimum to 

limit the vessel's tilt motion to this specified angle.

It is important to note that the limiting GM is highly 

dependent on the precise determination of the tilting moment and 

should be validated by model tests. As concluded in the thesis an 

underestimation in this moment would lead to a serious misjudgement 

in the minimum GM determination.

Future model tests are recommended for rectangular cross- 

section lower hulls, elongated waterplane area columns and other 

types of designs (e.g. footing types) by the manner described in this 

thesis. Moreover, the effect of draught, heading angle and irregular
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s e a s  a r e  o t h e r  r e q u i r e m e n t s  t o  b e  c o n s i d e r e d  i n  t h e  f u t u r e  s t u d i e s .

F u r t h e r  w o r k  i s  r e q u i r e d  t o  c o m p a r e  t h e  t i l t i n g  m o m e n t  d e t e r 

m i n e d  f r o m  m o d e l  t e s t s  w i t h  t h a t  p r e d i c t e d  b y  t h e  t h e o r e t i c a l  m e t h o d  

d e v e l o p e d  h e r e i n .  I n  t h i s  r e s p e c t  i t  i s  r e c o m m e n d e d  t o  u s e  t h r e e -  

d i m e n s i o n a l  m e t h o d s  t o  a c c o u n t  f o r  t h e  e f f e c t  o f  s t e a d y  a n d  o s c i l l a t o r y  

f o r c e s  o n  t h e  c o l u m n s  p a r t i c u l a r l y  f o r  t h e  h o r i z o n t a l  m o d e .  I n  t h i s  

m o d e  t h e  e f f e c t s  o f  t h e  a c t u a l  m o o r i n g  s y s t e m  u s e d  o n  t h e  s e m i - s u b 

m e r s i b l e  s h o u l d  b e  i n v e s t i g a t e d  s i n c e  i t  w i l l  a f f e c t  t h e  m a g n i t u d e  o f  

t h e  t i l t .

I n  t h e  f u t u r e  r e s e a r c h  i t  i s  r e c o m m e n d e d  t o  e x t e n d  t h e  f o r c e  

t e s t s  c a r r i e d  o u t  o n  t h e  l o w e r  h u l l s  f o r  t h e  h u l l  p l u s  c o l u m n  c o m b i n 

a t i o n  t o  i n v e s t i g a t e  t h e  h y d r o d y n a m i c  i n t e r f e r e n c e  p h e n o m e n o n .  T h e s e  

t e s t s  s h o u l d  i n c l u d e  t h e  p r e c i s e  m e a s u r e m e n t  o f  t h e  w a v e  h e i g h t s  

a r o u n d  t h e  l e e w a r d  a n d  s e a w a r d  c o l u m n s .  T h i s  i s  b e c a u s e  a l t h o u g h  i t  

w a s  n o t  i n c l u d e d  i n  t h e  m o m e n t  c o m p u t a t i o n s  i t  i s  b e l i e v e d  t h a t  t h e r e  

c o u l d  b e  a n  a d d i t i o n a l  m e c h a n i s m  c a u s i n g  s u c h  a  s t r o n g  p r e f e r e n c e  f o r  

t h e  l e e w a r d  t i l t  i n d u c e d  b y  t h e  r e f l e c t i o n  o f  t h e  i n c i d e n t  w a v e  d u e  

t o  t h e  n u m b e r  o f  c o l u m n s  i n  t h i s  p a r t i c u l a r  d e s i g n .

F r o m  t h e  h y d r o d y n a m i c  d e s i g n  p o i n t  o f  v i e w  i t  i s  r e c o m m e n d e d  

t h a t  d e s i g n e r s  a v o i d  e l o n g a t e d  w a t e r p l a n e  a r e a  c o l u m n s  p a r t i c u l a r l y  

w i t h  f a i r i n g s  ( s l o p i n g  s i d e s ) . T h i s  w o u l d  r e d u c e  t h e  h y d r o d y n a m i c  

i n t e r f e r e n c e  b e t w e e n  t h e  h u l l s  a s  w e l l  a s  t i l t  s i n c e  w a v e  r e f l e c t i o n  

w i l l  b e  l e s s .

W h e n  t h e  l o w e r  h u l l s  a r e  s h a l l o w l y  s u b m e r g e d ,  c i r c u l a r  o r  

e l l i p t i c a l  h u l l s  m a y  h a v e  a n  a d v a n t a g e  c o m p a r e d  t o  t h e  r e c t a n g u l a r  

a n d  r e c t a n g u l a r  w i t h  r o u n d  c o r n e r s  d u e  t o  t h e  r e d u c t i o n  i n  i n t e r f e r 

e n c e  e f f e c t s  a n d  s t e a d y  t i l t .
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Appendix. I

T h e  f o l l o w i n g  f i g u r e  a n d  t a b l e  g i v e  t h e  g e o m e t r y  a n d  d i m e n s i o n s  

o f  t h e  s e m i - s u b m e r s i b l e - A  u s e d  b y  N u m a t a  e t  a l .  i n  r e f s  [ 1 5 , 1 6 ] .

9.75DECK COLUMN

1.52DL 
. WT ,25.91 WL 

1 6 .7 6 W L ~

DECK I 
GJRDERSI

6 7 .0 6
1.83 DIA 
NWTy/

FOOTING

DIMENSIONS ARE IN METERS

V E S S E L  A

Fig. I . l  - 4-column footing type semi-submersible design

C o n d i t i o n P r o t o t y p e 1 / 9 6 M o d e l
S u r v i v a l D r i l l i n g S u r v i v a l D r i l l i n g

D r a u g h t  , m 1 9 . 8 1 2 5 . 9 1 0 . 2 0 6 0 . 2 7
D i s p l a c e m e n t , t o n / k g 1 6 5 6 2 1 8 2 8 9 1 8 . 7 2 2 0 . 6 7
G M j  ' 4 . 7 2 4 6 . 5 5 0 . 0 5 0 . 0 6 8

( ^ 2 > m 2 . 2 8 6 3 . 0 5 0 . 0 2 4 0 . 0 3 2
0 . 9 4 5 0 . 0 0 9 8

N a t u r a l  h e a v e  p e r i o d ,  s e c 2 1 5 2 . 1 L9
N a t u r a l  r o l l  p e r i o d  , s e c  

f o r  G M g 5 5 . 5 5 . 6 6

Table I.l - Main particulars of vessel A [16]
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The following figure and table give the geometry and dimensions

of the semi-submersible-B used by Numata et al. in refs [15,16].

85.04

2438 3962 3962 15.24

71.32

9.144 DU

2 1 . 3 4 W L  
'15 2 4 W L

41.15
,2.44 DI,

32.76 12.80

VESSEL B

Fig. 1.2 6-column twin rectangular hull type semi-submersible 
design[le]

C o n d i t i o n P r o t o t y p e 1 / 9 6 M o d e l
S u r v i v a l D r i l l i n g S u r v i v a l D r i l l i n g

D r a u g h t , m 1 5 . 2 4 2 1 . 3 4 0 . 1 5 8 0 . 2 2 2
D i s p l a c e m e n t ,  t o n / k g 2 1 9 4 7 2 4 6 6 9 2 4 . 8 0 6 2 7 . 8 8 4
G M 1

2 . 7 4 3 3 . 7 8 0 . 0 2 8 6 0 . 0 3 9 4

G M g 3 . 2 0 . 0 3 3
G M 3 > m 1 . 5 2 4 0 . 0 1 5 8
G M , 0 . 8 2 3 3 0 . 0 0 8 6
G I 5 0 . 3 9 6 0 . 0 0 4 1
N a t u r a l  h e a v e  p e r i o d ,  s e c 2 2 . 5 2 . : >3
N a t u r a l  r o l l  p e r i o d  , s e c  

( f o r  G M  =  3 . 2  m ) 5 5 5 . 6 1 3

Tabte 1.2 -  Main particulavs of vessel B [16]
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T h e  M i n  G M  V a l u e  f o r  S e m i - S u b m e r s i b l e s  t o  A v o i d  t h e  S t e a d y  T i l t [ 1 5 ]

STILL
iWATER UNE

Fig. 1.3 -  The quasi-static analysis of the steady tilt^^^^

T h e  s e c o n d - o r d e r  v e r t i c a l  f o r c e  o n  a  c i r c u l a r  c y l i n d e r  r e s t r a i n e d

u n d e r  t h e  r e g u l a r  b e a m  w a v e s  i s  g i v e n  i n  t h e  f o l l o w i n g  f o r m  b y  u s i n g
[ 3 1 1O g i l v i e ' s  s o l u t i o n  :

fy = 2 p g ( a V )

—  tw h e r e  f ^  =  s t e a d y  s e c o n d - o r d e r  v e r t i c a l  f o r c e  p e r  u n i t  l e n g t h  

a  =  i n c i d e n t  w a v e  a m p l i t u d e  

Y  =  w a v e  n u m b e r

I ^  =  m o d i f i e d  B e s s e l  f u n c t i o n  o f  t h e  f i r s t  k i n d  

H  =  d e p t h  o f  s u b m e r g e n c e  o f  t h e  c y l i n d e r  a x i s  

~  ~  C r o s s - s e c t i o n a l  a r e a  o f  c y l i n d e r

R  =  r a d i u s  o f  c y l i n d e r

( I . l )

(1.2)

A l t h o u g h  t h e  s o l u t i o n  g i v e n  b y  e g .  I . l  i s  v a l i d  f o r  c i r c u l a r  c y l i n d e r s ,  

N u m a t a  u s e d  t h i s  s o l u t i o n  f o r  v e s s e l  B ,  w h i c h  h a d  n o n - c i r c u l a r  c r o s s -
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s e c t i o n  o f  l o w e r  h u l l  a n d  v e s s e l  A ,  w h i c h  h a d  f o o t i n g  t y p e  l o w e r  h u l l  

b y  d e f i n i n g  r a d i u s  R  a s  f o l l o w s :

( i )  F o r  a  p o n t o o n  w i t h  n o n - c i r c u l a r  c r o s s - s e c t i o n :

R  =  (S  / n ) (1.3)

w h e r e  i s  n o n - c i r c u l a r  c r o s s - s e c t i o n  a r e a  o f  p o n t o o n .

