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SUMMARY 

This thesis studies some of the problems associated with the 

design and hydrodynamic assessment of SWATH* ships. Although a 

novel small three-hulled SWATH ship for coastal and inshore, marine­

science and engineering research is considered, in particular, the 

relevance of a large part of the work is not confined to only one 

vessel. It is of fundamental interest to the advance of SWATH ship 

technology in general. 

A short history of research vessels, and marine-science in 

relation to them, is given followed by a description and history of 

SWATH ships. Typical operational requirements for a conventional 

coastal and inshore vessel are presented and the advantages and dis­

advantages of adopting a SWATH ship to meet these requirements are 

outlined. 

A brief analysis is made of existing SWATH ships and the 

choice of configuration and design considerations are discussed. 

The reasons for the three-hull vessel are presented followed by a 

description of the proposed design. This includes many traditional 

naval architecture subjects such as group-weights, equipment, flood­

ing, etc. Stability requirements were considered and revised 

criteria are proposed. The structural design and analysis from 

which the steel group-weights are derived is presented as are var­

ious other topics such as a simple vibration analysis of the hull­

column structure. (A detailed Specification for the vessel is 

given as a separate enclosure.) 

Construction costs based on the specification are presented 

and operational costs are discussed from which it appears that 

increased fuel costs would be offset by increased 'research 

efficiency'. It is possible that the first cost will reduce as 

experience is gained in building this type of vessel. 

* Various designers and research workers have used a variety of names, 
such as 'semi-submersible ship (S3)", listable semi-submerged plat­
form (S.S.P.)", "small waterplane-area twin-hull (SWATH) ships" and 
"semi-submerged catamarans (S.S.C.)", to name a few. Since the 
acronym "SWATH" has now become widely accepted and is also applic­
able to the present design it will be used throughout this thesis. 
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The resistance was investigated both theoretically and experi­

mentally. A wave-resistance program has been developed for a three­

hulled SWATH based on potential flow and the thin-ship approximation. 

The other resistance components were calculated by semi-empirical 

methods. The experimental resistance was obtained for a total of 

seven conditions concentrating on speeds in the operational range 

but also extending up to speeds causing the onset of vertical-plane 

instability. Wave-resistance theory and measurement showed quali­

tative agreement but the theory over-estimated the peak wave-resist­

ance by a factor of about two and a half due primarily, it is 

expected, to the fact that the aft endings of the model hulls were 

not particularly well suited either to the purpose or to the theory. 

The correlation between theory and experiment at low speeds suggested 

that the previously recommended drag coefficient for the endings is too 

high. The occurrence of boundary-layer separation was briefly investi­

gated in a flow visualisation wind-tunnel and aspects such as blockage 

correction, cavitation, and turbulence stimulation are touched upon. 

The motion response;at zero-speed in head and beam seas has 

been studied and a digital computer program has been developed for 

head seas which gives good agreement with heave experimental results 

but not for pitch or the relative motion. The motions were then com­

pared with a conventional monohull and found to be generally lower. 

The equations of motion were rewritten to include non-linear­

ities due to viscous damping and column flare and these were solved 

on an analogue computer. It was found that the viscous damping 

explained the non-linear behaviour at resonance very well and the 

fin was identified as being the main cause of this. However, the 

modelling of the effects of column flare was found to be over­

simplified. 

A large number of experiments were conducted for various 

different conditions at a range of wave amplitudes and frequencies. 

Apart from at resonance it was concluded that even with small and 

moderate column flares linearity was a good assumption. For large 

column flare pronounced non-linearities and parasitic motions 

occurred. The first of these was the so-called I jump I phenomenon 

which was attributable to the relative motion of the forward hulll 
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column and the hardening-spring effect of the flare. A motion res­

embling beats was also observed. The first parasitic motion was 

'parametric' rolling in head seas at half the wave frequency. The 

theoretical work concentrated on the system dynamiCS rather than 

hydrodynamics and the parametric rolling was explained theoretically 

in terms of the unstable regions in the Mathieu equation. The 

factors controlling this behaviour were investigated experimentally. 

In irregular seas in particular, the damping ratio seemed to be of 

utmost importance and, in fact, rolling only occurred when the damp­

ing was low (i.e. in the absence of horizontal bracing). An inter­

esting mechanism whereby, at large wave amplitudes, the jump phenom­

enon stabilises parametric rolling has been identified. 

Beam sea motions were investigated experimentally and it was 

found that the same condition that admitted rolling in head seas 

admitted sub-harmonic rolling in beam seas. Although these 'instab­

ilities' are recognised as possible capsize mechanisms the model 

always remained upright and this would appear to be due to having 

sufficient GM or area under the GZ curve. The effect, however, is 

not straightforward and even with zero upright G~ the model did not 

capsize under wave action but the sub-harmonic rolling did not occur 

either. 

It should be emphasised that the non-linearities and parasitic 

motions only occurred when the column flar~ was large. It is not 

believed that there is an inherent weakness in the three-hulled 

design but rather that they could occur for any SWATH configuration 

with large flare. 

Still concentrating on the system dynamics it has been shown 

that the conventional use of steady-state or regular-wave transfer 

functions is not necessarily justified for large amplitude motions. 

A design-wave-group con~ept has been proposed and used for investi­

gating such behaviour. Since linear theory has been used it is 

suggested that the results should only be taken as a measure of the 

uncertainty of the response. 

From technical considerations it is concluded that there 

appears to be no reason why a three-hulled SWATH ship could not be 

built and operated as a successful research vessel. The work in the 
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thesis is, however, relevant to other SWATH ships and perhaps also 

helps to improve the understanding of the behaviour of conventional 

vessels and semi-submersibles. 
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Department of Agriculture and Fisheries for Scotland 

Young's modulus 

wave exciting force 

horizontal force 
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Froude-Krylov force 
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Froude number 
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length 

length 

length between perpendiculars 

longitudinal centre of flotation 

longitudinal centre of buoyancy 

mass, added mass, area ratio, or defined wave resistance 

variable 

area under energy spectrum 

roll exciting moment 

pitch exciting moment 

moment to change trim one centimetre 

coefficient for column flare or index for summation 

Natural Environment Research Council 

pressure 

parallel hull/column interference factor 

Pieron-Moskowitz 
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quasi-propulsive-coefficient 

magnification factor 

radius or relative motion amplitude 

mean of one-tenth highest relative bow motion amplitudes 

radius or resistance 
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s column span (depth) 

SM Subjective magnitude 

S.M.B.A. Scottish Marine Biological Association 

SW salt water 

S(W} spectrum of frequency 

S.W.L. Safe Working Load 

t time or thickness 

T sectional draught or period 
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TPC tonnes per centimetre 

u variable in wave resistance calculation 
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USAF United States Air Force 

V velocity 

VCG vertical centre of gravity 
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til 

general parameter or variable in sea spectral formulation 

general parameter or coefficient in roll equation 

damping ratio or peak enhancement factor 

·pitch damping ratio 

mass displacement 

volume of displacement 

small change, or boundary layer thickness 

stability boundaries 

parameters in Mathieu equation 
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wave profile 

roll angle 

wave length or roots of equation 

kinematic viscosity 
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density of water 
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pitch angle, phase angle, or velocity potential 

. phase angle 

frequency 

frequency 
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roll natural frequency 
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Notes 

(1) Other symbols and subscripts have their standard meaning or are 

as defined in the text. 

(2) A dot superscript represents differentiation with respect to 

time. 



1. 

CllAPTER 1 

1.1 General 

Following extensive development, mostly in the United States 

and Japan, the SWATH ship has emerged from a background of novel 
. 1[1] 

concepts as a serious contender with high development potent~a 

for various applications. There are now two SWATH ships afloat, the 

S.S.P. Kaimalino[2] and the Mesa 80[3], various small prototypes and 

manned models, and considerable interest for other craft, including 

helicopter carriers, offshore transport vessels, passenger vessels 

and research vessels[4-8]. The large amount of development work 
[9] 

conducted has been reviewed by Lamb and Fein • 

This thesis is centred around a small three-hulled SWATH-

type ship (displacement approximately 319t) for use as an inshore 

and coastal research vessel as illustrated in the frontespiece. The 

first chapter sets the general scene by describing and discussing 

various matters such as the immediate background to the project, the 

development of marine science, research vessels, the SWATH concept, 

review of meetings, operational requirements, and so on. Thereafter 

the thesis is laid out in such a way that the work covered in any 

subject is grouped together rather than in a strictly chronological 

order. Thus Chapter 2 discusses design considerations, while 

Chapter 3 gives the reasons for the three-hulled configuration and 

goes on to describe the design in the state that has been reached 

including topics such as stability, structural design, flooding, etc. 

Chapter 4 covers costs, and Chapter 5 is devoted to resistance and 

propulsion. It will be apparent that some of the contents of 

Chapter 5 were completed as part of the general design work included 

in Chapter 3. However, the layout adopted aids continuity. Sub­

sequent chapters deal with motion response in varying degrees of 

complexity,with concluding remarks and recommendations for future 

work being given in the last chapter. Some additional material is 

included in appendices. 



2. 

1. 2 Project Background 

The immediate background of this project lies in an idea by 

N.S. Miller to build a small three-hulled semi-submersible (Figs. 

1.1 and 1.2) in the University workshops for use in undergraduate 

naval architecture teaching and for certain research areas, in 

particular to try and overcome some of the scaling problems inherent 

in conventional experiment tank testing such as Reynolds number dep­

endent effects on Cylinders[10]. (The advantages of this three­

hulled concept will be discussed later.) 

At about the same time scientists concerned with marine 

biological research expressed interest in a craft which would allow 

observation of the top 10m of the sea as well as providing the usual 

facilities for collecting marine specimens. The anticipated low 

motion levels and large deck areas were also considered an attractive 

feature of the proposed design. Interest was shown at an early stage 

by the Scottish Marine Biological Association (SMBA) at Dunstaffnage, 

the Institute of Oceanographic Sciences (lOS, Wormley) nnd various 

other individuals from the University's Faculty of Science. These 

groups and individuals were involved in a broad spectrum of work 

including biological reproduction, ocean circulation, organic degrad­

ation, aqua-culture, dermatology, macrobenthos, meiobenthos, phyto­

plankton, ocean-floor spreading, biochemistry, continental margins, 

sonar development, geophysics and so on. Discussions were held 

with these parties (hereafter generically referred to as 'marine 

SCientists'), to try and determine their anticipated requirements 

for equipment, electrical services, speed, etc. Theirs would be a 

continuing need and, since the base facilities for operating research 

vessels already existed at the Millport Marine Biological Station of 

the Universities of London and Glasgow, the study of a larger design 

was commenced. 

With any novel concept the work involved in producing a work­

able design will be greater than for a conventional ship because of 

the scarcity of type-ship data and the lack of established practice. 

However, this very lack of data can be turned to the advantage of 

the designer because he then is not constrained by any influence to 

mirror past practice and is never encouraged to be hide-bound in his 



FIG. 1·1 . 

Access trunk 

1m 

ELEVATION 

Ac cess trunk 

Ob servo Ii on dome. f",d 

1m 

ELEVA liON 

2·5m 

e m 

/watertlght acce-55 

2·5 m 

Transit draught 

20·5 m 

Bhd. under. P & S r-----------r 
I 
I 
I 
I ---r--- -e-- -

E 

E 

ha tch 

E 

'" 

E 

E 
o 

E 

3. 

PRELIMINARY SKETCH OF SEMI-SUBMERSIBLE 

SSm 

6m 

Observation dome . F &A 

E 
N 

FORWARO OBSERVATION CHAMBER 

Machinery 
space. aft. 

E 
N 

0'2Sm 

AFT OBSERVATION CHAMBER 

0· 75 m 

E 
N 

_/ v,e"" ng platform 

I of access t ru nk 

Water ballast t'ln,s 

I Vie""ng plattorll' foo d. 
/ of access tru n~ 

Water ballast tanks 
f",d of acc t5S trunk 

FIG. 1·2. GENERAL ARRANGEMENT OF OBSERVATION CHAMBERS 



thinking. Thus instead of merely following historical trends in, 

say, length to breadth and breadth to depth ratios he is obliged to 

make a fresh appraisal of what these ratios should be. Similarly, 

any data that does exist must be scrutinised since it may represent 

a solution to a problem that is not applicable to the case in hand. 

For instance, if a semi-submersible type is to be considered in 

place of a conventional ship then a large number of new variables 

4. 

are created. These include the number of hulls, hull cross-sectional 

shape (circular, ellipsoidal, rectangular), shape of hull endings, 

number and shape of columns, amount of column flare, bracing, prop­

ulsion, shape and size of deck-structure, constructional material, 

and so on. Thus the designer is required to consider the effects 

that each and every parameter has on both other parameters and on 

the overall design. What should the depths of the hull be? What is 

the required underdeck clearance? How does any choice affect the 

motions?; the resistance?; the stability?; the structural loads? 

How much will it weigh? Will the vessel be better than a convent­

ional one for a given task? Will it always behave in a predictable 

manner? How is the improvement to be quantified and what is the 

cost? 

These are some of the questions that had to be faced with an 

open-mind. 

1.3 Developrent of Marine Science and Research Vessels 

Prior to the eighteenth century man had little or no 

scientific interest in the sea. Up until then all the great 

voyages, from the Vikings and Phoenicians and including the voyages 

in the late fifteenth and early sixteenth centuries, such as those 

of Diaz, Columbus, Vasco de Gamma, Balbao, and Magellan, were under­

taken solely for the s~e of exploration and colonisation. 

Scientific curiosity about the sea developed during the 

eighteenth and nineteenth centuries, during which period Cook took 

a naturalist to the Pacific, Eaton collected biological samples, 

Forbes conducted dredging projects and discovered the zonation of 

life at sea. Darwin, while serving as a naturalist on H.M.S. Beagle 

Collected data for his later theories as well as his still-accepted 



theory of coral reef and atoll development. Workers such as Maury 

collected data on winds and currents and the external influence of 

the desire for a trans-Atlantic cable stimulated interest in ocean 

floor topography. 

5. 

The first cruises undertaken solely for scientific marine 

investigations were those of Thompson in 1869 and 1870 on board 

H.M.S. Porcupine, provided by the Admiralty, following some success­

ful work from H.M.S. Lightning in 1868[11]. This led on to the 

famous vouage of H.M.S. Challenger (1872-1876). 

Following the Challenger, laboratories were set up in Europe 

and N. America and new techniques and equipment were steadily devel­

oped, notably the Nansen bottle and Ekman's current meter. After 

the First World War the technology existed for the construction of 

the 'bathysphere' in which Beebe and Barton descended to 930 metres 

in 1934 opening the way for further deep sea voyages. Similarly, 

the echo sounder, developed during the Second World War, was quickly 

adopted by marine scientists and led also to the use of seismic 

techniques. A notable development from inside marine science was 

the development of SCUBA gear by Cousteau and Cagran. 

Although the most famous voyage, the Challenger Expedition, 

was presumably motivated partly by scientific curiosity, it is 

probably fair to say that most major developments and much sustain­

ing work have been initiated by external interests or requirements. 

These include the trans-Atlantic cable already mentioned and, at 

the present time, man's search for fossil fuels, manganese nodules, 

the monitoring of radioactive waste, the search for new fishing 

grounds, marine fouling of offshore structures, etc. These facets 

of marine 'science research are directly linked with the present 

requirements of societ~ and thus the political and economic environ­

ment. Because of this environment there is a clearly identifiable 

need for vessels in which to conduct the work, mostly in home waters, 

but also on a world-wide basis. These geographical locations 

together with the varied work mentioned in Section 1.2 require a 

range of different vessels and different equipment. 

The wide variety of different equipment includes trawls, 

traps, box samplers, corers, sonars, conductivity-temperature-depth 
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(CTD) probes, water-bottles, current-meters, tide-gauges, air-guns, 

boomers and sparkers for seismic work, bathythermographs, gravi­

meters, magnetometers, flourimeters as well as standard laboratory 

equipment and systems such as satellite navigation and underwater 

beacons. It is helpful to have some understanding of the equipment, 

the way it is operated and likely developments in that equipment, 

because of the influence it has on vessel layout. This can partly 

be obtained from text boOks[12] and also from the Cruise Reports of 

the various users' organis~tions (e.g. Ref. 13). 

Similarly, it is important to be aware of the characteristics 

of eXisting vessels[14] and likely future developments. For 

instance, with the steady, but apparently inexorable, decline of 

Britain's global interests, it is debatable for how long research 

efforts in distant waters such as the Pacific and Indian Ocean, 

however important they may be in their own right, will continue to 

attract government funding. This will, of course, be influenced by 

the way in which mineral rights are allocated by the conferences on 

the International Law of the Sea and is all part of the design 

environment referred to again in Section 1.6. 

The major development area at the present is the replacement 

of mechanical devices by electrical and the increasing use of com­

puters for both data logging and on-site analysis. Although at 

present it is possible to envisage the day when water samples, in 

particular, no longer need be collected it is less easy to conceive 

the collecting of benthic and pelagic organisms or rock samples 

being dispensed with. However, the day will undoubtedly come and 

will herald the disappearance of the conventional, multipurpose, 

trawler-type research vessel. 

Those days have not yet arrived and while H.M.S. Lighrning 

(1868) was described[11] as, " ••• being perhaps the very oldest 

paddlesteamer in Her Majesty's navy ••• and was scarcely seaworthy," 

present-day research vessels generally have high standards of equip­

ment, accommodation and on-board services. The general rise in 

these standards is likely to continue. 
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1.4 The SWATH Concept 

The SWATH has been described as an advanced displacement 

Ship[l] and although the concept was born from a general background 

of high performance craft it can perhaps best be described as a 

cross bet~~en a semi-submersible and a catamaran. The twin-hull 

SWATH concept is well illustrated by Fig. 1.4, page 12. It consists 

of a basically rectangular plan-form cross-structure or deck-box 

joined to subme~ged slender cylindrical hulls by streamlined struts. 

(Either one or two per hull.) The hull may, or may not, be joined 

together by a transverse fin or brace which could accommodate con-

trollable stabilising flaps. 

The SWATH offers the following main advantages over a compar­

able conventional ship: 

(a) lower motions and accelerations in most seaways, 

(b) large and convenient deck-area and internal volume, and 

(c) higher sustained speeds in a seaway. 

It is the above characteristics that suggest that SWATHs could be 

useful for naval applications such as helicopter or VSTOL jet 

carriers [4,5] while the combination of low motion response, widely 

separated hulls, and possibly low hydrodynamic noise could make the 

SWATH host for improved sonar systems, both hull-mounted and towed. 

Proposed civilian applications include Offshore Personnel Transports [7] , 
. [3,8] passenger vessels not to mention research vessels. 

The widely separated propellers give rise to good low speed 

manoeuvrability and station keeping, while the generally regular 

shapes should be simple to construct and lend themselves to batch 

production techniques. 

The low motions lie at the heart of all semi-submersible 

deSign practice and are attributable to a combination of two factors: 

(a) the main part of the buoyancy is provided by the submerged 

hulls which experience relatively small wave-exciting forces 

because these decrease exponentially with depth below the 

surface and there is some cancellation between the forces on 

the different underwater parts, and 
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(b) the small waterplane-area associated with the columns ensures 

that the natural frequencies of motions are much lower than a 

comparable conventional vessel. Since waves with low frequenc­

ies (i.e. long wavelengths) occur less frequently, resonant 

response is seldom encountered. 

The general philosophy of design, particularly for small SWATHs is, 

therefore, to keep the waterplane-area as small as possible within 

the limitations discussed later. 

These advantages must be offset against the disadvantages of: 

(a) higher steelweight to displacement ratio, and 

(b) increased wetted surface, and therefore, increased frictional 

resistance component. 

Despite the last of the above points, recently developed SWATH 
. [9] 

designs can have calm water resistance similar to a comparable 

monohull and will in any case have less speed loss in a seaway. 

Other factors, such as larger breadth, may be a disadvantage for 

docking and similarly increased depth could be a disadvantage in 

confined waters. For research vessels the first two advantages are 

arguably the most important. The large internal volume will permit 

more spacious accommodation and it is generally accepted that lower 

motion levels will not only improve on-board comfort but will also 

improve the performance of personnel. (It will be shown later than 

man-power costs are by far the highest proportion of research vessel 

operating costs and it thus makes economic sense to increase on­

board productivity.) Listed in greater detail these advantages 

WOUld: 

(a) enable gear to be handled overboard in higher sea-states; 

(b) permit more detailed experiments to be conducted on board; 

(c) enable laboratory experiments to be continued in higher sea-

states; 

(d) improve the efficiency and morale of scientific staff for 

physiological and psychological reasons due to improved work­

ing and living conditions; 

(e) permit delicate apparatus to be carried on board with less 

risk of damage; 



(f) produce a greater accuracy in some experiments; 

(g) allow better performance for sonar and seismic work (at 

present seismic data is filtered through hardware costing 

thousands of pounds to remove the effects of vessel motion); 

(h) increase versatility for engineering experiments; 

(i) permit a continuously submerged observation chamber; 

(j) simplify diver and submersible operations. 

9. 

On existing research vessels operations are sometimes termin­

ated because of the risk of personnel being washed overboard so the 

greater height above sea level could be advantageous although at 

other times it may be a hindrance. In the historical context of 

developments, it is also more than likely that once low motions are 

available they will lead to different techniques or processes being 

adopted for use at sea that at present cannot be considered. 

1.5 Short History of SWATH-type Ships 

It is an interesting coincidence that, just as the requirement 

for a trans-Atlantic cable stimulated an interest in ocean-floor 

topography, so the development of trans-Atlantic telex services 

stimUlated interest in the semi-submersible type ship[15]. A tele­

graph engineer, F. Creed, proposed a floating boosting station and, 

during the Secon~ World War, his ideas were considered for use as an 

aircraft carrier or floating aerodrome. Although he is credited 

,with bringing the concept to the attention of the U.S. Navy in 1943[9] 

various patented designs apparently already existed, as reported in 

Refs. 6,16,17. These early designs attempted principally to reduce 

wave-making resistance, and Creed was probably the first to give 

consideration to improved seakeeping. 

During the fifti~s and early sixties various studies of novel 

ship types appeared[17,18,19], and between 1964 and 1966 manned 
. [16] 

models (F~cat I and II) were produced for operation at super-

critical speeds. Development continued with Leopold[20] and the 
[21,22] 

Dutch who launched the 1200 ton twin-hulled, hybrid-catamaran 

drilling vessel Duplus, Fig. 1.3. 1971 saw the launch of the 25 foot 

prototype Trisec[23] and shortly afterwards Lang's work[24,25) led to 

the construction of the 190 ton S.S.P. Kaimalino, Fig. 1.4. This was 



arguably the first true full-scale SWATH ship and she first moved 
[26] 

under her own power in October 1973 • 

10. 

In Japan, following development on a small prototype, Marine 
[3 27] [8,28,29] 

Ace' (Fig. 1.5) the first commercial SWATH ship, Mesa 80 

(Fig. 1.6) was brought into operation. 

1.6 The Design EnvironIrent 

Design has been described as being the optimum solution to 

the sum of the true needs of the given situation. The design 

environment for research vessels is such that the designer is likely 

to find himself in the somewhat invidious position that, firstly, 

the true needs are not at all clear because of conflicting require­

ments between different groups, and secondly, he thus does not know 

what he is trying to optimise. 

Various distinguishable groups have an interest in the final 

vessel, but all from a slightly different viewpoint, and all having 

different priorities, including first cost, running cost, and work-

ability as illustrated in Fig. 1.7. Thus the design will not 

only be influenced by the requirements of the users but also by the 

much broader political and economic climate. 

The designer must obtain a balance between these conflicting 

requirements and will b~ further hampered by the apparent lack of 

any useable measure of output. (It is widely accepted that justi­

fication for research cannot come solely from economics.) For 

instance, number of days at sea may be a valid measure of operability, 

but certainly not of workability. It takes no account of time spent 

on passage (dependent on vessel speed) on the fact that different 

vessels (even conventional ones) may take widely differing times on 

station to conduct the ·same task (because of differences in motions, 

whether working over the side or over the stern, etc.). Similarly, 

minimising passage-time is not particularly helpful if crippling 

fuel bills prevent the purchase of new equipment. 

Faced with this situation the designer should probably try to 

provide a good basic vessel with spaces and services capable of 

adaptation to warying needs and with a cruising speed and endurance 

similar to existing vessels unless he can produce sound arguments 

for doing otherwise. 
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A fairly extensive literature on research vessels exists and 

since a large number of research vessels are essentially adapted 

fishing vessels, publications concerning them are also relevant. A 

list of useful articles and papers is given in a Bibliography. This 

is not exhaustive but is intended to give a general background of the 

relevant literature. 

To obtain some idea of the requirements a number of meetings 

and seminars were held. 