( i i )  F o r  a  f o o t i n g :  

R  =  ( V / 2 7 T ) ( 1 . 4 )

w h e r e  V  i s  t h e  f o o t i n g  v o l u m e .

W h e n  t h e  l e v e l  p o s i t i o n  o f  t h e  s e m i - s u b m e r s i b l e  i s  d i s t u r b e d ,  t h e  s t e a d y
— t  —  tv e r t i c a l  f o r c e s  a c t i n g  o n  e a c h  p o n t o o n  ( o r  f o o t i n g ) , F ^  a n d  F ^ , w i l l  

c r e a t e  a  s t e a d y  t i l t i n g  m o m e n t  d u e  t o  t h e  d i f f e r e n t  d e p t h s  o f  s u b 

m e r g e n c e  a n d  . I t  i s  a s s u m e d  t h a t  t h e  f o r c e s  a p p l i e d  a t  t h e  

p o n t o o n  ( o r  f o o t i n g )  c e n t r e  a n d  t h e  s t e a d y  h o r i z o n t a l  f o r c e  i s  b a l a n c e d  

o u t  b y  t h e  m o o r i n g  f o r c e  t o  r e s t r a i n  d r i f t .  B y  u s i n g  F i g .  1 . 3  t h e  

s t e a d y  t i l t i n g  m o m e n t  , f o r  r e l a t i v e l y  s m a l l  a n g l e  o f  t i l t  (|), a t  a b o u t

t h e  C G  r e d u c e s  t o  :

fit = 2pg V
I j ( 2 Y R )

y r ( 4 Y S  +  2 D ) c|) ( 1 . 5 )

T h e  r i g h t i n g  m o m e n t  f o r  s m a l l  a n g l e  o f  t i l t  (f) i s  g i v e n  b y :

=  p g V g  GM({) . . .  ( 1 . 5 )

A t  t h e  e q u i l i b r i u m  p o s i t i o n  w i l l  b e  b a l a n c e d  b y  . T h u s  b y  e q u a t i n g  

e q s  ( 1 . 5 )  t o  ( 1 . 5 )  t h e  m i n  G M  v a l u e  t o  a v o i d  t h e  s t e a d y  t i l t  i n  r e g u l a r  

b e a m  s e a s  i s  o b t a i n e d  a s  f o l l o w s  :

_ - 2 Y H  VG M  . =  2 ( Y a )  e  °  ^m i n  V
I  ̂(2yR)

y r
( 4 y S ^  +  2 D ) ( 1 . 7 )
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w h e r e  V  =  t h e  v o l u m e  o f  o n e  l o w e r  h u l l  f o r  v e s s e l  B  o r  t h e  v o l u m e  o f

t w o  f o o t i n g s  f o r  v e s s e l  A

=  t h e  t o t a l  v o l u m e  d i s p l a c e m e n t  o f  t h e  v e s s e l

S  a n d  D  a r e  s h o w n  i n  F i g .  1 . 3 .

T h e  f o l l o w i n g  f i g u r e  a n d  t a b l e  g i v e  t h e  g e o m e t r y  a n d  d i m e n 

s i o n s  o f  t h e  s e m i - s u b m e r s i b l e  u s e d  b y  D e  S o u z a  a n d  M i l l e r  i n  r e f s  [24, 

2 7 , 1 7 ] .

m
0.981

1.230

0.016

0.313 ' DIMENSIONS IN METERS

3 -LEGGED MODEL

Fig. 1.4 - 3-column footing type semi-submersible model

Condition Prototype 1/100 Model

Draught m 38.4 0.384

Displacement, m® 48800 0.0488

GMj, , m 6.9 0.069

GMg 4.3 /24.5 0.043 / 0.245

GMg /KGg 2.7 /26.8 0.027 /0.268

Natural heave period, sec 22.5 2.25

Natural roll period , sec 
for GMg 47.2 4.72

for GMj 64.1 6.41

Table I,3 -  Maïn particulars of S-column footing type model [24,27]
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The following figure and tables give the geometry and dimensions

of the semi-submersible used by De Souza and Miller in refs [24,27,17]

DIMENSIONS IN METERS

0.959
1.184

0.264

4-LEGGED MODEL

Fig. 1.5 - 4-column footing type semi-submersible model [ 1 7 ]

Condition Prototype 1/100 Model

Draught 36.2 0.362

Displacement, m^ 46600 0.0466

GMj , m 7.5 0.075

GMg / 1 ^ 2 4.7/23 0.047 /0.23

GMj /I^ 3 4.1 726 0.041/0.26

Natural heave period, sec 22.5 2.25

Natural_roll period , sec 
for GMj 46.88 4.688

for GM 3 76.6 7.66

Tctble 1.4 - Main particulars of 4-oolumn footing type
semi-submersihle model[24,21]



384

4  c o l u m n  f o o t i n g  
t y p e  m o d e l

W a v e  p e r i o d  
( s e c )

W a v e  a m p l i t u d e  
( m)

S t e a d y  t i l t  a n g l e  
( d e g r e e )

I n i t i a l  w i n d  h e e l 0 . 8 8 9 0 . 0 4 1 6 . 3 0 6
=  4 . 3 * 0 . 9 6 2 0 . 0 3 2 5 . 8 5 7

G M ^  0 . 0 7 5  m 1 . 0 5 0 . 0 4 7 5 . 1 8 1

<f>2 =  7 . 2 » 0 . 8 6 5 0 . 0 5 0 1 0 . 3 6 2
G M ^  =  0 . 0 4 7  m 0 . 9 3 4 0 . 0 4 9 1 0 . 6 2 2

1 . 0 1 7 0 . 0 6 0 9 . 9 3 9

Table 1.5 - Test data for 4-oolimn model under the wave plus
wind effect[25]

T h e  W a v e - E x c i t i n g  F o r c e s  A c t i n g  o n  t h e  F o o t i n g  T y p e  S e m i - S u b m e r s i b l e  

H e a v e  M o d e  ;

[24]

P r e s s u r e  f o r c e I i r p g  a R ^  e  [ ( r ^ / R j /  ( 1 - e  -  l]
1=0
X  c o s y  [r  c o s  ( 2 7 T i / n  +  ]i) -  c t ] (1.8)

A c c e l e r a t i o n  f o r c e  =
n - 1
I

i = 0
I _ - f  T T P Y g  J a  e  ^ ' [ { c ^ ^ R | - C ^ ^ R ^ ) ( l + e

- f R ^ e ^ ^ C  1 X  c o s y  [r c o s  ( 2 7 T i / n  +  y )  -  c t ]
1 V 3 "̂ c

( 1 . 9 )

- Y H ,

V e l o c i t y  f o r c e
n - 1  .

= I T  CnY9 a^e
- 2 y ( H i + H 2 )

i = 0

X s i n y  [r^cos ( 2 7 T i / n + y) -  c t ]  x  | s i n y  [r^cos ( 2 T T i / n  +  y )  -  c t ]

( I . 10)

S w a y  M o d e  :

P r e s s u r e  f o r c e  =  \ i r p g  a R ^  b e
i = 0  i

f 2 Y a c o s O  _

X Siny [r^ c o s  (27Ti/n +  y )  -  c t ]  

w h e r e  c o s c r  =  c o s y ' ^  [ r  c o s  (27Ti/n +  y) -  c t ]

(I.11)
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A c c e l e r a t i o n  f o r c e  =  p r e s s u r e  f o r c e  g i v e n  b y  e g . ( 1 . 1 1 )  w i t h  =  2  . . .  ( i . ]

V e l o c i t y  f o r c e  =  ^ p g a ^  c o s a | c o s a | [ c  r  ^   ̂)
i=0  ̂ L ^ R i

w h e r e

R i
- 2 y H ;  - 2 y ( H

-  e ( I . l

c o s a  =  c o s y [ R ^  c o s  ( 2 7 T i / n  +  U )  -  c t ]

P

g
a

Y

R ,

R

y

VI

V 2

V3

=  n u m b e r  o f  c o l u m n s  

=  w a t e r  d e n s i t y  

=  g r a v i t a t i o n a l  a c c e l e r a t i o n  

=  w a v e  a m p l i t u d e  

=  w a v e  n u m b e r  

=  r a d i u s  o f  c o l u m n  

=  r a d i u s  o f  c a i s s o n

=  r a d i u s  o f  c i r c u m s c r i b i n g  c i r c l e  p a s s i n g  t h r o u g h  t h e  
c e n t r e  o f  t h e  c o l u m n

=  d e p t h  o f  s u b m e r g e n c e  o f  c o l u m n  o f  r a d i u s  R j  f r o m  t h e  
s t i l l  w a t e r  l e v e l

=  d e p t h  o f  f o o t i n g  o f  r a d i u s  R  ̂

=  h e a d i n g  a n g l e  w i t h  r e s p e c t  t o  t h e  w a v e  t r a v e l

=  w a v e  c e l e r i t y

=  t i m e

=  a d d e d  v i r t u a l  m a s s  c o e f f i c i e n t  i n  h e a v e  m o d e  f o r  a  
r e c t a n g l e  w i t h  a s p e c t  r a t i o  'ïïR ^/2E^

=  a d d e d  v i r t u a l  m a s s  c o e f f i c i e n t  i n  h e a v e  m o d e  f o r  a  
r e c t a n g l e  w i t h  a s p e c t  r a t i o  ïïR ^ / 2 H ^

=  a d d e d  v i r t u a l  m a s s  c o e f f i c i e n t  i n  h e a v e  m o d e  f o r  a  
r e c t a n g l e  w i t h  a s p e c t  r a t i o  ï ï R j / 2  ( H 2 + H 2 )

=  0 . 6 3 6 6

=  d r a g  c o e f f i c i e n t  f o r  t h e  w h o l e  c o l u m n  p l u s  f o o t i n g  i n  
h e a v e
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C g  =  d r a g  c o e f f i c i e n t  f o r  c o l u m n  o f  r a d i u s  i n  s w a y

C q  =  d r a g  c o e f f i c i e n t  f o r  f o o t i n g  o f  r a d i u s  R ^  i n  s w a y

T h e  a b o v e  e q u a t i o n s  f r o m  ( 1 . 8 )  t o  ( 1 . 1 3 )  a r e  v a l i d  f o r :

R j , R g  ^  w a v e  l e n g t h  1 / 1 0 .

T h e  f o l l o w i n g  f i g u r e  g i v e s  t h e  g e o m e t r y  a n d  d i m e n s i o n s  o f  t h e  

i d e a l i s e d  s e m i - s u b m e r s i b l e  t e s t  c o n f i g u r a t i o n  b y  M a r t i n  a n d  K u o  i n  

r e f s  [ 2 0 , 2 1 ] .

2e=2.00

19.00

Q= 6.00
I = 30.00

DIMENSIONS IN METERS

Fig. 1.6 - Idealised semi-submersible test configuration
(the centre of gravity is taken at C)[20]

F i g u r e  1 . 7  s h o w s  t h e  s i m p l i f i e d  m o d e l  u s e d  b y  M a r t i n  a n d  K u o  i n  

r e f .  [ 2 1 ] .  I t  c o n s i s t e d  o f  t w o  p a r a l l e l ,  c i r c u l a r  c y l i n d e r s  r i g i d l y  

c o n n e c t e d  t o  e a c h  o t h e r  a n d  c o u l d  r o t a t e  a b o u t  a  f i x e d  r o l l i n g  a x i s  

t h r o u g h  t h e  C G  a n d  p a r a l l e l  t o  t h e  c y l i n d e r s  i n  t h e  m i d d l e  o f  t h e m .

The System iss lig h tly  buoyant
c = 73

0 = 21.5

1 = 106.5

Geometry of the simplified model7
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The following figures- give the geometry and dimensions of the

models used by Morrall in ref. [29] .

-4-
i_n(N
o'.

B

0.71 W L -
0.61 W L -
0.51 W L -
0.41 W L -

|p.355DIA|

0.800 DIA

DIMENSIONS IN METERS

Fig. 1.8 -  Footing type semi-submersible model

<
Q

2.286

El

-0 .71  WL 
0.61 WL 

H0.51 WL 
— 0.41 WL

3.067

.0.264 DIA

DIMENSIONS IN METERS

Fig. 1.9 - Pontoon type semi-submersible model [29]
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S t e a d y  V e r t i c a l  F o r c e  o n  a  V e r t i c a l  F o o t i n g  a n d  H o r i z o n t a l  L o w e r  H u l l
[291u n d e r  t h e  R e g u l a r  B e a m  W a v e s

T h e  f o l l o w i n g  s t e a d y  v e r t i c a l  f o r c e  e x p r e s s i o n s  g i v e n  b y  
[ 2 9 ]M o r r a l l  w e r e  d e r i v e d  f r o m  s i m p l e  l i n e a r  w a v e  t h e o r y  b y  t a k i n g

d i f f e r e n c e s  i n  f l u i d  p r e s s u r e  d u e  t o  t h e  v e l o c i t y  o f  t h e  p a r t i c l e s  

m o v i n g  o v e r  t h e  t o p  a n d  b o t t o m  s u r f a c e  o f  a  r e s t r a i n e d  v e r t i c a l  c y l i n d e r  

a n d  h o r i z o n t a l  p r i s m .

F o r  t h e  v e r t i c a l  c y l i n d e r  w h i c h  r e p r e s e n t s  t h e  s u b m e r g e d  f o o t i n g :

F y  =  p g ( y a ) 2  (7t r 2 d ) . . .  ( 1 . 1 4 )

F o r  t h e  h o r i z o n t a l  p r i s m  w h i c h  r e p r e s e n t s  t h e  s u b m e r g e d  l o w e r  h u l l :

P y  =  p g ( y a ) ^  ( g D L )  . . .  ( 1 . 1 5 )

w h e r e  R  =  r a d i u s  o f  t h e  s u b m e r g e d  f o o t i n g

D  =  d e p t h  o f  t h e  s u b m e r g e d  f o o t i n g  o r  h o r i z o n t a l  l o w e r  h u l l

H  =  d e p t h  o f  s u b m e r g e n c e  o f  t h e  c e n t r o i d  o f  t h e  f o o t i n g  o r  
l o w e r  h u l l

B  =  b e a m  o f  t h e  l o w e r  h u l l

L  =  l e n g t h  o f  t h e  l o w e r  h u l l
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The following figure shows the geometry and dimensions of the

semi-submersible used by Hineno et al. in ref. [18].

DIMENSIONS IN METERS

Fig. I . 10 - 8-column twin rectangular hull type semi-submersible

T a b l e  1 . 5  g i v e s  t h e  t e s t i n g  c o n d i t i o n s  f o r  t h e  s e m i - s u b m e r s i b l e  

u s e d  b y  H i n e n o  e t  a l .  i n  r e f .  [ 1 8 ] .

C o n d i t i o n P r o t o t y p e l y S O  M o d e l

D r a u g h t  , m 2 2 . 8 0 . 2 5 3 3

D i s p l a c e m e n t ,  t o n / k g 3 6 5 0 0 5 0 . 0 7 0

( Ü j  /  , m 0 . 4  y  2 2 . 6 0 .0 0 4 4 4 /  0 . 2 5 1

G M  2 /  K G  2 , m 2 . 1  y  2 1 . 0 0 . 0 2 3 3  y  0 . 2 3 3 3

R a d i u s  o f  g y r a t i o n
i n  r o l l  d i r e c t i o n ,  m 3 0 . 5  /  3 1 . 1 0 . 3 3 9  /  0 . 3 4 5 5

N a t u r a l  h e a v e  p e r i o d ,  s e c 2 3 2 . 4 2 4

N a t u r a l _ r o 1 1  p e r i o d  , s e c  
f o r  G M j 1 5 2 1 6 . 0 2 2

f o r  G M 2 6 6 6 . 9 5 7

Table 1.6 - Main partt-culars of 8-column tui-n reotangulccp
hull type semi-svbmeTs{ble[lQ]
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T h e  f o l l o w i n g  f i g u r e  s h o w s  t h e  g e o m e t r y  a n d  d i m e n s i o n s  o f  t h e  

t e s t e d  m o d e l  b y  T a k a r a d a  e t  a l .  i n  r e f .  [ 8 ] .

450450
1700

Fig. I . 11 -  8-column twin rectangular hull type semi-submersible
[8]

C o n d i t i o n P r o t o t y p e 1 / 6 0  M o d e l

D r a u g h t  , m 2 4 . 0 0 0 . 4 0
D i s p l a c e m e n t  , t o n / k g 3 5 7 0 0 1 6 1 . 4 0

3 6 2 0 0 [ 1 6 3 . 5 ]
G M j  /  K G j  , m [ 0 . 4 8  /  1 9 . 2 ] [ 0 . 0 0 8 /  0 . 3 2 ]
G M ^  / K G 2 , m 1 . 6 2  / 0 . 0 2 7 /

[ 1 . 6 8  / 1 8 . 0 ] [ 0 . 0 2 8  /  0 . 3 0 ]
( Ü 3 / K G 3 ; m 2 . 8 8 / 0 . 0 4 8  /
G M j  ( l o n g i t u d i n a l )  , m [ 1 . 4 4 ] [ 0 . 0 2 4 ]
G M g  ( l o n g i t u d i n a l ) , m 2 . 4 6 0 . 0 4 1

[ 2 . 6 4 ] [ 0 . 0 4 4 ]
G M g  ( l o n g i t u d i n a l ) , m [ 3 . 8 4 ] [ 0 . 0 6 4 ]

[ ] i n d i c a t e s  t h e  m o o r e d  c o n d i t i o n .