1. 7 Review of M=etings 

After preliminary meetings with Glasgow University scientists 

a design study was prepared[30] and was used as the basis for dis­

cussion in further meetings at other Universities, research organis­

ations, and the NERC Research Vessel Base. (Appendix A gives a list 

of the 23 meetings.) This design study generated considerable 
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interest and some useful comments and criticism. While most agreed 

on the benefits of low motion-response it should be noted, in the 

interests of objectivity, that this opinion was not universal. In 

general, a good view was obtained of the range of interests and type 

of equipment to be used which then allowed an assessment to be made 

of likely requirements for winch and crane sizes, electric and 

hydraulic power, etc. In addition, many items of detail design, 

such as size and position of sinks and storage racks were discussed, 

some of which are incorporated in the Specification, (enclosed 

separately). One of the principle areas of divided opinion con-

cerns the question, particularly relevant, to larger vessels, of 

whether large multipurpose labs or small specialised ones were 

better. The majority opinion seems to favour the former. 

Two engine manufacturers (Caledonian Engines Ltd. (Caterpillar) 

and Kelvin Diesels Ltd.) were approached and it was thus determined 

that there should be no insurmountable problems installing diesel 

engines in the hulls as proposed. 

The above meetings took place throughout the autumn of 1979 

and the winter of 1979-80, during which time a second design report 

was prepared[31]. The O.W.S. Admiral Beaufort and the R.R.S. 

Challenger, of the NERe research vessel fleet, were also visited 

while in harbour. In January 1980 a questionnaire was prepared and 
. [32 33] 

c1rculated, together with two short reports ' to a further 64 

potential users (mostly connected with engineering research). Six 

positive replies were received which, although not an overwhelming 

number, still indicated that there could be a demand from the 

engineering community for this type of facility. Further feed-back 

was obtained from seminars presenting the proposed vessel at Heriot­

Watt University and at the Institute of Oceanographic Sciences, a 

display at the Scottish"Marine Biological Association, and by a 

working trip on the R.R.S. Challenger[13]. 

By this time a fairly wide spectrum of interests had been 

covered, which led to the formation of the view that the vessel 

should be for general purposes. Large organisations might benefit 

from having their own dedicated vessel or if there was a large 

research vessel fleet then it would be desirable to have specialist 
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vessels limited to a specific group of tasks but because of the 

relatively small number of vessels in the British fleet, and the 

fact that these are used by a number of relatively small organisat­

ions and departments with a wide variety of interests, they must be 

general-purpose. 

1.8 Operational Requirarents 

Since research vessels conduct such a wide variety of work in 

different scientific disciplines the operational requirements will 

vary from institution to institution. The main requirements for a 

conventional general-purpose coastal and inshore vessel may be 

summarised as follows (not necessarily in order of importance) : 

(1) Fishing by trawl, lines or traps. 

(2) Operation of heavy equipment, such as bottom samplers and 

dredges. 

(3) As a mobile base for diving teams working at a distance from 

the base laboratory, such that they will be absent overnight 

or for several nights and where no convenient hotel facilit­

ies exist. 

(4) As a mobile laboratory for those interested in water chemistry, 

primary production and other phenomena, the study of which is 

charactexised by the use of an array of laboratory instruments 

and other apparatus, or the need for sheltered working space 

and storage space; provision of accommodation as in (3). 

(5) Laying and recovery of current meters and other recording 

instruments. 

(6) Work requiring the use of special hydrographic winches and 

electrical cables. 

To the above requirements can be added those arising from engineer­

ing research [33] , which include: 

(7) To be a mobile platform for the attachment and towing of 

horizontal and vertical cylinders and the logging of data 

from instrumentation thereon. 

(8) To act as a prototype for the collection of data relevant to 

motion response, wave-induced loads and other structural 

behaviour characteristics. 



(9) To support other engineering activities, including sonar 

research, submersible handling and anchor testing. 
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The list of requirements can be determined in a general way 

from discussion with the potential users and from having a familiar­

ity with their work and equipment. While such disc~ssions are 

patently essential and can provide much useful information, the 

Naval Architect should not expect a definitive list. Furthermore, 

it should be borne in mind that the vessel may outlive several 

generations of equipment and techniques (especially in view of the 

rapid progress in micro-electronics, whose full impact on marine 

science has probably not yet been felt). Thus, while the above may 

help with technicalities such as electrical power supplies it should 

be foreseen that various items, even large ones such as extra gener­

ators, may need to be installed temporarily on board. Other 

technical requirements, such as for very accurate navigation arise 

out of particular projects or techniques and should not necessarily 

be regarded as part of the vessel's permanent equipment. 
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CHAPI'ER 2 

SWATH SHIP DESIGN CDNSIDERATIONS 

The design process is frequently illustrated by the design 
[34] 

spiral or more recently it has been modelled by Andrews as a 

gradually converging conical solid to try and show the various con­

straints impinging on the vessel, including the design environment 

as discussed in Section 1.6. The spiralling behaviour of either 

model reflects the iterative nature of the process and the inter­

action between different stages. The first constraints on vessel 

design are those implicit in Archimedes' Law and the requirements 

for hydrostatic stability. However, consideration of these still 

leaves a very wide envelope of possible solutions and this chapter 

discusses further direct naval architecture constraints. 

The various configurations (two hulls with two columns, two 

hulls with four columns, three hulls with three columns) are illus­

trated in Fig. 2.1. (There could, of course, be others such as two 

hulls with six columns.) Some of the thinking behind the configur­

ations are explained in the following sections and an attempt is 

made to deduce the reasons behind various other features. 

2.1 UndeIWater Hulls 

The main part of the displacement is provided by the under­

water hulls which may have various cross-sectional shapes. 

In the Kaimalino the underwater hulls have circular sections, 

whereas those of the Marine Ace are elliptical. In general, the 

circular cross-section provides the minimum wetted surface area per 

unit cross-section are~ and is more efficient structurally to with­

stand the design pressure. The elliptical shape on the other hand 

provides less hydrodynamic side load and possibly increased damping 

and added mass against which must be set its increased weight and 

greater manufacturing expense. Recent developments include the 

possibility of using contoured hulls [9] • 



Two hulls, two columns 

Two hulls, four columns' 

Three hulls, 

three coL umns 

Fig. 2.1. SWATH Ship Configurations. 
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Rectangular sections have been used on some drilling rigs, but 

these tend to be heavier, produce greater drag and also have a 

smaller maximum headroom which will be important for small vessels. 

They should, however, be cheap to construct, involve a smaller light 

draft and may give better motion performance under some circumstances. 

The forward ending can be either hemispherical or more stream­

lined. The Marine Ace utilises a more streamlined shape, but for the 

Kaimalino it was reported[35] that the minimal reduction in drag did 

not offset the greater cost and greater weight. For larger vessels 

this cost penalty would be reduced and a more streamlined shape might 

be adopted. It is possible that on slower vessels, where the form 

drag associated with the end shape is a larger proportion of the 

total drag, due to the vessel's lower wave-making resistance, that 

the more streamlined shape should be adopted. It is not certain, in 

any case, that the more streamlined shape would be more expensive if 

constructed piecewise. 

The tailcone should be adequately streamlined to prevent 

boundary layer separation, (the Kaimalino tailcone is 2.5 diameters 

long if extended to a pOint[35]), and could, of course, be an oblique 

cone or even wedge-shaped if these were more convenient for the 

internal layout. 

2.2 Hull Length/Diarreter Ratio 

The overall hull length is strongly influenced by the column 

spacing adopted, but inside the envelope of solutions the choice 

will be affected by various factors. 

Increasing the hull length/diameter ratio will tend to reduce 

the resistance since, although the skin friction will increase with 

the increased wetted surface area, combination of form drag and wave 

drag will decrease at a greater rate. The smaller diameter could 

also improve the inflow to the propeller thus increasing the q.p.c. 

The increased surface area will result in increased weight for the 

same scantlings. Since the smaller diameter vessel will be more 

efficient at resisting the external pressure the scantlings may be 

reduced, but the net effect is probably a greater steelweight and 

certainly a greater cost. 
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2.3 Single Strut or Twin Strut? 

'd ' Ch [36] t From wave-making resistance conS1 erat10ns apman sugges s 

that for slow speed SWATHs a single-column per hull should be used 

(Low Waterplane Catamaran) and as speed is increased two struts per 
, [35] 

side should be used. This is also ment10ned by Lang and is the 

configuration adopted in the Duplus and Trisec. For the S.S.P. 

Kaimalino model tests showed that for a one-strut-per-side design the 

wave drag coefficient would peak at 15 knots while that for the two­

strut-per-side peaked at 10 knots. Against this must be set the fact 

that, for a small vessel (where the minimum column thickness is dic­

tated by access requirements) the large length necessary in a stream­

lined shape to make the vessel stable in pitch would require more 

waterplane area. (Adequate GM must be provided both to give hydro-
L 

static stability and to avoid dynamic instability.) 

Further considerations are: 

(a) Hydrodynamic sideforce and platform motion in beam seas will 

be greater for a one-strut-per-side configuration. 

(b) Two-struts-per-side permit a more independent selection of 

waterplane area, G~ and GML• 

(c) Two-struts-per-side designs tend to have less wetted surface 

area and less structural weight. 

In an extensive parametric study McCreight and Stahl[37] show 

the manner in which the number, shape, and size of columns influence 

vessel motions. They relate the change in motions to hydrostatic 

parameters but it seems likely that the motion differences are more 

due to the resulting changes in the hydrodynamic coefficients. 

2.4 Height of Struts 

The height of the struts is the sum of the required underdeck 

clearance and the desired draught. The two are partially coupled, 

in that increased draught reduces motions and thus affects the clear­

ance required. For certain types of I life-science I work the working 

draught may be specified by marine life considerations. 

The minimum draught may be dictated by the requirement to 

maintain propeller immersion or prevent fore-foot emergence at a 
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certain speed in a certain sea-state while the maximum draught may be 

limited by the resistance at speed or by harbour and docking facilit­

ies. Knowing the motion response for the desired draught or draughts, 

the clearance will then be set by the requirement to limit slamming 

to an acceptable level at the speed and sea-state chosen. 

This motion response mayor may not take into account the 

beneficial effects of the control surfaces if any and the determinat­

ion of the clearance is more analogous to a hydrofoil than a large 

semi-submersible drilling rig. In the large drilling rig the wave 

frequencies will generally be supercritical (i.e. above the natural 

frequency of the rig) so that for a first approximation, since the 

rig is experiencing only small motions the required clearance will be 

the amplitude of the design wave plus a margin. (In general, the 

deck structure of the rig will not be designed to withstand wave 

impacts.) However, SWATH-type vessels will need to operate at sub­

critical frequencies (for instance in a following-sea) and as a con­

trol system will usually be fitted, the vessel will be encouraged to 

contour waves which otherwise would have contacted the deck structure. 

A contact occurs when the relative motion between the deck and the 

sea (probably near the bow) is greater than the underdeck clearance. 

For a slam to occur it is probably also necessary to exceed a 

C 'ti 1 1 t' 1 ti d b 't' 1 1 [38] r1 ca re a 1ve acce era on an may e some cr1 1ca ang e • 

The deck structure, however, must be designed to withstand slamming. 

The penalty for increased clearance is, of course, a rise in 

the VCG which then requires either increased breadth or waterplane 

area to maintain stability, both being undesirable. 

2.5 strut Cross-section 

For stationary v.essels, Le. oil rigs, it is usual to use 

column cross-sections which are circular, rectangular or rectangular 

with rounded corners. As the resistance becomes more important due 

to forward speed a more streamlined shape is used and a twin-strut 

SWATH ship might have column thickness/chord ratio of approximately 

10-15%. This is a compromise between reduced resistance, the need 

for access to the hulls, longitudinal and transverse stability, and 

structural weight and cost. The minimum column thickness may be 

governed by access requirements. 
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[25] . . . 
Model tests , show the benef~c~al effects on p~tch motions 

of increasing the cross-sectional area of the forward column. 

However, this increase appears to cause a worsening in roll and Lang 

advises treating both these conclusions with caution, but it is 

surely significant that the Kaimalino has enlarged forward columns. 

He also advocates a large GM
L

• 

The increased area forward may only be useful to a certain 

extent. The heave natural frequency is given by 

W = /P9Aw 
H L\+AM 2.1 

Therefore assuming we want to minimise WH we also want minimum water­

plane area, A. Thus if the breadth is considered as fixed, A is 
w w 

dictated by static stability requirements (i.e. G~ and to a certain 

extent GM
L
). For a four column design it is possible to increase the 

waterplane forward and simultaneously decrease the waterplane aft, 

thus maintaining constant A and adequate transverse stability. 
w 

There will then be only a small change in WH due to the change in 

added mass. 