Table 1.7 - Main particulars of 8-column twin rectangular
hull type semi-submersihle{Q'\
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T h e  f o l l o w i n g  f i g u r e s  s h o w  t h e  m o o r i n g  a r r a n g e m e n t  a n d  f a i r l e a d  

p o s i t i o n s  o f  t h e  m o d e l  u s e d  b y  T a k a r a d a  e t  a l .  i n  r e f .  [ 8 ] .

O  H E A D  S E A

Fig. 1.12 - Arrangement of mooring lines [8]

C G  + 20  c m

C G - 5

\  \\ \

Fig. 1.13 - Positions of fairleads
[8]
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T h e  Q u a s i - S t a t i c  A n a l y s i s  o f  t h e  S t e a d y  T i l t  i n  t h e  M o o r e d  C o n d i t i o n [8]

W= P9V

Fig. 1.14 - The quasi-static analysis of the steady
t i l t  in the moored condition[8]

pgV +  ( T _ )  +  ( T ^ ) ^  =  Fs  V

(Ts'h - < V h  = °
t  =  F  G Z  D  T

(1.16)

(1.17)

(1.18)

w h e r e  Ay =  h o r i z o n t a l  d r i f t ,

A(j) =  s t e a d y  t i l t ,  •

V =  d i s p l a c e m e n t ,

F  =  b u o y a n c y ,

T  =  l i n e  t e n s i o n ,  

s u f f i x  s  =  s e a w a r d  s i d e ,

Z  =  l e e w a r d  s i d e ,  

h  =  h o r i z o n t a l  d i r e c t i o n ,

V  =  v e r t i c a l  d i r e c t i o n ,

D  =  s t e a d y  d r i f t  f o r c e ,

' =  o v e r t u r n i n g  m o m e n t  d u e  t o  t h e  d r i f t  f o r c e ,

= overturning moment due to the mooring line tension.
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AppQ,ncU.x. I I . 7

CALCULATION Of MASS MOMENT Of W E R T Ï A  
ABOUT ROLLING CENTRE AT THE  C.O.G.

I n  t h e  f o l l o w i n g  t h e  m o d e l  i s  d e c o m p o s e d  i n t o  t h e  s i m p l e  c o m 

p o n e n t s  w i t h  t h e i r  k n o w n  w e i g h t s .  T h e  m a s s  m o m e n t  o f  i n e r t i a  o f  e a c h

c o m p o n e n t  i s  a p p r o x i m a t e d  t o  t h e  k n o w n  m o m e n t  o f  i n e r t i a  o f  v a r i o u s  
[ 4 7 ]s i m p l e  b o d i e s  a b o u t  t h e i r  o w n  a x i s . T h e n  b y  t r a n s p o r t i n g  t h e

m o m e n t  o f  i n e r t i a  o f  e a c h  c o m p o n e n t  t o  t h e  c e n t r e  o f  r o l l i n g  ( a s s u m e d  

a t  t h e  C . O . G . )  o f  t h e  s e m i - s u b m e r s i b l e  t h e  s u m m e d  m o m e n t  o f  i n e r t i a  f o r  

t h e  s e m i - s u b m e r s i b l e  i s  f o u n d .

1 . LoiveA Hultô (2 Oj^̂ j

^ a  =  
^ b  =
y =
i  =  
m  =

0 . 0 7 0  m  
0 . 0 6 6  m  
0 . 4 1 7 5  m  
1 t o  5  
6 . 5 5  k g

Fig. I I . 1

IC0.G.1

.low er Hull

Base Line

Main particulars of the lower hull of the model

I t  i s  a s s u m e d  t h a t  t h e  h u l l  i s  a  h o l l o w  c i r c u l a r  c y l i n d e r  o f  

o u t e r  r a d i u s  r ^ ,  i n n e r  r a d i u s  r ^  a n d  t h e  e f f e c t s  o f  i n e r t i a  o f  t h e  e n d  

c a p s  a r e  n e g l e c t e d  b u t  t h e i r  w e i g h t s  a r e  i n c l u d e d .  T h e n  t h e  m o m e n t  o f  

i n e r t i a  f o r  o n e  h u l l  a b o u t  i t s  r o l l i n g  a x i s  t h r o u g h  0  i s :
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I  =  - m  ( r %  +  r ^ )  =  0 . 0 3 0 3 1 3  k g
o  z a  D  ^

w h e r e  m  =  m a s s  o f  t h e  h u l l

T h e  c a l c u l a t i o n  o f  t h e  m a s s  m o m e n t  o f  i n e r t i a  o f  o n e  h u l l  (I ) 

a b o u t  5  d i f f e r e n t  C . O . G ' s  f o r  r o l l i n g  i s  g i v e n  i n  T a b l e  I I . 1 .

K G .
1

(m)

z  . =  K G  . - r  
1  1  a

(m)

r j  =  =
( m ^ ) ( k g  m ^ )

0 . 2 8 0 . 2 1 0 . 2 1 8 4 1 . 4 6 0 8
0 . 2 7 0 . 2 0 0 . 2 1 4 3 1 . 4 3 4 0
0 . 2 6 0 . 1 9 0 . 2 1 0 4 1 . 4 0 8 4
0 . 2 4 3 0 . 1 7 3 0 . 2 0 3 2 1 . 3 6 1 3
0 . 2 2 0 . 1 5 0 . 1 9 6 8 1 . 3 1 9 3

Table II. 1 - Rolling mass moment of inert-ia of a lowev hull

2. \/2Atlc.aZ Cotumm [4 o ^ )

r b  
h

y
h i
m

Vertical
Column

0 . 0 5 7  m  
0 . 0 5 3  m  
0 . 5 2 5  m  
0 . 4 1 7 5  m  
0 . 0 4 1  m  
0 . 9 5  k g

o n e  c o l u m n )

Fig. I I . 2 -  Main particulars of the outer column of the model

I f  t h e  c o l u m n  i s  c o n s i d e r e d  t o  b e  a  h o l l o w  c i r c u l a r  c y l i n d e r  o f  

o u t e r  r a d i u s  r ^ ,  i n n e r  r a d i u s  r ^ /  h e i g h t  h ,  i t s  m a s s  m o m e n t  o f  i n e r t i a  

a b o u t  i t s  r o l l i n g  a x i s  t h r o u g h  c e n t r e  o f  m a s s  (0 ) a n d  p e r p e n d i c u l a r  t o

c y l i n d r i c a l  a x i s  i s :
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=  ~  (3  r ^  +  3  r ^  +  h ^ )  =  0 . 0 2 3 2 6  k g  m '

t h e n

K G i

(m)

=  K G ^  -  ( h / 2 + h j )  

(m)

2

( m ^ ) ( k g  m ^ )

0 . 2 8 - 0 . 0 2 3 5 0 . 1 7 4 5 0 . 1 8 9 4

0 . 2 7 - 0 . 0 3 3 5 0 . 1 7 5 4 0 . 1 8 9 9

0 . 2 6 - 0 . 0 4 3 5 0 . 1 7 6 2 0 . 1 9 0 6

0 . 2 4 3 - 0 . 0 6 0 9 0 . 1 7 8 0 0 . 1 9 2 4

0 . 2 2 - 0 . 0 8 3 5 0 . 1 8 1 3 0 . 1 9 5 5

Table II. 2 - Rolling mass moment of inertia of a comer column

3 .  ÏYIY12A  \)wti(uxt CoZmm [4 0 ^̂ ]

h  =

*>1 =
m  =

Y  =

0 . 0 4 1 5  m  

0 . 0 3 9  m  

0 . 5 4 4  m  

0 . 0 2 2  m  

1 . 0 5 0  k g  

0 . 4 1 7 5  m

I  =  —  m  (3 r  +  3  r r + h  ) =  0 . 0 2 6 7 4 6  k g  m "o  1 2  a  JD

K G i

(m)

= K G ^  -  ( h / 2 + h ^ )  

(m) ( m ^ )
^ x x ^  

( k g  m ^ )

0 . 2 8 - 0 . 0 1 4 0 . 1 7 4 5 0 . 2 1 0 0

0 . 2 7 - 0 . 0 2 4 0 . 1 7 4 9 0 . 2 1 0 4

0 . 2 6 - 0 . 0 3 4 0 . 1 7 5 5 0 . 2 1 1 0

0 . 2 4 3 - 0 . 0 5 1 0 . 1 7 6 9 1 0 . 2 1 2 5

0 . 2 2 - 0 . 0 7 4 0 . 1 7 9 7 8 0 . 2 0 9 8

Table II. 3 -  Rolling mass moment of inertia of an inner column
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Column
=  0 . 0 4 4  m  

rt) =  0 . 0 3 9  m  
h  =  0 . 3 1  m

Container

Ballast
m  =  0 . 5 3 2  

( f o r  o n e  c o n t a i n e r )
,  PVC Support 

adjustable in 

height)

Main particulars of a ballast container of the modelFig. I I . 3

I  = o r ^  +  3 r ^  +  h ^ l  =  a  b 0 . 0 0 5 6 0 7 k g  m ^

K G i •’l z ^  =  K G ^ -  ( h / 2 + h ^ ) 4 I x x _
(m) (m) (m) ( m = ) ( k g  m ^ )

0 . 2 8 0 . 1 8 5 - 0 . 0 6 0 . 1 7 7 9 0 . 1 1 8 0

0 . 2 7 0 . 1 6 5 - 0 . 0 5 0 . 1 7 6 8 0 . 1 1 7 3

0 . 2 6 0 . 1 4 0 - 0 . 0 3 5 0 . 1 7 5 5 0 . 1 1 6 5

0 . 2 4 3 0 . 1 0 - 0 . 0 1 2 0 . 1 7 4 4 0 . 1 1 5 8

0 . 2 2 0 . 0 2 2 - 0 . 0 4 3 0 . 1 7 6 1 0 . 1 1 6 9

Table II. 4 - Rotti-ng mass moment of 'inertia of a haltast container

5 .  [4 oU)

rjj = 0.039 m 
■t = 0 . 1 7  m

m  =  5 . 7 1 2  k g  ( f o r  o n e  b a l l a s t )

I t  i s  a s s u m e d  - t h a t  t h e  b a l l a s t  i s  i n  a  f o r m  o f  a  r i g h t  c i r c u l a r  

c y l i n d e r  o f  r a d i u s  ^ n d  h e i g h t  Z  a s  s h o w n  i n  F i g .  I I . 3 .  i t s  m a s s  m o m e n t  

o f  i n e r t i a  a b o u t  t h e  a x i s  t h r o u g h  0 ^ a n d  p e r p e n d i c u l a r  t o  t h e
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c y l i n d r i c a l  a x i s  i s :  

1= YY m[3 =  0.01593 kg m'

K G i

( m )

z . =  K G . -  ( h / 2 + h . )  
1 1  1

(m)

2
^ i
( m ^ )

^ X X i
( k g  m ^ )

0 . 2 8 - 0 . 0 1 0 . 1 7 4 4 1 . 0 1 2 1

0 . 2 7 - 0 . 0 2 0 . 1 7 4 7 1 . 0 1 3 8

0 . 2 6 - 0 . 0 3 5 0 . 1 7 5 5 1 . 0 1 8 5

0 . 2 4 3 - 0 . 0 5 8 0 . 1 7 7 7 1 . 0 3 0 7

0 . 2 2 - 0 . 1 3 3 0 . 1 8 7 1 1 . 0 8 4 5

Table II. 5 - Rolllng mass moment of vnevtla of ballast

6. Alunuinlm Veck + ScAew  ̂ (2

t = 0.03 m 
b =0.203 m
b j  =  0 . 1 0  m  

b + b j
b m  = — —  =  0 * 15 m
h = 0.565 m
y = 0.4175 m
m = 1.5 kg (one deck

and screws)

Fig. I I . 4 - Main particulars of the aluminium deck of the model

I t  i s  a s s u m e d  t h a t  t h e  d e c k  i s  t h i n  r e c t a n g u l a r  p l a t e  w i t h  m e a n

b e a m  b  a n d  t h i c k n e s s  t .  I t s  m a s s  m o m e n t  o f  i n e r t i a  o f  r o l l i n g  a b o u t  m
[0] iIS :

I  =  m [ b ^  +  t ^ l  =  0 . 0 0 2 8 1 4  k g  m '  o  1 2  m
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K G .
1

(m )

z  . =  K G . -  h  
1  1

(m)
<

( m ^ )
^ x x .

1

( k g  m ^ )

0 . 2 8 - 0 . 2 8 5 0 . 2 5 5 5 0 . 3 8 6 1

0 . 2 7 - 0 . 2 9 5 0 . 2 6 1 3 0 . 3 9 4 8

0 . 2 6 - 0 . 3 0 5 0 . 2 6 7 3 0 . 4 0 3 8

0 . 2 4 3 - 0 . 3 2 2 0 . 2 7 7 9 0 . 4 1 9 6

0 . 2 2 - 0 . 3 4 5 0 . 2 9 3 3 0 . 4 4 2 8

Table II. 6 - Rolling mass moment of inertia of alvminiim deck
plus screws

1. ktimXyihm LidU cut thd  Deck (4

t  =  0 . 0 0 3  m  
b =  0 . 2 0 3  m  
h  =  0 . 5 6 7  m  
y  =  0 . 4 1 7 5 m  

=  0 . 2 6 8  k g  
( s h o r t e r  l i d )  

=  0 . 3 5 4  k g  
( l o n g e r  l i d )

Fig. I I . 5 - Main particulars of the aluminium lids at the deck
of the model

Snorter L it

Longer Lit

= ~  ( m ^  t m ^ )  [b"^ + t ^ l  =  0 . 0 2 1 3 6  k g m

K G i

(m)

z  . =  K G .  -  h  
1  1

( m) ( m ^ )
^ x x ^  

( k g  m ^ )

0 . 2 8 - 0 . 2 8 7 0 . 2 5 6 6 0 . 1 6 1 7

0 . 2 7 - 0 . 2 9 7 0 . 2 6 2 5 0 . 1 6 5 4

0 . 2 6 - 0 . 3 0 7 0 . 2 6 8 5 0 . 1 6 9 1

0 . 2 4 3 - 0 . 3 2 4 0 . 2 7 9 3 0 . 1 7 5 8

0 . 2 2 - 0 . 3 4 7 0 . 2 9 4 1 0 . 1 8 5 1

Table II. 7 - Rolling mass moment of inertia of aluminium lids
at the deck
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PVC deck

0 . 0 1 2  m  
0 . 2 0 4  m  
0 . 4 1 7 5  m  
0 . 5 6  m

( s h o r t e r  l i d )

( l o n g e r  l i d )

Main particulars of the PVC deck of the modelFig. I I . 6

B y  n e g l e c t i n g  t h e  e f f e c t  o f  i n e r t i a  o f  t h e  h o l e s

I  =  ~  ( m  + m  ) ( b ^  + t ^ )  =  0 . 0 0 3 3 2 3  k g . m  o  1 2  i ^

(m)

z . =  K G .  -  h  
1  1

(m)

2

( k g  m ^ )

0 . 2 8 -  0 . 2 8 0 . 2 5 2 7 0 . 2 4 4 6

0 . 2 7 -  0 . 2 9 0 . 2 5 8 4 0 . 2 5 0 1

0 . 2 6 -  0 . 3 0 0 . 2 6 4 3 0 . 2 5 5 7

0 . 2 4 3 -  0 . 3 1 7 0 . 2 7 4 8 0 . 2 6 5 7

0 . 2 2 -  0 . 3 4 0 . 2 8 9 9 0 . 2 8 0 2

T(d)te II. 8 - Rotl-ing mass moment of inertia of the PVC deck
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9 .  Atimlïiium Bzam a t  t k t  V e c k  (4

t  =  0 . 0 2 5  m  
b  =  0 . 4 1 7 5  m  
y  =  0 . 2 0 8 7  m  
h  =  0 . 5 8  m  
m  =  0 . 4 0 3  k g

/ /  / / / / / / 7 n  fjy ; r^fsiiTrjiTn 

n / Aluminium Beam

Fig. I I . 7 - Main particulars of the aluminium beam a t the 
deck of the model

I  =  o m [ b ^  +  t ^ l  = 0 . 0 0 5 8 7 5 k g . r n ^

K G ^ 2 . =  KG, -  h  
1  1

(m) (m) ( m ^ ) ( k g  m ^ )

0 . 2 8 - 0 . 2 9 0 . 1 2 7 7 0 . 0 5 7 3

0 . 2 7 - 0 . 3 1 0 . 1 3 9 7 0 . 0 6 2 2

0 . 2 6 - 0 . 3 2 0 . 1 4 5 9 0 . 0 6 4 7

0 . 2 4 3 - 0 . 3 3 7 0 . 1 5 7 1 0 . 0 6 9 1

0 . 2 2 - 0 . 3 6 0 . 1 7 3 2 0 . 0 7 5 7

Tabte II. 9 - Rotting mass moment of inertia of the atiminium beam

T h e  t o t a l  m a s s  m o m e n t  o f  i n e r t i a  o f  t h e  m o d e l  i s  f o u n d  b y  

s u m m i n g  t h e  a b o v e  c a l c u l a t i n g  i n d i v i d u a l  m o m e n t  v a l u e s  a s  f o l l o w s  :

Z  =  2  X  ( l o w e r  h u l l s )
^  +  4  X  ( v e r t i c a l  c o l u m n )

+  4  X  ( i n n e r  v e r t i c a l  c o l u m n )
+  4  X  I  ( b a l l a s t  c o n t a i n e r )X X i
+  4  X  ( b a l l a s t )
+  2  X  ( a l u m i n i u m  d e c k  +  s c r e w s )
+  4  X  ( a l u m i n i u m  l i d s )
+  4  X  ( P V C  d e c k )
+  4  X  lyryr ( a l u m i n i u m  b e a m )
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F r o m  t h e  f o r e g o i n g  t a b l e s  v a l u e s  a r e  s u b s t i t u t e d  i n t o  t h e

a b o v e  f o r m u l a ,  t h u s  t h e  m a s s  m o m e n t  o f  i n e r t i a  E  a n d  t h e  r a d i u s

o f  g y r a t i o n  o f  r o l l  f o r  t h e  m o d e l  i s  f o u n d  a s  f o l l o w s :

GMj, KGi y/ClxX.