For a three column design the forward column has only a small 

effect on the transverse stability, so that any increase in the 

waterplane area of the forward column cannot be compensated for by a 

reduction in waterplane area of the aft columns. Thus, any increase 

in the size of the forward column causes an unavoidable and undesir­

able increase in the heave natural frequency WH and hence the motions. 

However, increased forward strut cross-sectional area may help reduce 

the trim in still water at speed; a thinner column with a larger 
[39] chord apparently does • Similarly, changing the column sizes will 

alter the relative motion response. Since slamming will tend to 

occur near the forward end it may be desirable to reduce the relative 

motion in that region. This is likely to lead to an increase in 

actual motions and it may be difficult to reconcile the two conflict­

ing desires for low vessel motions and low relative motions. 

The option of varying the cross-sectional areas may well be 

controlled by the less exotic considerations of the vessel's hydro­

statics. For instance, the Marine Ace has columns of approximately 
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the same cross-section fore and aft. However, for the Marine Ace the 

main propulsion engines (which are situated on the deck) are further 

forward than would seem necessary or desirable from a mechanical 

engineering point of view. This suggests they have been moved for­

ward from consideration of trim, due to LeG being too far aft. In 

this situation increasing the forward column size would have aggrav­

ated the situation. This could be borne out by the position of the 

hull-nose which is actually underneath the column rather than forward 

of it as on Kaimalino. From structural and cost considerations it 

would seem to be easier and cheaper to have the nose forward of the 

column. However, a more likely explanation of the nose position is 

that in order to install gearboxes and fin control gear the hull had 

to have as large a diameter as possible (bear in mind that this is a 

small prototype) and hence for a given displacement, the hull length 

had to be kept down, while at the same time it was desirable to have 

the columns spaced as widely as possible to maintain G~. This is 

further borne out by the manner in which the leading edge of the 

forward strut has a forward rake all the way from the hull centreline 

instead of from near the LWL as on Kaimalino. The only other alter­

native would have been to move the aft column astern (relative to the 

hull), but it can be seen that this is virtually impossible because 

of the need for access to the propulsion gearing system and the aft 

fin control system. (The position of the nose relative to the column 

will also affect the wave resistance characteristics.) 

2.6 Column Flare 

Flaring out the column above the waterline improves the static 

and damaged stability, provides easier connection between column and 

deck-box and possibly also deflects spray. 

The effect of column flare on motions will be discussed later, 

but it should be pOinted out at this stage that too great a column 

flare can lead to some unexpected and undesirable results. 

On the Kaimalino the flare starts below the LWL which one 

would have thought was undesirable. It is possible to speculate that 

either the normal operating draught is below the design LWL or that 

hydrodynamic lift decreases the draught with increasing speed. 
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2. 7 Structural Material 

Current shipbuilding practice favours the general use of mild 

steel with some higher strength steel and aluminium for the upper 

levels of superstructure and deckhouses. The attraction of aluminium 

is its lightweight but in practice this benefit is always eroded by 

the need to provide additional fire-retardant materials. Further, 

the cost is greater than for steel. Thus while the use of aluminium, 

particularly for the deck-box, is attractive it was decided at an 

early stage to limit the design studies to steel primary structure. 

(The Kaima1ino and Mesa 80 both make extensive use of aluminium.) 

2.8 Deck-box Bow Shape 

Since sufficient underdeck clearance cannot be provided to 

prevent wave contacts and slamming it is necessary to design the 

shape of the structure in such a way as to minimise the loads and 

also sufficiently strong to withstand any resulting load. An investi­

gation for the Kaima1ino[35] suggested that the best shape was a well 

faired double bow ('anti-slam shapes', see Fig. 1.4) mounted on a 

flat surface angled 20° down from the horizontal. 

2.9 Control Surfaces - Fins and Rudders 

2.9.1 IFins 

Experiments by Lang[25] and later in this thesis show that the 

motions in the pitch/heave mode can be reduced by a fixed fin aft. 

Similarly, such a fin can increase the speed at which dynamic instab­

ilities occur but it has been shown analytically that beyond a 

certain size of aft fin the motions will deteriorate again[40]. This 

is then overcome by adding controllable canard fins forward which can 

further decrease the motions[25]. 

As well as providing control the fins increase damping in 

heave and pitch. The natural heave frequency is lowered by the 

increase in added mass and the natural pitch frequency is lowered by 

the increase in mass moment of inertia. 

In still water a fixed fin aft will always reduce the speed­

induced trim angle. If the bow trims up then the aft fin develops a 



positive angle of attack and hence a stern up moment which will 

reduce the trim angle. If the bow trims down, negative angle. of 

attack at the stern again reduces the trim angle (but in this case 

increases sinkage of the LeG), however the net effect will still be 

beneficial. A FIXED fin forward would always tend to increase the 

trim angle and such a fin would therefore need to be controllable. 
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A possible exception is illustrated by the Duplus where the forward 

fin is given a permanent positive angle of attack while the stern fin 

has a permanent negative angle of attack. This is a feasible solut­

ion if the trim moment is always the same sign (in this case bow down) 

over the vessel's speed range where trim is a problem. 

Stabilisation is possible in heave, pitch and roll. However, 

for the three column design the forward fins will not be as efficient 

for roll stabilisation due to their smaller lever from the longitud­

inal centreline. 

The transverse fin could have its performance improved by the 

addition of controllable flaps on the trailing edge, as in the 

Kaimalino. 

2.9.2 \ Rudders 

Rudders may be considered as optional on SWATH ships. For 

instance the Duplus is steered only by the main engines (possible, 

since the separation is wide) and extra low-speed manoeuvrability is 

obtained from the four Voith-Schneider units mounted under the trans­

verse fins. 

The Kaimalino and Marine Ace have rudders in the traditional 

position astern of the propellers to utilise the increased velocity, 

and this layout will probably always be adopted when high speed 

turning and manoeuvring are required. 

Other suggestions include rudders mounted as flaps on the 

trailing edges of the columns or combining the rudder and control 

fin into one diagonal strut as on Litton Industries, Trisec proto­

type. 

Whatever steering system is adopted the two-hull-two-column 

configuration will have a larger turning radius than a two-hull­

four-column. The three-hull-three-column configuration is expected 



to lie somewhere between the two. The turning circle will be 

affected by the use of stabilisers to induce heel. 

2.10 Transverse Fin as a Brace 
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Semi-submersibles are typically fitted with both horizontal 

and diagonal bracing to serve as structural members. Similarly, on 

a SWATH ship the transverse brace would help reduce the loads in the 

deck-box. However, because of the slenderness of the brace and its 

susceptibility to damage it is felt that the deck-box should be des­

igned to withstand the loads without the brace. However, it may 

still provide a useful structural function from consideration of 

fatigue. 

For semi-submersibles fatigue-life is a major consideration 

and similarly the tops of the columns, for instance, of the SWATH 

may be prone to fatigue cracking. By reducing the maximum stress 

levels the fatigue-life will be increased so the brace will still be 

structuraly useful. 

For a three-hull design the span of the brace may be about 

25% greater than for a twin-hull design thus for the same second 

moment of area it will be subject to column collapse in compression 

at a lower load. Similarly, wave-induced forces and lift forces will 

also cause a greater bending moment at the root. 

2. 11 Main Machinery and Propulsion 

For small and medium SWATH ships the choice is essentially 

between diesels and gas turbines and the advantages and disadvantages 

of each are discussed in, for example, Ref. 41 with particular refer­

ence to small fast warships. 

Typical research· vessel requirements for extended periods of 

station-keeping or low-speed cruising can lead to the usual problems 

in diesel engines, of valve lacquering and build-up of deposits in 

inlets and turbo-chargers. For this reason, diesel-electric drive is 

popular for research vessels although they were rejected for the 

present case because of the extra weight. Although weight is also 

critical for conventional semi-submersibles, diesel-electric systems 
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are common[42,43] partly because of the flexibility this allows in 

using the generated power for a range of different operations. Steam 

turbines have been used in research vessels because they have the 

attraction of quietness but tend to have a higher fuel consumption. 

If diesel engines are fitted in the hulls they may require the 

exhaust diameter to be increased slightly from standard to avoid 

excessive back-pressure. Similarly, adequate ventilation would be 

required. A 500 hp diesel requires an air intake of approximately 

1100 ft 3/min. The specific air mass flow for gas turbines is higher. 

If the main machinery is in the hulls then the length of 

shafting will be a minimum, otherwise the drive will need to be 

transmitted down the columns. On the Kaimalino, which has gas tur­

bines on deck, there is a chain drive system in the columns while the 

Mesa 80 with diesels on deck uses a more conventional Z-drive. In an 

attempt to avoid problems with wear on the bevel gears this has twin 

vertical shafts but the extra number of components in either system 

must increase the noise. Further, sufficient flexible couplings 

must be included to allow for hull structural deflections. 

In semi-submersibles and some ships it is necessary to cut away 

hull side-structure to remove certain machinery items. For the pro­

posed size of vessel and application it was considered to be desirable 

to have extraction routes through water-tight portable plates in the 

decks. As previously discussed (Section 2.5) this places a constraint 

on the minimum column thickness and it further dictates that the 

engines should be 'in-line' rather than 'V' configuration. Thus, when 

the main machinery is installed low down in the hulls the engine 

dimensions tend to be more important than the actual weight (although 

the two do tend to be connected). 

The operational requirements for towing gear with a large 

resistance necessitates the use of controllable pitch (or at least 

dual pitch) propellers. 
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ClIAPI'ER 3 

THE THREE-HULLED SWA'IH SHIP 

The three-hulled SWATH concept was introduced in the first 

chapter and some of its characteristics were mentioned in the second. 

This chapter gives the reasons for the three-hulled configuration in 

more detail and goes on to describe the design in the state that has 

been reached. Stability, vibrations and other subjects are also 

included. 

3.1 Reasons for Three-Hulled Configuration 

As previously stated the waterplane area should be as small 

as is compatible with stability and access requirements. In the 

case of the two-hull, one column per hull configuration for the size 

range being envisaged it became apparent that in order to maintain 

longitudinal stability the columns would be too thin to be practic­

able for access, so this option was rejected. A comparison between 

the two remaining geometries, suitably simplified, Fig. 3.1, was 

then made as follows. 

T 

Fig. 3.1. Simplified Configurations. 
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Both are assumed to have circular section columns (radius R) 

and the comparison is made on the basis of equal deck area. The 

four column design is square while the other is an equilateral 

triangle and it can be shown for either that the second moment of 

waterplane area (I) is the same about any principal axis. The ratio 

of dimensions becomes 

Bit = 0.66 B3 3.1 

where subscripts 3 and 4 refer to the three column and four column 

geometry respectively. 

The waterplane area is set by stability requirements and, for a 

first approximation, it is required to have the same second moment 

of waterplane area for either geometry. Considering the transverse case 

-+A =A 
wit w3 

Rit = 0.87 R3 

The column steelweight is related to the circumference C and from 

above 

3.3 

3.4 

i.e. for equal thicknesses the column steelweight is about 16% 

greater for the four column design. This leads to some increased 

cost but it is probably negligible since the increased steel is only 

about 1% of the total lightship weight. 

The natural heave frequency, wa' is likewise hardly affected 

by the weight increase and since the waterplane areas are the same 

the natural heave frequencies are approximately the same. 

The first importarit difference is the waterplane area per 

column (a ) 
w 

3.5 

If the column cross-section is now taken as a parabola (thick­

ness t, chord c) with a thickness to chord ratio of 15% say, we get 

3.6 
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This then means that it will be considerably more difficult to 

install the engines in the lower hull in a four column design which 

it is desirable to do both in order to keep the centre of gravity as 

low as possible and to reduce transmitted vibrations from engines and 

shafting. 

In terms of the centre of gravity if moving the engines to the 

upper deck resulted in a net shift of lOt upwards through 7m then the 

lightship VCG would rise by about 0.33m which would result in about a 

30% reduction in the lowest GMT. 

Another important difference is the position of the LCF and 

the LCB. Measuring from the column centre: 

3.7 

Since the vessel trims about the LCF anything placed in the 

aft hull (or when working over the stern) in the three column design 

produces a smaller trimming moment. 

Further, the LCB on the three column design can be more easily 

positioned by altering the relative displacements of forward and aft 

hulls. 

The three column design offers much better viewing arrange­

ments because an observation compartment may be situated in both the 

forward and the after ending of the forward hull. Since these 

observation chambers are separate from the main engines and 

propellers there should be low transmitted vibrations and less like­

lihood of aeration from propeller action when manoeuvring. 

In a rectangular design the broad underdeck forward has to be 

carefully shaped to minimise slamming[35] but in the three column 

design with the forward column flaring out into the apex of the tri­

angular deck slamming should be much less of a problem. 

Finally, it has been shown[44,45,46] that wave cancellation 

between a trimaran's hulls can lead to reduced resistance and it was 

therefore speculated that this geometry could have potential for 

high-speed operation. 
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It can thus be seen that for this size of vessel the three­

hull three column geometry appeared to offer several distinct advant­

ages over previous designs. 

3.2 Evolution of Design 

The starting pOint for this design study was the sketches of 

the three-hulled semi-submersible, Figs. 1.1 and 1.2. The first 

identifiable development from this is shown in Fig. 3.2. However, 

from the meetings with users (Section 1.7) and preliminary motion 

response calculations it was determined that the desired size of 

vessel would have a deck-box area of around 300 m2 • This then led 

to the General Arrangement given in Fig. 3.3 from the report written 

at that time[30]. After further development and refinement a model 

was constructed and tested to determine its motion response and res­

istance characteristics (see later). This model also had a remove­

able perspex superstructure to illustrate the layout. The General 

Arrangement was modified to that given in the second design 

report[31] by which time the design looked fairly similar to its 

present state. Subsequently the structure was analysed by hand in 

some detail (Section 3.8) and sectional steelwork drawings were pro­

duced to form part of the Specification that was completed in 

october 1980, and sent to various shipyards for costing. (The 

costs are covered in Chapter 4.) 

3.3 General Description 

The overall concept of the vessel is illustrated in the 

General Arrangement, Fig. 3.4, and the Machinery Schematic, Fig. 3.5, 

with main characteristics as in Table I below. A simplified Body 

Plan and Hydrostatic curves are given in Figs. 3.6 and 3.7 respect­

ively. 

It is a steel design (aluminium was rejected as an option 

because of higher first-cost) with the accommodation and laboratories 

situated in the deck-box around the working deck, while the forward 

hull has two observation compartments and could also house a tunnel­

thruster. The main engines, remotely controlled from the wheelhouse, 



Principal dimensions. 

Deck length 2l0m 
Deck breadth 2l0m 
Column height 7· 0 m 
Hull diameter 2·0 m 
Laboratory area (approx.) 22m2 
Main deck working area (approx.) 

Compliment ~ 5 Scientists 
4 Crew 
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Working draft. 

Transit draft. 
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F 0 F1 F2 F3 f4. 

F4 5 6 7 8 

( Elli psoidal End) 

Aft Part 

( Hemispherica.l End) 

Fore Part 

FORWARD HULL - COLUMN 
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AO A1 A2A3 

A4 5 6 7 6 

( Conical End) 

Aft Par t 

I (Hemispherical End) 

Fore Part 

AFT HULL -COLUMN 

Station Spacing '·175 m. 

Fig. 3.6. Body Plan fran Specification. 
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Principal Dimensions: 

Hull Dimensions: 

Column Dimensions: 

Displacement: 

Propulsion: 

Complement: 

Deck Length 
Deck Breadth 
Breadth (Ext. ) 
Draught (Working) 
Other Draughts 

Diameter (Fwd. ) 
Length (Fwd. ) 
Diameter (Aft) 
Length (Aft) 

Height 
Thickness 
Chord 

At Working Draught 
Scientific Payload 

Main Engine 
Speed (at 2m Column 

Draught) 
Maximum Range 
Endurance (Cruise) 

Crew 
Scientists 
Students (Day Only) 

25.5m 
18.6m 
19.6m 

s.7m 
Variable 

2.7m 
13.1m 

2.7m 
14.sm 

6.0m 
1. 7m 
9.4m 

319 tonnes 
10 tonnes 

40. 

2 x approx. 500 b.h.p. 

9 knots 
800 nautical miles 

14 days (approx.) 

5 
6 

12 

TABLE I. Summary of Main Characteristics. 
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tanks, and some auxiliary machinery are in the lower hulls or columns. 

The tops of the columns are flared out for improved static stability 

and structural strength and the interior of the columns and hulls are 

sub-divided by watertight decks and bulkheads. The deck-box has a 

double bottom which not only provides the main structural strength, 

but also, in conjunction with the top portion of the columns, provides 

sufficient buoyancy to support the entire vessel in the event of total 

flooding of all three hulls and lower the portion of the columns. The 

two aft hulls are connected by a fixed streamlined brace, which could 

house controllable flaps for roll, heave and pitch stabilisation. A 

moonpool was not included because of the adverse effect it would have 

had on the structural strength and, in addition, the pitch motions are 

very low (see Fig.6.11) so that the increase in motion at the stern is 

not nearly so great as it would be for a monohull. 

3.4 Equiprent, Outfit, Grm:pveights, etc. 

To fulfil the operational requirements the items of deck equip­

ment and navigation and communication equipment listed in Tables II 

and III would be fitted. In general, the emphasis on selection of 

outfit items would be on lightness with various linings and partitions 

selected for their noise insulation properties. The various group­

weights are given in Table IV. The main tank capacities are given in 

Table V together with their longitudinal and vertical distribution. 

Sufficient water-ballast capacity must be installed not only to give 

the required draught but also to maintain level trim. For this reason 

it is also desirable to locate heavy consumables such as fuel as near 

as possible to the LCF. 

In the second design report[31] various departure and arrival 

conditions were calculated. These have not, in general, been updated 

to take account of the revised structural design (see Section 3.8) 

except for one condition which was used to ensure that the stability 

was adequate (Section 3.6). (It is not particularly useful to con­

tinue chasing such calculations around the spiral until the structure, 

which is the largest groupweight, has been checked with a classificat­

ion SOCiety, compliance with other regulations is checked, and firm 

requirements are established.) 



Item 

Main Winch: 

Hydrographic Winch: 

Specification 

2 drums x 6S0m x 1~" Circumference Warp 
1 drum x SOOm x 2~" Circumference Warp 
2 Whipping Drums 
Maximum Pull: 5t on Main Drum 

4t on each Smaller Drum 

1 drum (with Slip Rings) 
x 250m x 6mm diam. Conductor Cable 
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1 drum x 250m x 5mm diam. Hydrographic Wire 
Maximum Pull: O.St 

Gan try Crane 

Hydrographic Davit 

Hydraulic Crane 

Ship's Derrick 

Net Roller 

Anchor Winches 

Variable Speed: 0-2 m/s 

S.W.L. 6t 

S.W.L. O.St 

S.W.L. l~t at 7m radius 

TABLE II. Deck Equipment. 

Radar 

Decca Navigator and Track Plotter 

Autopilot 

Gyro Compass 

Magnetic Compass 

Variable Range Echo Sounder with Recorder 

Fish-finding Echo Sounder with Headline Transducer 

Weather Chart Receiver and Recorder 

Log 

Chronometer 

Radio Telephone 

VHF Radio 

Watch-keeping Receiver 

Emergency Transmitter 

Internal Communication System 

TABLE III. Navigation and Communication Equipment. 



Item 

Deck-box 
Columns 
Hulls 
Brace 
(Wheelhouse (AL.) i 

Sub Total 

Hull Machinery 
Other Machinery 
Outfit and Margin 
Crew and Effects 
Oil Fuel 
Fresh Water 
Stores 

Sub Total 

Maximum Water Ballast 

Mass 
(tonnes) 

91.61 
35.07 
29.64 
5.18 
1. 5) 

163.0 

12.0 
8.0 

40.0 
1.5 

14.0 
10.0 
5.0 

253.5 

and Trim Tanks 93.4 
Scientific Payload 10.0 

(Corresponding to 
1m column draught) 
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TABLE IV. Groupweights. 

Lever from Vertical Longitudinal 
Tank Mass (t) VCG LCF Moment Moment (tm) 

(m) (m) (tm) (+ is bow down) 

Water Ballast: 
No. 1 16.0 1.2 13.3 19.2 212.9 
No. 2 12.5 1.2 8.1 15.0 101. 25 
No. 3 6.5 4.7 8.0 30.55 52.0 
No. 4 P & S 16.0 1.35 0.3 21.6 4.8 

+370.85 

No. 5 P & S 5.6 0.8 -2.7 4.48 - 15.12 
No. 6 P & S 8.0 0.3 -5.6 2.4 - 44.8 
No. 7 P & S 15.8 1.1 -8.6 17.38 -135.88 
No. 8 P & S 13.0 4.7 -8.2 61.1 -106.6 

93.4 1.84 171.71 -302.4 

+ 68.45 

Fresh Water 10.0 7.4 7.4 74.0 + 74.0 
Fuel 14.0 1.35 -1.38 18.9 - 19.32 

TABLE V. Tanks. 



Anticipated electric and hydraulic loads are reproduced from 

d d . [31] . Tabl VI the secon es~gn report ~n e. 

The general arrangement, outfit, etc., presented here need 

only be considered as illustrative and could be adapted as desired. 

3.5 Laboratory I Acccmnodation and Deck Areas 
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A comparison of laboratory, accommodation and deck areas with 

existing vessels is not inappropriate. Although individual research 

vessels will seldom be easily comparable because of varying tasks, 

Table VII gives an idea of the improvements possible with a semi­

submersible. (The conventional vessels are from Refs. 47 and 48.) 

The 24m ship has a stern deck area of 66 m2 , matched by 60 m2 

in the central well of the SWATH ship which also has another 30 m2 

at the stern. 

In addition to having these larger areas, the arrangement of 

the SWATH is more flexible and is well suited to the addition of 

temporary accommodation or specialised laboratories by securing con­

tainers in the central deck area. 

3.6 Intact Stability 

For novel ship-types the assessment of stability should be 

made from a fairly fundamental viewpoint so that some account is 

taken of the effect that unusual ship geometries have on both the 

shape of the GZ curve and on the heeling moments. The approach out­

lined by Sarchin and Goldberg[49] has been adapted for US Navy 

advanced marine vehicles, including SWATHs by Goldberg and Tucker[SO] 

who foresee no stability problems for SWATHs with regard to beam 

winds combined with rolling. However, their assumption as to the 

protection given to watertight closures seem unrealistic for general 

commercial and civilian standards and it is herein recommended, from 

a philosophical standpoint, that consideration should be given to 

the angle of downflooding. The classification society rules for semi­

submersibles include the angle of downflooding and it is also essent­

ial for SWATHs because, although the deck-box is generally watertight, 

large openings, even those such as the funnel, may be located near 



Item 

(1) Basic Ship's Load 
Navigation Equipment 
Galley 
Lighting 
Engine Room Auxiliaries 
Ventilation 

Total 

(2) Laboratory Requirements 
Diving, Lighting 

(3) Deck Machinery 
Trawl Winch 
Crane 
A-frame 
Anchor Winch 
Hydrographic Winch 
Others 

Total 

Total 
Maximum Probable 

Reg;uired Ca~acities 
(a) Full Speed steaming, Loads 
(b) Slow Speed Trawling, Loads 
(c) Station Keeping Loads 
(d) Harbour Load Loads 

(1) & 

(1) & 

(1) & 

Passage 
(kW) 

4.0 
8.0 

10.0 
20.0 

5.0 

47.0 

10.0 
2.0 

12.0 

40.0 
8.0 
8.0 
8.0 

16.0 
8.0 

88.0 
50.0 

(1) 

(2 ) 
(2) 
(2 ) 

& 

& 

& 

& 

(2) = 
(3) = 
(3) = 
(3) = 

TABLE VI. Electric and Hydraulic Loads. 

D.A.F.s 23m New 
R. V. Clupea Construction 

Length 32m 24m 
4 scientist cabin 14.5 m2 -
2 scientist cabin - 5.5 m2 

Mess area 16.0 m2 8.0 m2 

Wet Lab. 15.0 m2 -
Dry Lab. 8.5 m2 -
Other Labs. & Offices - -

Lab. + Fish Hold 
Total Labs. , etc. 23.5m 2 29.0m2 

TABLE VII. Comparison of Three Vessels. 

Harbour 
(kW) 

4.0 
5.0 
5.0 
3.0 

17.0 

5.0 

5.0 

8.0 

59.0 kW 
109.0 kW 
109.0 kW 
30.0 kW 

SWATH 
Ship 

25.5m 
-

7.2 m2 

19.0 m2 

15.2 m2 

12.0 m2 

12.0 m2 

39.2 m2 

45. 



the deck-edge thus permitting extensive flooding at an early stage. 