(m) (m) (kg m^) (m)

0.019 0.28 11.666 0.4473

0.029 0.27 11.687 0.4477

0.038 0.26 11.729 0.4485

0.056 0.243 11.810 0.4500

0.079 0.22 12.115 0.4558

Tabte 11.10 - Rotting mass moment of inertia and the radius
of gyration of the semi-submersibte modet
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Appendix. II.2

E X P E R m E N T A L  VETEmnhlATJON Of A W E V  MASS A W  DAMPING 
ABOUT NATURAL HEAVE  AMP ROLL EREQUEMCV

T h e  e q u a t i o n  o f  m o t i o n  f o r  a  l i n e a r  s i n g l e  d e g r e e  o f  f r e e d o m  

s y s t e m  s u b j e c t e d  t o  a  h a r m o n i c  e x c i t i n g  w a v e  f o r c e  ( a n d  m o m e n t )  i s :

( M + A ) s + B s + C s = F  c o s W to

w h e r e  M  =  m a s s  ( o r  m a s s  m o m e n t  o f  i n e r t i a )

A  =  a d d e d  v i r t u a l  m a s s  ( o r  m o m ë n t  o f  i n e r t i a )  

B  =  d a m p i n g  f o r c e  ( o r  m o m e n t )  c o e f f i c i e n t  

C  =  r e s t o r i n g  f o r c e  ( o r  m o m e n t )  c o e f f i c i e n t  

0) =  r a d i a n  w a v e  f r e q u e n c y

s  =  m o t i o n  

( • )  =  t i m e  d e r i v a t i v e

T h e  s o l u t i o n  o f  e q .  I I . 1 i s  g i v e n  

s  =  e  ^ ^ ( C j  c o s O J ^ t  +  s i n w ^ t )  +  S  c o s  ( O ü t - e )

I I .  1

I I . 2

w h e r e  S  =  t h e  m a x i m u m  o f  t h e  f o r c e d  m o t i o n  u n d e r  t h e  F  w a v e  e x c i t i n go
f o r c e

e  =  t h e  p h a s e  a n g l e  b e t w e e n  t h e  f o r c e d  m o t i o n  a n d  t h e  w a v e  

e x c i t i n g  f o r c e

I f  i t  i s  n o t i c e d  e q . I I . 2  t h e  r e s u l t a n t  m o t i o n  c o n s i s t s  o f  t w o  

t y p e s  o f  o s c i l l a t i o n s ;  t h e  f i r s t  t e r m  r e p r e s e n t s  a  ' f r e e - d a m p e d  o s c i l l 

a t i o n '  ( i . e .  t h e  s y s t e m  o s c i l l a t e s  f r e e l y  u n d e r  t h e  e f f e c t  o f  a n  

i n i t i a l l y  a p p l i e d  f o r c e ) . T h e  s e c o n d  t e r m  a n  o s c i l l a t i o n  w i t h  t h e  s a m e  

f r e q u e n c y  a s  t h a t  o f  t h e  w a v e  e x c i t i n g  f o r c e .  I f  b o t h  o s c i l l a t i o n s
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r e m a i n  e f f e c t i v e  t h e  r e s u l t a n t  m o t i o n  w i l l  b e  a  ' t r a n s i e n t  m o t i o n ' .  

H o w e v e r ,  t h e  f r e e  d a m p e d  o s c i l l a t i o n  d e c a y s  a f t e r  a  c e r t a i n  t i m e  d e p e n d 

i n g  o n  t h e  m a g n i t u d e  o f  t h e  d e c a y i n g  c o n s t a n t  V .

F o r  t h e  s t e a d y  c o n d i t i o n :

S  =  S  ^  y  . . .  I I . 3St
F

w h e r e  S  , =  s t a t i c  m o t i o n  a m p l i t u d e  =  . . .  I I . 4s t  C

y  =  m a g n i f i c a t i o n  f a c t o r  =  - - - ^ ..  I I . 5
[ (1-A^) ̂  + 4

A , wave frequency W  _A =  t u n i n g  f a c t o r  =  —  - - - ,   —  =  —  . . .  I I . 6^ natural frequency

VK  =  n o n - d i m e n s i o n a l  d a m p i n g  f a c t o r  =  —  . . .  I I . 7
n

V  =  d e c a y i n g  c o n s t a n t  =  ^  . . .  I I .  8

03 =  n a t u r a l  f r e q u e n c y  =  . . .  I I . 9n  I M - f A J

03^ =  r a d i a n  f r e q u e n c y  o f  t h e  f r e e  d a m p e d

o s c i l l a t i o n  =  [o3^ -  . . .  1 1 . 1 0n

=  p h a s e  a n g l e  =  t a n - 1  2 k A

1 "  A ^

=  c o n s t a n t s  t o  b e  d e t e r m i n e d  f r o m  t h e  i n i t i a l  c o n d i t i o n s .

T h e  n a t u r a l  f r e q u e n c y  03^ i s  d e t e r m i n e d  f r o m  e q .  I I . 1 w h e n  t h e r e  

i s  n o  d a m p i n g  B = 0  a n d  e x c i t i n g  f o r c e  F ^ = 0 ,  i . e .

(M4-A ) s  +  C s  =  0  . . .  1 1 . 1 2

T h i s  i s  a  ' f r e e ,  u n d a m p e d  o s c i l l a t i o n '  a n d  t h e  s o l u t i o n  f o r  t h i s  

d i f f e r e n t i a l  e q u a t i o n  i s  :

s =  C  sin03 t  4- C  COS03 t  . . .  1 1 . 1 3In n 2n n

w h e r e  C  a n d  C  a r e  c o n s t a n t s  t h a t  c a n  b e  d e t e r m i n e d  f r o m  t h e  i n i t i a l  i n  2 n
c o n d i t i o n s .  T h e  n a t u r a l  f r e q u e n c y  03^ i s  g i v e n  b y  e q .  I I . 9  a n d
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considered to be a constant which does not depend on the amplitude of 

motion for small and moderate motions.

However 0)̂ , the radian frequency of the free damped oscillation 

whose solution is given by the first term of eq. II.2 is always smaller 

than the natural frequency because of the damping as given in eq. 11.10 

and shown in Fig. 11*8.

N+1

t1

Fig. I I . 8 - Free damped oscillation

If Sj is the amplitude of oscillation at tj and the amplitude at

t . the ratio between these amplitudes is given by:N+1

1 -vnt^    = e
N+1

2TTwhere = the period of damped oscillation = ^

N = number of cycles considered

By making use of eqs II.7, 11.10, 11.14 and 11.15:

-27TN ^
[1-K^]^

11.14

II. 15

N+1
= e II. 16

Since the non-dimensional damping factor K is usually small K can be 

neglected giving :

■ S ,
K  = - 2ttn In

L^N+1 J
11.17
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As seen in eq. 11.17 if the free damped motion amplitudes are 

known from the tests the non-dimensional damping factor can be determ

ined for the small and moderate amplitudes.

Furthermore if the natural motion frequency CÔ  is known from 

the tests, the added mass A can be calculated by eq. II.9. Then by 

using eqs II.7 and II.8 the decaying constant V, and actual damping B 

can be determined about the natural frequency.

In the following these values are calculated for the semi- 

submersible model by using the natural frequency values determined 

from the free model tests. However, one should bear in mind that these 

tests are the free damped motion tests. Therefore the measured frequency 

is the free damped frequency rather than the undamped frequency 

(= natural frequency). Practically to perform an undamped free motion 

in the water is impossible. But for the practical purposes the natural 

frequency of the motion is assumed to be equal to the frequency of the 

free damped oscillation since the square of decaying constant V will be 

negligible in formula 11.10.

He.avZnq Ikotlüvi

-3p = 1000 kg m
— 2g = 9.81 m sec

A = waterplane area = 0.06244 m^ (see Table 2, Chapter 3) w
M = total displacement = 58.300 kg 

C = restoring force coef = pg A = 612.536 n/m
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I

(mm)
V ^ N + l Ù3n

-I(r s )

-K

24.5 32/28 2.564 0.0212
24.5 28/25 2.564 0.0180
25.0 25/22 2.513 0.02034
24.5 22/19 2.564 0.02333
24.0 19/16.5 2.618 0.0224
24.5 16.5/14.5 2.564 0.0206
24.5 14.5/12.5 2.564 0.0236

(Mean) : Cü = 2.564 r s K = 0.02135 n
Table 11.11 - Eo::perimental natural heave frequency and

non-d'ùmens'ional damping factor

where Z

^N^^N+1

0)

the distance measured between each cycle considered

the ratio of the maximum of the motion measured for

each successive cycle considered
2TT 27TV

- 1

= natural frequency =n
T = natural periodn
V = chart speed = 10 ram s

K = non-dimensional damping factor calculated from

eq. 11.17

By substituting OĴ , C, M into eq. II.9, the added mass about 

the natural frequency:

A = 34.874 kg (~ 40% of the total displacement of the model)

By using and K in eq. II.7, the decaying constant is found as:

V = 0.0547 r s-1

and by substituting M, A and V into eq. II.8 the actual damping is:

-1B = 10.20 n m s
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R o lL in q  MotZon

In the roll case the terms in eq. II.1 will be

M = mass moment of inertia 

A = added virtual moment of inertia 

B = damping moment of inertia 

C = restoring moment coefficient = pgVGM 

V = underwater displacement of the model

11.18

Since 5 GM values are tested in the following 5 tables are presented.