This author's suggested revision of the requirements is given in 

Appendix B. 

46. 

The GZ curve for the three-hulled SWATH in a deep draught con­

dition, and the wind heeling arm for an 80 knot wind[50] were calcul­

ated, Fig. 3.8, and no difficulty was experienced in meeting even the 

revised criteria. Similarly, an off-centre load of 98.1 kN (from 

breaking-out an imbedded sampler for instance) did not cause a stabil­

ity problem. 

The sharp rise in GZ after around 15° is caused by immersion 

of the column flare and the edge of the deck-box, and it is that 

which gives the good stability characteristics. 

3.7 Flooding 

To minimise the extent of any flooding the hulls and columns 

were divided into various watertight spaces and tanks, the largest of 

which was the engine space, see Fig. 3.5. Flooding of this from an 

initial light draught would result in a heel angle of about 14°. This 

prevents any reduction in G~ although the heel angle could subsequently 

be reduced by counter-ballasting. When the vessel is at a deeper work­

ing draught the heel angle would be smaller. 

3.8 Preliminary Structural Design 

At various stages during the design process it was necessary 

to have an estimate of the structural weight, layout and the position 

of the centre of gravity. As the design became more developed these 

calculations became more detailed to increase the degree of confidence 

in the result. 

The calculations and procedures adopted will be only briefly 

described in the following sections because, although they do form an 

integral and important part of the design process, they are not 

inherently interesting at the degree of sophistication used. The 

results hold the main interest and are illustrated by the steel draw­

ings and steel sections in the Specification. 
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3.8.1 Initial Design 

After an approximate deck area had been determined, prelimin­

ary steel drawings were made[31] from which to calculate the steel 

group-weight and to obtain a quote for the construction cost. In 

general, these scantlings were derived from consideration of Lloyd's 

rules for mobile offshore units, ships under gOm, with some extra 

local strengthening from Fishing Vessel Rules (but it should be 

noted that these scantlings did not necessarily comply with any 

classification society rules). The results were checked against the 

structural densities given in Ref. 51. 

In order to simplify the continuity of structure between the 

main parts, i.e. deck-box, columns and hulls, a constant frame spac­

ing of 520mm was chosen. The main parts are well integrated by 

connections between the various frames and beams and by continuing 

plate-floors in the deck-box into bulkheads in the column into bulk­

heads in the lower hull. 

3.8.2 Deck-Box 
[51] From experience in the U.S.A. it has been reported that 

the scantlings are primarily controlled by local loads rather than 

overall strength considerations. 

To derive the preliminary scantlings the deck-box was assumed 

to be a floating vessel in its own right and guidance was then taken 

from the various Lloyd's rules. The group-weight thus obtained 

(Table VIII) was believed to be a reasonable estimate and included 

various components not shown on the drawings current at that time. 

I~M MASS (t) 

(1) Deck-box 80.0 

(2) Columns 32.6 

(3) Hulls 41.5 

(4) Wheelhouse 2.7 

(5) Brace 4.0 

TABLE VIII •. Preliminary Steelweights. 

48. 
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In general, the plates in the deck-box are minimum thickness permitted, 

but heavier plates are used in three places in acknowledgement of 

Fishing Vessel Rules: 

(1) in way of A-frame at stern, 

(2) in way of trawl winch, and 

(3) on the bottom of the deck-box bow. 

The double-bottom between the aft columns is heavily strength­

ened with plate floors in order to resist the forces from the columns 

and to act as foundations for machinery. Elsewhere, struts are fitted 

and there is a watertight girder on each side in addition to the 

centre-line girder. The structure at the bow is reinforced by extra 

half-height girders and plate floors. Extra support for the upper 

deck in the forward part is provided by centre-line pillars. 

3.8.3 Columns 

The column scantlings were derived using the Rules for water­

tight bulkheads since the external pressure constitutes one of the 

principal loads. The flare at the top of the columns is necessary 

because of the high bending moment at the junction with the deck-box. 

(It also serves to increase the statical stability and can have a 

large effect on vessel motions.) 

3.8.4 Hulls 

The hulls were designed from first principles as pressure 

vessels using interframe collapse as the criterion of failure. Since 

the frame spacing was essentially already decided and the shell thick­

ness was basically a minimum plus corrosion allowance, the ring-frame 

scantlings were easily determined. 

Because of the large number of bulkheads the ring-frame scant­

lings are very light and.it would probably be more economical to use 

longitudinal stringers instead. 

The hull endings were also designed as unstiffened pressure 

vessels. 

3.8.5 Wheelhouse 

The wheelhouse is in aluminium to reduce the topside weight. 
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3.8.6 Brace 

The overall brace dimensions are such that sufficient lift 

can be generated to counteract any dynamic trim moment. The scant­

lings were chosen rather arbitrarily to be approximately the same as 

in the columns, pending a more detailed analysis. 

3.8.7 Cathodic Protection 

The purpose of any preservation or maintenance programme is 

to prevent or delay deterioriation of the system and thus ensure its 

continuing operability. Further, with an approved system of corros­

ion control installed in a ship's hull, Lloyd's rules, for instance, 

permit an initial reduction in thickness of 10% or 5% (depending on 

the item) subject to certain provisos. A substantial weight saving 

can therefore be achieved. 

The application and design of cathodic protection, as well as 

details such as current density requirements and corrosion rates, 

are given in, for example, Ref. 52, which was used during the prepar­

ation of the Specification. 

3.9 Structural Analysis and Iedesign 

For the preparation of the steel drawings and steel sections, 

as reproduced in the Specification, a more detailed analysis and re­

design of the structure was carried out. (As stated in the acknowl­

edgments this was considerably facilitated by the assistance of 

Mr. P. Gallagher who performed many of the structural calculations.) 

The five cases considered are outlined in the Specification 

but, in general, it was found that the most critical areas were in 

way of the tops of the aft columns and at the mid-span of the deck­

box. 

For a conventional semi-submersible in beam seas the greatest 

transverse splitting force and hence highest bending moment in the 

deck-box results from a wave with length equal to twice the trans­

verse column spacing. Similarly, for SWATHs the maximum loading 

. b d . t t h stationary[3,40]. H occurs ~n eam seas an ~s grea es w en owever, 

because of diffraction effects, it is at a wavelength slightly 

greater than twice the spacing[35]. The horizontal forces are an 
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order of magnitude greater than the vertical forces and following 

various investigations it has been suggested that for early feasib­

ility studies a uniformly distributed horizontal force, corresponding 

to half of the ship displacement at the centre of the lower hull can 

d [5I,35] be use . In an unbraced two columns per hull design this gives 

FH = 0.25 g~ per column. The internal forces and bending moments 
[40] 

can then be calculated using a free-free-beam approach • 

In this study a strip theory approach with design wave of 

length twice the column spacing was used, i.e. A=33.8m (see Fig. 3.9). 

(The validity of this is questionable because of the above mentioned 

diffraction effects. The column length perpendicular to the wave 

crest is 0.28 times the wavelength which is slightly greater than 

the usual criterion for neglecting diffraction that it should be less 

than 0.2 times the wavelength.) 

' ............. ----

I~'----B=t· 
Fig. 3.9. Design Wave. 

A wave height of h = 0.607 I.r was chosen, g1v1ng a = 1.75m. 

(This is the metric equivalent of the widely used h = 1.1
o
;r[53] and 

is quite severe at lengths less than about 5Om. In order to use a 

strip theory approach the columns and hulls were idealised as in 

Fig. 3.10. 
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Fig. 3.10. Idealisation of Hull/Column. 
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h, = 3.0 m 
o =2.7m 
l = 9.4 m 
-t _ aw = 1.13m - ( 

The total force is taken as consisting of added-mass, Froude­

Krylov (or pressure) and velocity components. 

For strip dy on the column the added-mass 

Similarly, for the hull in isolation 

The horizontal acceleration in the wave is given by 

kga eky 
sin k(x-ct) 

o 

3.8 

3.9 

3.10 

Therefore, on the column, neglecting the reduction in added­

mass caused by the presence of the free-surface, the added-mass com­

ponent is given by 

-h 
F = f 1 ~p1Tl2 kga ky sin k (x-ct) dy e 
am . 0 

3.11 
0 

= ~p1Tl2 ga (1-e -kh 1 ) sin k(x-ct) 
0 

3.12 

Similarly, on the hull, taking the acceleration at the centre­

line and neglecting the presence of the column 

F = ~P1TR2l kga e-kh2 sin k(x-ct) 
am 0 

3.13 



The pressure component on the column is neglected as being 

small, while on the hull the pressure force will be the same as the 

acceleration force. The sum of the added-mass and pressure forces 

is, therefore 

53. 

{ 
2 -kh 2 -kh} F am+FK = pngao sin k (x-ct) l;r.t (l-e 1) + 2r .tk e 2 •• 3.14 

An allowance for viscous effects was made by including a 

velocity force of the form 

dF = ~ P CD .ta 2gk e 2ky cos k (x-ct) I cos k (x-ct) I dy 3. 15 
v 0 

The above gave rise to a horizontal splitting/compressive wave 

force of 900 kN which, for determining the bending moment in the deck­

box, was assumed to act at half-draught. (This force is slightly 

greater than that corresponding to the previously mentioned 0.25 ~.) 

The force was considered in conjunction with various gravity loads as 

outlined in the Specification and some steps were taken along the 

road to ensuring that the maximum permissible stresses given in the 

Specification (from sources such as Lloyd's rules and BS 5500) were 

not exceeded. The cross-structure and its junction with the columns 

were designed using these loads but neglecting the strength added by 

the brace. The brace is therefore redundant, structurally, although 

it does serve to improve the fatigue life of the structure by reduc­

ing stress levels. The deck-box was treated as a free-free beam and, 

at the mid-span, the total forces and moments were taken as being 

evenly distributed over 20 frame spaces. At the top of the columns 

the forces and moments were distributed between the two main trans­

verse bulkheads. 

A certain amount of high strength steel was desirable at the 

mid-span of the deck-box and the column tops to maintain a low 

structural weight. Elsewhere the plate thicknesses are generally 

the minimum permitted by classification society rules, although in 

certain areas, such as the underside of the deck-box bow and in way 

of the trawl winch and crane, heavier scantlings have been used 

because of the high local loads. The structure has not been approved 

by any authority, but is thought to be realistic, and is illustrated 



by the various sections and drawings in the Specification. The 

scantlings shown include reduced corrosion allowances, (cathodic 

protection would be fitted) and gave rise to the steelweights and 

densities in Table IX. 

Item Steelweight Structural Density 
(tonnes) (kg/m 3

) (lb/ft 3 ) 

Deck-box 91.61 111 6.93 

Columns 35.07 156 9.74 

Hulls 29.64 161 10.05 

Brace 5.18 912 56.93 

{Wheelhouse (AL.~ loS} - -

TOTAL 161.5 130 8.14 

TABLE IX. Steelweights and Densities. 

The overall structural density is remarkably close to that 

given for the Duplus in Ref. 51, but higher than all other vessels 

considered therein. For this particular design the deck-box config­

uration is not a particularly efficient structure, due to the well­

deck, but since the Duplus has strengthening for navigation in ice 
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it is felt that this estimate is sufficiently accurate for design 

purposes and hydrodynamic assessment. The agreement obtained between 

the method used and the structural density method gives confidence in 

the use of the latter for computerised design models[54]. 

3.10 Noise 

The designer of r~search vessels is primarily interested in 

two principal areas of noise, namely, noise levels in accommodation 

and working spaces, and hydrodynamic noise around the hull. 

The latter is of particular interest for naval vessels because 

of their requirements both to avoid detection and to use passive 

listening sonars. It is a large subject in its own right and will 

not be further considered here, except to say that because research 



vessels may make extensive use of sonar techniques the possibilities 

of low hydrodynamic noise and low aeration offered by SWATH hulls 

could be of increasing practical significance. 

The growing use of lightweight, highspeed machinery and 

generally increased machinery loadings has led to increased noise 

levels on board ship. The designer is concerned with keeping these 

to an acceptable level. 
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In accommodation spaces structure-borne noise from machinery 

and propellers is the principal source and these are generally com­

batted by the use of resilient mountings to isolate vibrating machin­

ery and the proper installation of acoustical absorbents. Ref. 55 

gives two procedures for estimating sound levels as well as informat­

ion on different measuring systems, noise sources, regulations, 

arrangement of acoustically treated cabins, etc. The development of 

a noise control specification for a research vessel is given in Ref. 

56, while detailed data on, for instance, sound transmission losses 

for different constructions of partitions, and noise reduction coeff­

icients for different materials can be found in texts[57]. 

In general, successful noise control lies in the isolation of 

sources and the specification and proper use of adequate absorbing 

materials, as well as details such as flexible pipe hangers, low 

noise-making fans, etc., some of which are included in the vessel 

Specification. 

3.11 Vibration 

For conventional ships it is common to calculate the frequenc­

ies of the different modes of hull vibration. However, for a SWATH 

ship it was felt to be particularly appropriate to calculate the 

frequencies of the hull-column assembly and of the transverse brace. 

The purpose of this being to ensure that these two frequencies did 

not coincide either with each other or with a wave encounter frequency 

which would be extremely serious. For a vessel proceeding at 10 knots 

in head seas with wavelength of 10m, for example, the encounter fre­

quency is w = 5.7 rads/sec. 
e 



For a cantilever beam with uniform mass along the length and 

a concentrated mass at the end, Fig. 3.11, the lowest fixed base 

(infinitely stiff) natural frequency can be calculated from 

56. 

3EI 
rads/sec. 3.16 W = 

00 

(M+O.25mi) .e 
where E Young's Modulus 

I = Moment of Inertia 

M = concentrated mass 

m mass per unit length 

.t = length. 

This will be evaluated in the next section. 
3.11.1 Lumped-Mass Approach for Hull-Column Vibration 

For the hull-column assembly it is possible to use a lumped­

mass approach, based on Dunkerley's equation and energy principles, 

h h b d f d kh . 1 l' [58] Th suc as as een use or ec ouse e~genva ue ana ys~s • e 

structure is modelled as a cantilever beam on a flexible base, Fig. 

3.12, with lumped-masses along its length, Fig. 3.13, and constant 

piecewise section properties. The lowest fixed base natural frequency, 

including bending and shear effects, is then given by Eq. 3.17 

1 
rads/sec. W = 

(.t. -.t. 1) 3 00 N i (.t. -.t . ) 3 .t . -.t. 1 
L M. L ~ J- ~ J + J J-

~ E.!. As. G. i=j j=l J J J J 
3.17 

where As. shear area 
J 

G
j 

= shear modulus. 

Once the fixed base natural frequency has been calculated it 

must be corrected to account for the flexibility of the base support 

structure to produce an estimate of the actual frequency of the 

structure 

where 

W e 

We 

W v 

= 

rads/sec. 3.18 

15 
I 

rads/sec. 
m 

~ rads/sec. 
M 



w 

M 

m l 

Canti lever 

Beam 

S IMP L E MOD ELF LEX I B L E SA S E 

£lg . 3· 11 £lg . 3 ·12 

M· -1 l 

L 

h. 

_J 
HULL & COLUMN MODELED AS LUM PED - MASS BEAM 

-Bg. 3 ·13 

57. 



We rotational frequency of a rigid structure on a flexible 

base 

W vertical frequency of a rigid structure on a flexible 
v 

base 

Ke = rotational stiffness of base 

k = vertical stiffness of base 
v 

I = mass moment of inertia about centre of rotation. m 

The contribution from the vertical stiffness if small[58]. 
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The rotational stiffness could be computed, but it has been shown[59] 

that the actual frequency can be as low as 0.6 times the fixed base 

frequency. 

Eq. 3.17 was evaluated for a deep draught and a light draught 

condition on an Apple microcomputer giving the following fixed base 

natural frequencies: 

(a) deep draught W = 29.1 rads/sec. 
~ 

(b) light draughtw = 37.8 rads/sec. 
~ 

(Eq. 3.16 gives w~ = 41 rads/sec. for the light draught. The lumped­

masses included an added-mass of water where appropriate.) Assuming 

a correction factor between 0.6 and 0.9 the frequency range of 

interest is: 

w = 17-34 rads/sec. 
e 

The foregoing neglects the effect of the brace which would effectively 

increase the stiffness and thus increase the frequency. 

3.11.2 Brace Vibration 

The brace is essentially a beam with end constraints somewhere 

between those of a pinned beam and a clamped beam. 

For a pinned beam in bending vibration 

C
1 

= 1, 2, 

and for a beam with both ends clamped 

w 
n C2 = 3.56, 9.82, 19.2, ••••• 

3.19 

3.20 



Evaluating Eqs. 3.19 and 3.20 (with added-mass included) 

gives the brace's lowest frequency range as 

WB = 8-18 rads/sec. 

3.11.3 Discussion 

The error analysis of Ref. 58 shows that the frequencies cal­

culated will always be lower than the true values. It is therefore 

apparent that the hull-column frequency and brace frequency will not 

coincide and further, the structure is not likely to resonate at 

wave frequencies although higher modes could still be excited by 

machinery. 

It should be noted that increasing the plating thickness on 

the brace for instance only produces a small change in the lowest 

frequency. If k is some constant, then 
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W 
n 

= k / EI 
Mi3 

3.21 

where M = brace mass and added-mass 

= mi+am 

= mi (1+k 2) 

and in this case k2 = 10. 

The plating makes the greatest contribution to the moment of 

inertia and for a double parabola 

I = 0.267 t ct2 3.22 
p 

where t = plating thickness p 
t = overall thickness 

c = chord. 

Then 

/ EI t* 
w* ~ k t:e 

mi(t* + k ) 13 
tp 2 

3.23 

where t* = new plating thickness 

w* 
/t* (1+k 2) 

= W 
t:e 
t* + k 
tp 2 

3.24 
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Therefore, if the plate thickness is doubled w* = 1.35 w which 

is only a fairly small change for such a large change in thickness. 



CHAPrER 4 

CONSTROCTIOO AND OPERATING COSTS 

For a commercial operation the raison d'etre of any vessel, 

maybe as part of a larger system, is to make a profit, where 

Profit Revenue Costs 
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This can be conveniently quantified for cargo ships by evaluating, 

for instance, the capital recovery factor or the profit per tonne of 

cargo deadweight. However, for a research vessel the concept of 

'revenue' is virtually meaningless since the monetary value of the 

output or product cannot be assessed. Furthermore, it is not obvious 

how the 'output' varies with the 'input'. 

Input 

First Cost 

Operating Cost 

Re'search Vessel 

Transfer Function Outout 

? 

Fig. 4.1. Research Vessel as a Transfer Function. 

4.1 Steelwork Cost 

1 1 d . [31] d d . d The pre iminary stee raw~ngs an a er~ve component 

list, giving about 163t (net) of steel, were sent out (in March, 1979) 

for an initial costing to two shipyards, both of which were equipped 

with building docks in which this type of ship might be most effic­

iently constructed. The two shipbuilders quoted as follows on the 

basis of the information supplied: 



Shipbuilder A - price at March, 1979: £385,000 

ex works, ex VAT 

Shipbuilder B - price at March, 1979: £169,170 
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The quotation of Shipbuilder B does not allow for 2.7t of aluminium, 

but otherwise they are for the same work and are equivalent to about 

£2400/t and £1050/t respectively. It will be seen that quotation A 

is over 100% greater than B. This was partly expected because the 

scantlings were much lighter than those normally used by A which, 

therefore, obliged them to do the work completely by hand rather than 

using their panel assembly line. 

In general, the total steel cost will be greater than a con­

ventional vessel. The actual increase should not be in direct pro­

portion to the steelweight since in the SWATH ship, particularly in 

the deck-box, there are very few curved members, which means that the 

man-hours per tonne of steel will be reduced. 

4.2 Machinery Cost 

The required propulsion power is between 1~ and 2 times that 

of a conventional ship of similar length and speed. Therefore, on 

the basis of using two engines instead of one the first cost will 

approximately double. (The August, 1979 price for one 520 h.p. 

marine diesel with transmission was approximately £25,000.) On a 

comparison with a conventional vessel having similar laboratories and 

accommodation the powering difference will be reduced. 

Other machinery costs will vary directly with the services 

supplied and can, therefore, be said to be the same as a conventional 

vessel, with the exception of items such as ballast pumps. It was 

thus expected that the machinery cost would not be significantly 

greater than for a conventional vessel. 

4.3 Total First Cost 

It was antiCipated that the first cost of a SWATH vessel 

should be only slightly greater than the 'comparable' conventional 

ship. This increased cost is due to the greater steelweight and 

greater propulsion requirements apart from which the costs vary with 
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services, outfit provided, and the standard required. For instance, 

for a medium size ship it has been suggested[60] that the SWATH would 

only cost 10% more than an equivalent displacement monohull. 

With the optimism generated it became imperative to obtain an 

accurate first cost. To enable this to be done a detailed specific­

ation incorporating all the desired design features was prepared. 

This was completed in October, 1980, and the following budget prices 

were obtained: 

Shipbuilder B 

Shipbuilder C 

£2,000,000 

£1,650,000 

These prices were somewhat higher than anticipated. For 
. [61] 

'cheap' limited role naval designs Brown and Andrew suggest that 

the hull structure may be about 20% of the total ship cost, propuls­

ion 23%, electric 22%, ship system 19%, and various smaller compon­

ents. Obviously this will vary from case to case but it is reason­

able to envisage the proportions being approximately the same 

(excluding weapons) for a SWATH research vessel as for a basic war­

ship. The SWATH price will include a fabricated steel cost of about 

£200,000 (160t net at £1250/t), main engines (with gearboxes, pro­

pellers, associated equipment and Lloyd's requirements) at about 

£130,000 and computing equipment at £40,000, all suggesting a total 

ship cost of around £1 million. 

Cost savings could be achieved by measures such as reducing 

the quantity of insulation and less stringent specification of 

lightweight items, although this may adversely affect the payload or 

stability. Similarly, reducing the number of watertight bulkheads 

would save the cost of the bulkhead itself and also reduce the out­

fit costs involved in providing watertight penetrations for cables, 

pipes, and ventilation •. 

4. 4 Operating Costs 

Any comparison of operating costs is difficult to make because 

of the scarcity of published data. However, some of the costs for a 

small 23m long wooden vessel, the R.V. Calanus, owned by the S.M.B.A. 

are available[62]. 
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This data is plotted in Fig. 4.2 for two consecutive years. 

Although the absolute values are not directly relevant because of the 

difference in size, the age of the vessel, etc., it is noticeable 

that Salaries and Wages, excluding scientific and technical staff, 

account for well over 50% of the Total Running Costs, while Fuels and 

Oil amount to less than 10%. 

If 10 scientific staff at a salary of, say, £10,000 per annum 

are notionally attached to the research vessel the running costs are 

more than doubled and the fuel becomes an even smaller percentage. 

Similarly, for an establishment such as Glasgow University, staff 

costs (excluding staff, librarians, etc.) were over 56% of the total 

expenditure of £41 million[63] while for a container ship in 1975[64] 

manning and fuel were 7.5% and 26.5% respectively of the ship operat­

ing cost. This merely illustrates that while fuel savings can con­

siderably reduce the costs for a commercial operation the same is not 

necessarily the case for a research organisation if the true costs 

are considered. 

Other operating costs include consumable items such as dispos­

able coring barrels, Decca hire charges, etc. A disposable coring 

barrel may cost £40 and be used at the rate of one every 3 hours. 

The NERC fleet Decca hire charges are about £700 for 6 months and the 

Discovery alone has 27 chart folios for which the hire charges are 

about £800 per month. The port charges at Barry (NERC Research 

Vessel Base) are £150 per entry and departure, plus a further £50 for 

the pilot. In geological research the cost of 'mud' alone for a 

borehole can be over £12,000 (or £200/day) or more typically, £6000 

per hole. These costs give some perspective to the situation but 

will not be further considered. 

As previously men~ioned there is no useable measure of the 

'output' of a research vessel, but it is reasonable to assume that 

lower motions will raise this output thus increasing a notional 

'research efficiency'. For instance, conventional vessel motions can 

be such that when using a box-sampler several 'casts' are required 

before an adequate sample is obtained. The lower motions of a SWATH 

could reduce this number thus increasing the 'research efficiency' 

from this point of view, as well as facilitating other onboard tasks 

such as chemical analysis as discussed in Chapter 1. 
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It was also mentioned in Chapter 1 that calm water resistance 

of SWATH ships may be 1.5-2.0 times that of a comparable monohull, 

although recent designs tend to reduce the difference [9] • In order 

to make a comparison, an annual fuel bill for the SWATH of £20,000 

can be assumed from Fig. 4.2. (This makes generous allowance for 

increased utilisation of the vessel as well as higher resistance.) 