GM = 0.G7P0 m

I

(mm)
V ^ N + 1 Wn

-1(r s )

-K

89 60/34 0.706 0.0904
90 34/18 0.698 0.1012
90 71/39 0.698 0.0953
89 39/19 0.706 0.1144

Mean w = 0.702 r -1s K = 0.1003n
Table 11.12 - Expérimental natural roll frequency and non-

dlmenslonal damping factor for GM 0.019 m

By using eq. 11.18 with pV = 58.3 kg and GM = 0.019 m:

C = 10.866 n m

From Table 10 in Appendix II.1 mass moment of inertia for GM = 0.019 m is 

M = 11.666 kg m^

By substituting 0)̂  into eq. II.9 added moment of inertia for this GM is:

A = 10.383 kg m^

and decaying constant from eq. II.7 is:
-1V = 0 . 0 7 0 4  r s
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by using eq. II.8 the actual damping

B = 3.104 n m  s

GM = G.G2PG m

I

(mm)
^N^^N+1 Ü3n

(r s  ̂)

-K

70 54/38 0.897 0.060
71 38/25 0.885 0.066
70 54/35.5 0.897 0.067
71 35.5/22 0.885 0.076

Mean co = 0.891 r s n
-1 K = 0.0673

C = 16.585 n m
M = 11.687 kg m""
A = 9.204 kg m"'

-1V = 0.06 r s 
B = 2.507 n m s

Table 11.23 - Experimental natural roll frequency and non-
dimensional doanping factor for GM = 0. 029 m

GM = 0.0380 m
I

(mm)
^r/^N+1 03n -K

C
62 64/46.5 1.034 0.0508 M
62 46.5/34.5 1.034 0.0475 A
63 34.5/26 0.997 0.0450 V
63 26/18.5 0.997 0.0541 B
62 62.5/45.5 1.034 0.0505
63 45.5/34 0.997 0.0464
63 34/25.5 0.997 0.0457
63 25.5/18.5 0.997 0.0512
63 18.5/12.5 0.997 0.0624

Mean w = 1.009 r s n
-1 K = 0.0504

C = 21.733 n m
M = 11.729 kg m^

9.618 kg m^ 
-1

B = 1.99 n m s

Table 11.14  -  Experimental natural roll frequency and non-
dimensional damping factor for GM = 0.038 m
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GM = 0.0560 m

I

(mm)

S /S _ N N+1 Ü3n
-1(r s )

-K

C = 32.03 n m
51.5 60/42 1.220 0.0568 M = 11.810 kg m^
50.0 42/32 1.257 0.0433 A = 9.291 kg m^
51.0 32/24 1.232 0.0458 V = 0.0568 r s
50.5 24/18 1.232 0.0458 B = 2.397 n m s
51.0 36.5/29 1.232 0.0366
51.5 29/22 1.220 0.0439
51.0 22/16 1.232 0.0506

Mean ü3 = 1. 232 r s n
-1 K = 0.0461

Table 11.15 - Experimental natural roll frequency and non-
dimensional damping factor for GM = 0.056 m

GM = 0.0790 m
I

(mm)
^N^^N+1 Ü3n -K

39.5 52/41 1.591 0.0378
II 41/34 II 0.0298
II 34/27.5 II 0.0338
II 27.5/22 II 0.0355
If 22/18 II 0.0319
If 18/14 II 0.0399
II 41/34 II 0.0298
II 34/28 II 0.0309
II 28/22 II 0.0384
II 22/17.5 II 0.0364
II 17.5/14 II 0.0355
II 14/11 II 0.0384

Mean w = 1.591 r s n
-I K = 0.0348

C = 45.18 n m
M = 12.115 kg m 
A = 5.733 kg

-1V = 0.0554 r s 
B =  1 . 9 7 7 6  n m s

Table 11.16 - Eccperimental natural roll frequency and non-
dimensional damping factor for GM  =  0.079 m
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NOMENCLATURE 

C h a p te A 7

GM metacentric height

ABS The American Bureau of Shipping

DnV The Det norske Veritas

GZ righting arm

Reynold's number

C k a p te A  2

USCG The United States Coast Guard

(2yR) the modified Bessel Function of the first kind 

Y = —  wave numberg
W wave radian frequency

g gravitational acceleration

R radius of cylinder (in the text radius of a lower hull)

a incident wave amplitude

T wave period

X wave length

t time
—tF steady force
—tF^ steady horizontal force

F steady vertical forcey
p density

b dissipation of energy

^2T amplitude of the second harmonic transmitted wave

CG the centre of gravity

C non-dimensional tilting moment. G
S half of the pontoon separation
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(t> steady tilt

£ wave steepness

A displacement weight

H wave heightw
significant wave height 

T mean wave period

L pontoon length

KG vertical distance between the COG and the keel line

different periods of two regular components of a regular 
wave groups (Figs 28 and 29)

(f) experimental wave spectrum

(f) experimental roll motion spectrum

C k a p t2 A  3

GM^ transverse metacentric height

the radius of gyration for rolling about the COG

KB vertical distance between the centre of buoyancy and the
keel line

mass of the i^^ item of the semi-submersible model

KG^ vertical centre of gravity of the i^^ item of the semi-
submersible model

A total displacement weight of the model

BM„ transverse metacentric radiusT
BM^ longitudinal metacentric radius

LCB longitudinal position of the centre of buoyancy

LVDT linear variable differential transformer

K calibration factor

subscript i number of shifts for inclining tests

w^ sum of test weights transferred each time for inclining tests

d, horizontal shift of the i^^ test weight for inclining tests
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total deflection of the pen on the chart due to transfer of 
the i^^ test weight

total heel on the model

total heel angle due to transfer of the i^^ test weight

t horizontal distance between the vertical axes of the trans
ducers

m^ static moment of the i^^ test weight

GM^ metacentric height, which includes the effect of test weights

N maximum number of the shifts

subscript c values associated with correction due to the effect of
test weights in inclining tests

corrected model displacement weight which excludes the effect 
of test weights

KG^ corrected vertical centre of gravity of the model which
excludes the effect of test weights

Kg^ vertical centre of gravity of the i^^ test weight for
inclining test

1

KB^ corrected vertical centre of buoyancy of the model which
excludes the effect of test weights

BM corrected transverse metacentric radius which excludes thec
effect of test weights

scale factor of the vertical axes of experimental chart 
records

scale factor of the horizontal axis of experimental chart 
records

K calibration factor of wave probew
WL wave length

WH _ wave height

RAO motion amplitude/wave amplitude = response amplitude operator

wave amplitude obtained from the wave probe by the model

wave amplitude obtained from the wave probe on the right side 
of the bridge of the model tank



423

wave amplitude obtained from the wave probe on the left side 
of the bridge of the model tank

Cg mean value of the experimental wave amplitude on the bridge
of the model tank

F.S. full scale

T * wave period

(f> reference tilt angleo
WH^ reference wave height

GM^ reference metacentric height

S half of the hull separation

R radius of circular lower hull (pontoon)

D diameter of circular lower hull (pontoon)

S/G strain gauge

Ri, R^, R^, R^ resistance of each arm of the Wheatstone bridge 

input voltage 

" ôut output voltage
calibration factor of load cell transducer

N number of test weights used in the calibration of load cell
transducers

L lower hull (pontoon) length

T draught (Figs 80 to 90)

C h a p te A  4

F^ wave exciting force

F^ radiation force

F^ incident wave (Froude-Krylov) force

F^ diffraction force

F^^ diffraction force component in phase with the acceleration
of wave motion

Fg^ diffraction force component in phase with the velocity of
wave motion
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radiation force component in phase with the acceleration of
body motion (hydrodynamic inertial force)

Fg radiation force component in phase with the velocity of body
motion (hydrodynamic velocity force)

^VBW viscous wave force caused by the wave-induced viscous fluid
motion

viscous damping force caused by the body motion induced 
viscous fluid motion

F^ viscous fluid force resulting from the relative velocity due
to both the wave and body motion in combination

D cylindrical member diameter

H wave height

X wave length

0^ incident wave potential (Froude-Krylov potential)

0^ diffraction potential of the fluid motion

0^ radiation potential of the fluid motion

0 total velocity potential of the fluid motion

normal velocity component of a point on the section contour 

h incident wave elevation

a wave amplitude

Ü) wave radian frequency

Y wave number

g gravitational acceleration

subscript s_ wetted contour of the strip section

G(x,y;C,n) pulsating source potential of unit strength located at a 
point (x,y;Ç,r|) in the lower half plane

(C fl|) unknown strength of a point source in radiation potential

superscript m mode of oscillation takes 2, 3 and 4 for sway, heave 
and roll respectively

amplitude of the motion of the strip in the m^^ mode of 
oscillation
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cos(n,m) direction cosine depending on the mode of oscillation

n outward unit normal vector

V = i + j ; the vector differential operator

Qj  ̂ unknown source strength in the m^^ mode associated with real
part

(m) .,®N+J unknown source strength in the m^^ mode associated with
imaginar part

subscript j index for the terminal points of a segment

subscript N number of segments

influence coefficient (normal derivative of the source poten
tial) associated with real part in the m"̂  ̂mode

influence coefficient (normal derivative of the source poten
tial) associated with imaginar part in the m^^ mode

subscript i index for the mid-points of segments

mid-point of segment

sI segment length

I0^°^ odd component of the incident wave potential associated with
the asymmetric flow field about the y-axis

. (e)0^ even component of the incident wave potential associated with
the symmetric flow field about the y-axis

segment slope of the i^^ segment

f sectional wave-exciting force in the m^^ mode of excitation

f̂ °̂  ̂ sectional wave-exciting force in the m^^ mode of excitation
associated with real part

f̂ °̂  ̂ sectional wave-exciting force in the m^^ mode of excitation
associated with imaginar part

£ phase shift of the force maximum in the m^^ mode frcan the
incident wave maximum at the origin of the wave axis (0)

(0-XYZ) wave axis system

(o-xyz) body axis system

R radius of lower hull

S, instantaneous cross-sectional area



426,

S half of the hull separation

p density of water

I infinite frequency (in Figs 133 to 139)

B half of the lower hull beam

ASR aspect ratio
$vertical distance from the centroid of a seaward lower hull 

section to the free surface

vertical distance from the centroid of a leeward lower hull 
; 'section to the free surface

non-dimensional resonant frequency

X  half column width at WL (in eq. 26)

n natural mode of standing waves (1,2,3, ... for symmetric
waves, 0.5, 1.5, 2.5, ... for asymmetric waves) (in eq. 26)

K , non-dimensional frequency

T vertical distance from the top contour of a lower hull to the
free surface

^ steady tilt angle

SHR column thickness to lower hull width ratio

subscript k mode of motion takes 2, 3 and 4 for sway, heave and roll 
(in section 4.3.2)

subscript j mode of excitation takes 2, 3 and 4 for sway, heave and 
roll (in section 4.3.2)

M., mass matrix

A., added mass matrix

Bj^ damping coefficient matrix

C r e s t o r i n g  force coefficient matrix

Fj wave-exciting force matrix

motion displacement in the k^^ mode

s^ amplitude of the complex motion displacement in the k^^ mode

Fj amplitude of the complex wave-exciting force in the mode

F wave-exciting force associated with the real part in the j^h
mode
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wave-exciting force associated with the imaginar part in the 
jth mode

^kR motion displacement associated with the real part in the k^^
mode

Ski motion displacement associated with the imaginar part in the
k^^ mode

rolling mass moment of inertia of the semi-submersible

V volume displacement of the semi-submersible (in section 4.3.2)

a^^ sectional added mass in the mode induced by the k^^ mode
of excitation

sectional damping mass in the mode induced by the k^^ 
mode of excitation

subscript ^  seaward hull wetted contour (in section 4.3.2)

subscript f leeward hull wetted contour (in section 4.3.2)
L2
J integration along the semi-submersible length
-LI
OG vertical distance between the origin (0) and the centre of

gravity (G)

total waterplane area

stiffness of mooring or anchoring

phase shift of the motion maximum in the k^^ mode from the 
incident wave maximum at the origin of the wave axis (0)

RAO motion amplitude/incident wave amplitude = Response Amplitude
Operator

T natural heave period of the modelm
“tf sectional steady horizontal force

X

|Â| complex form of the scattered wave amplitude at the farfield
(-“ )

—tf sectional steady vertical forcey
[2'YR] the modified Bessel function of the first kind

H vertical distance from the centre of submerged cylinder to
the water level

steady vertical drift induced by the steady vertical upward
force
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steady horizontal drift induced by the steady horizontal force 

overbar — t time average 

T) ' oscillatory heave motion

C ' oscillatory sway motion

y the angle of wave incidence relative to the positive longitud
inal z-axis

^ integration along the slender body length

a^ 2  sectional added mass coefficient in the sway mode

' sectional added mass coefficient in the heave mode

volume moment of inertia of the body with respect to the 
transverse x-axis

volume moment of inertia of the body with respect to the 
vertical y-axis

C steady vertical force coefficient0
—t steady tilting moment induced by the steady vertical force

s

1

“t steady vertical force on the seaward pontoon
—tFn steady vertical force on the leeward pontoon

D vertical distance from the centroid of a lower hull to the COG

subscript h horizontal 

subscript v vertical

K ^ 2  sway added mass coefficient of deeply submerged lower hull

Kg ̂ heave added mass coefficient of deeply submerged lower hull

V volume displacement of one lower hull

H vertical distance from the centroid of a lower hull to theo
water level (in section 4.4.2.1.1)

f force on a unit length of the submerged portion of a fixed
cylindrical member (in section 4.4.2.2.1)

f^ inertial force on a unit length of cylindrical member

f^ drag force on a unit length of cylindrical member

inertia coefficientM
drag coefficient
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D cylinder diameter (in section 4.4.2.2.1)

V velocity of the water particles in the incoming wave at the
centre of the element (in section 4.4.2.2.1)

maximum particle velocity

total horizontal wave-exciting force on a surface-piercing 
column

H column depth (in section 4.4.2.2.1)

n crest elevation (in section 4.4.2.2.1)

^bscript c quantities associated with column

subscript h quantities associated with hull

projected area 

u horizontal wave particle velocity

V vertical wave particle velocity

subscript x quantities associated with the horizontal direction

subscript y quantities associated with the vertical direction

R radius of columnc
R, radius of hullh
Mm roll exciting moment (tilting moment) induced by the drag

D force

N number of columnsc
—tMm steady tilting moment induced by drag force
D

p(0,y) hydrodynamic pressure on a column element in polar coordinate 
system

—tZM^ total steady tilting moment on a semi-submersible

M^ righting moment

total displacement volume of the semi-submersible

GM . minimum GM to limit the steady tilt to a specified tilt anglemin ^
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vertical distance from the centroid of the upper pontoon to 
the mean water level in a tilted position

vertical distance from the centroid of the lower pontoon to 
the mean water level in a tilted position

(|) steady tilt angle

D vertical distance from the centroid of a pontoon to the COG

vertical distance from the centroid of a pontoon to the water
level in the upright position

steady vertical force on the upper pontoon of semi-submersible 
in a tilted position

F^ steady vertical force on the lower pontoon of semi-submersible
in a tilted position

*S half of the hull separation

f steady vertical force per unit length

cross-sectional area of pontoon

H vertical distance from the centroid of submerged cylinder to
the mean water level

R radius of cylinder

V wave number

a incident wave amplitude

I^[2y R] modified Bessel Function of the first kind

steady tilting moment 

righting moment

V volume of one lower hull for vessel B or volume of two foot
ings for vessel A

GM metacentric height

V total volum. displacement of the vessels
KG vertical distance from the baseline to the COG

n number of columns

p water density



431

g gravitational acceleration

radius of tioluinn 

Rg radius of caisson

R^ radius of circumscribing circle passing through the centre
of column

depth of submergence of coliftin of radius R from the still 
water level

depth of footing of radius R^

U ^  heading angle with respect to the wave travel 

c wave celerity

added virtual' mass coefficient in the heave mode for a
rectangle with aspect ratio ttR /2H2 2

C added virtual mass coefficient in the heave mode for a
rectangle with aspect ratio ttR^/2H^

C added virtual mass coefficient in the heave mode for a
V3 _

rectangle with aspect ratio ttR /2 (H + H  )1 1 2
J three-dimensional factor = 0.6366

drag coefficient for the column plus footing in the heave 
mode

Cp drag coefficient for column of radius R in the sway mode

Cg drag coefficient for column of radius R in the sway mode2
R radius of the submerged footing (in eq. 1.14)

^2

D depth of the submerged footing or horizontal lower hull

B beam of the lower hull

L length of the lower hull

Ay horizontal drift

A(j) ' steady tilt

V displacement volume

W displacement weight

F buoyancy

T line tension
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subscript s seaward 

£ leeward 

h horizontal 

V vertical

steady drift force (in eq. 1.17 to 1.18)

M overturning moment due to the steady drift forceD 8

overturning moment due to the.mooring line tension

A p p e n d ix  I I . 7

r^ outer radius of the cylindrical hull elements

r^ inner radius of the cylindrical hull elements

rolling mass moment of inertia about the own axis of a model 
element

rolling mass moment of inertia about the COG of a model elementX X .1 for i^^ GM tested

subscript i number of GMs tested

z^ vertical distance between the COG of the i^^ element and the
COG of the model

m mass of a semi-submersible element

b mean beam of the aluminium deck of the modelm
t thickness

y  ma.£ a s  uiVJUicn u  iiicj. l-j-o. v j x . u i i c  w i c  J

tested
rolling mass moment of inertia of the model for the i " GM

k^^ radius of gyration of roll for the i^^ GM tested
1

A p p z n d ix  I T . 2

M mass (or mass moment of inertia)

A added virtual mass (or moment of inertia)

B damping force (or moment) coefficient
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C restoring force (or moment) coefficient

maximum of wave-éxciting force (or moment)

W radian wave frequency

s motion displacement

S amplitude of motion displacement

£ phase angle between the forced motion and the wave-exciting
force *

V decaying constant

S  ̂ static motion amplitudeSt
y magnification factor

A tuning factor

K non-dimensional damping factor

natural frequency 

cô  radian frequency of the free damped oscillation

constants to be determined from the initial conditions 

N number of cycles considered

period of damped oscillation 

total waterplane area 

p density of water

g gravitational acceleration

£ distance measured between each successive cycle on the pen
recorder chart

natural period

V chart speed.
—  '' ÿGM metacentric height