For the worst powering situation this represents an additional cost 

over the conventional vessel of £10,000. If the vessel is at sea 

with four scientists for 250 days then, using a rate of £100 per man 

day, this represents an investment of £100,000. Now if the research 

efficiency is 1/10 greater, due to fewer lost days and higher output, 

then the increased fuel cost is exactly offset. If the research 

efficiency is 1/5 greater then 

net annual saving 1/5 x £100,000 - £10,000 

= £10,000. 

This annual saving can be reduced to its present worth as follows: 

Years Interest 
SPWF* Present Worth Rate % 

5 15 3.353 £33,530 

10 15 5.014 £50,140 

15 15 5.852 £58,520 

20 15 6.235 £62,350 

25 15 6.468 £64,680 

*series Present Worth Factor 

TABLE X. Present Worth of Annual Saving. 

Thus it would seem that, in terms of this rough analysis, the 

increased operating cost could be justified in purely economic terms 

because of the assumed increase in research efficiency. 

Furthermore, it should be remembered that the vessel is also 

intended to conduct certain engineering experiments which do not pro­

duce conclusive or reliable results in a normal test-tank, and such 

tank-time costs in the order of £500-£2,000 per day. 



4.5 Comparison with Charter 

This thesis is not particularly concerned with economics but 

it is, nevertheless, interesting to include the data on charter 

rates that has been gathered. 
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On a large drill-ship the basic charter rate could be £10,000/ 

day, with a further £1000/day" for mud. Data for another two vessels 

that have been used for research are as follows: 

(a) M.V. Whitethorn (lS00t) 

Basic charter rate 

Extras (approx.) 

Average working fuel consumption: 

(b) M.V. Sperus (1000t) 

Average total rate 

(inclusive of most items except 
scientific personnel and user­
supplied equipment) 

£2,300/day 

£ SOO/day 

3.St/day @ £140-£200/t 

£2000/day 

The above are larger than the proposed vessel. The basic 

charter rate for an antiquated 30m LOA vessel for a 12 hour day with 

a 4 man crew, but exclusive of fuel, lubricating oil, and charterers 

food was £32S/day at December, 1979 prices. On a long-term charter 

this rate would be less but even so, allowing for inflation to 1981 

prices, a total bill of £1 million could still accumulate in about 

10 years of 2S0 operating days. 

In view of this data the first cost is not too unreasonable, 

while as shown in Section 4.4 the increased operating costs should 

be directly offset by higher research efficiency. 
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CHAPI'ER 5 

RESIsrAOCE AND ProPUlSION 

This chapter is devoted to the resistance and propulsion 

characteristics of the three-hulled SWATH. Some of the contents 

were completed as part of the general design work in Chapter 3, but 

other parts such as the high-speed tests, flow visualisation, and 

wave resistance calculations are of wider interest. 

5. I M:x:lel and Exper.ilrent 

A model was constructed in which the length over the columns 

was adjustable, Fig. 5.1, and which had a removable streamline brace 

(or fin) between the two aft columns, Fig. 5.2. It was tested in 

the towing tank (76m x 4.6m x 2.4m) by towing from the leading edge 

of the aft columns just clear of the still-waterline using the 

standard ship resistance dynamometer in which the model 1s generally 

free to sink and trim, Fig. 5.3. The towing point was thus close to 

both the LCG and VCG. Two sets of tests were conducted with several 

different conditions, Table XI, the first of which were primarily to 

determine the propulsion requirements. The second set investigated 

some uncertainties associated with the hull-endings and also the 

effect of column separation and included speeds up to the onset of 

vertical-plane instability which was significantly higher than the 

proposed design speed. As part of the investigation into the hull­

endings, experiments were conducted in an air flow-visualisation 

tunnel. 

5.2 Results 

The results from the first set of experiments, Conditions Rl 

and R2, together with the low and medium speed results from the 

second set are give~ in Fig. 5.4 to a base of model speed and chord 

Froude number. (A blockage correction was not made because the use 

of conventional formula suggested that it was negligible, see 

Appendix C.) For Condition Rl the trim was quite noticeable (see 
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section 5.6), therefore to try and ensure that reliable results were 

being obtained the towing apparatus was modified in such a way that 

trim was prevented and sinkage limited, giving Condition R2. While 

the fact that no appreciable difference can be seen between Rl and R2 

gives confidence in the results it does not entirely confirm their 

reliability since it is possible that both towing arrangements intro­

duced errors of the same size. 

Length 

Condition 
over Column Displacement Appendages Turbulence 

Columns Draught (weighed) Stimulation 
(em) (em) (kgs) 

Rl 108 12.7 21.6 None None 

R2 As for Rl but only free to surge 

R3 108 8.5 19.4 Fin 
1.5mm diam. wire 
on hull nose only 

R4 108 8.5 19.4 Fin None 

R5 108 8.4 18.9 None None 

R6 128 8.5 19.4 Fin None 

R7 103 10.8 20.7 Fin None 

TABLE XI. Experimental Conditions for Resistance Tests. 

5.3 Analysis Procedure 

The resistance can be considered to be made up of viscous and 

residuary components where the residuary resistance is essentially 

wave-making (but also spray drag at higher speeds) and the viscous 

or profile resistance consists of frictional and form sub-components. 

It is common practice to relate these last two sub-components by a 

form factor which is assumed to be constant over the speed range. 

However, for this model such an approach is inappropriate because 

the drag of the rather blunt endings is strongly dependent on 

Reynolds number (R). (Such scale effects have also been investi-
n 

gated for full-form shiPs[65].) Furthermore, it is uncertain what 

., 
I" 
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value to use for the endings drag coefficient. The other viscous sub­

components were therefore calculated in the way set out by Grekoussis 

and Miller[66] for semi-submersibles. Published drag coefficients 
[67] . 

(Hoerner Chapter 6, F~g. 2) were used for the columns, while the 

hull frictional resistan.ce was calculated from the ITTC line (which 

is slightly higher than the Schoenherr line). It was thus found that 

a value for the endings drag coefficient of CD = 0.2 gave a good fit 

to the low-speed data. This appears to be somewhat lower than 

previous recommendations [66] • The uncertainties associated with the 

hull-endings are discussed in the following section. 

5.4 Hull-Ending Profile Drag, Flow Visualisation 

and Turbulence Stinnllation 

A large collection of data exists for the drag of bodies of 

revolution such as spheres and ellipsoids, see for example Ref. 67. 

However, this is not directly applicable to the experimental analysis, 

particularly at low Reynolds numbers, because the presence of the 

cylindrical hulls can significantly alter the flow. 

The greatest proportion of the profile drag is due to the 

pressure drag from the separated region behind the aft body and it 

is well-known that sufficient streamlining can significantly reduce 

this drag. On the forebody the pressure drag can be very close to 

zero or even negative. This can be seen from experiments on cylinders 

with longitudinal axis parallel to the flow with different rotation­

ally symmetrical forebodies (Hoerner [67] Chapter 3, Fig. 20) and from 

theory. zahm[68] showed that for a sphere radius 'a' fixed in a uni­

form stream of inviscid fluid that the zonal pressure drag was given 

by 

5.1 

for a nose cap whose polar angle is ¢, where Pn is the stagnation or 

nose pressure and a zone is that part of the sphere's surface bounded 

by two planes normal to the direction of flow. Evaluation of this 

expression for ¢ = TI/2 gives 

Dip = - 0.39 a 2 
n 

5.2 

The negative sign indicates that the 'drag' is upstream on the front 

half. (Equally it is downstream on the rear half thus giving a 
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resultant of zero drag in an inviscid fluid; d'Alembert's paradox.) 

For the real case the flow over the forebody, especially above the 

critical R is similar to that in inviscid fluid but at the after-
n 

body there can be a large region of separated flow. 

Flow-visualisation experiments in an air tunnel illustrated 

the separated region around the blunt stern endings but showed 

attached flow for longer endings, Fig. 5.5, as already discussed in 

Section 2.1. (The streak-lines were obtained by injecting smoke 

into the tunnel through several nozzles and illuminating this with 

a sheet laser-beam, hence obtaining an essentially two-dimensional 

view of the flow. The results were originally photographed but the 

exposure time in relation to the air speed was such that the photo­

graphs were poor quality and are therefore reproduced here as 

sketches.) 

These experiments also showed that a separation bubble 

occurred at trim angles ('angle of attack') of around 5°. The 

Reynolds number, using hull diameter, was R ~ 2 x 10~ which for a 
n 

sphere is sub-critical and the same order of magnitude as in the 

resistance experiments. The usual flow patterns around cylinders 

perpendicular to the flow exhibit a similar separation on the fore­

body at sub-critical Reynolds numbers, but at post-critical Reynolds 

numbers this occurs on the afterbody. Thus the separation bubble 

would not be expected in the full-scale. 

Further to the above while elliptical noses might appear to 

give a lower profile drag on the model scale this probably would not 

be significant on the full-scale because of this Reynolds number 

effect. This is partly why Lang used hemispherical ends on the 

Kaimalino[24]. He also suggested they would be cheaper which may be 

true for the 6" thick acryllic domes he used but is not necessarily 

true for steel endings which could be constructed piecewise. Nor do 

hemispheres necessarily give the lowest wave resistance. 

Because of the cylindrical hull the flow becomes reattached 

after separating on the forebody, thus forming the bubble, and down­

stream of this point the boundary layer will be turbulent, even 

without stimulators, thus justifying the use of a turbulent friction 

line. 
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These sketches were made from photographs with speed of flow such 
that Rn ~ 2 x 10 4 based on hull diameter. 

Fig. 5.5. Flow Past a SWATH Hull/Column. 



77. 

To try and model the full-scale flow, turbulence stimulators 

were fitted on the hull noses. These consisted of a ring of 1.5mm 

diameter wire at a polar angle of 45°, (see Fig. 5.6). This is 

Condition R3 in Fig. 5.3. 

To obtain turbulent flow it is necessary for the local rough­

ness Reynolds number (Rd = Udd/V) to exceed a critical value, (ud is 

the local boundary layer velocity at stimulator diameter, d, for 
.) . t . [69]. f d' . . I 400 w~res. Fages Cr~ er~on ~s o "ten use , ~.e. cr~t~ca Rd = 

but later work by preston[70] suggested a value of 600. Other 

authors such as Tani[71] suggest a critical Rd between 600 and 830, 

but in recent work by McCarthy et al. [72] the value of 600 is 

endorsed and that is therefore taken here. 

For a flat plate the velocity in a laminar boundary layer can 

be approximated with considerable accuracy by the well-known and 

simply applied Pohlhausen expression, i.e. 

~ = 2(y/o) - 2 (y/o) 3 + (Y/O)4 5.3 
00 

For the spherical forebody this is not particularly appropriate but 

we can, however, use a similar expression for the ideal potential 

velocity distribution from SChlichting[73] 
i 

U (~) 
3 8 x 5 

-= % f~ - % (x) (g' + hi) + 30 (R") u R R 3 3 
00 

(g' 
5 

+ hi + 
5 

.!2. (k I + . I 
3 5 J 5 + q;» 

The coefficients are the functional coefficients of the Blasius 

series and are tabulated against n in Ref. 73, where 

n = '1... ;UooR 
R V 

5.4 

5.5 

This has been evaluated for the case of ~ = 45° and is shown in Fig. 

5.6. With the 1.5mm diameter trip wire for the critical Rd = 600 a 

speed of u = 
d 0.45 m/s is required and from Fig. 5.6 this is reached 

when the free stream velocity is about 0.4 m/s. 

Conventionally when using turbulence stimulators it is usual 

to assume that the deficit in resistance due to laminar flow on the 

leading edge is offset by the trip self-drag. The self-drag of the 
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trip in the direction of the free stream veloci ty can be found from 

an equation with the general form 

5.6 
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Hughes and Allan[74] present experimental drag coefficients as a 

function of Reynolds number. For the velocity they use the root mean 

square value within the laminar boundary layer (estimated from flat 

plate theory) up to the thickness of the diameter of the wire. 

However, McCarthy et ale recommend the simpler procedure of using a 

constant value of drag coefficient of CDt = 0.75 together with the 

velocity in the laminar boundary layer at the height of the trip wire 

diameter. This procedure was used herein and it was calculated that 

the model resistance results should be reduced by around 2% at speeds 

less than 1 m/ s. This was done before plotting Condition R3 onto 

Fig. 5.4. Condi tion R4 is the same without the trip-wires.. The 

whole exercise is rather inconclusive in a numerate sense but it can, 

however, easily be concluded that for these resistance experiments it 

is desirable to have the model sufficiently large for the endings 

Reynolds number to be above the critical value. 

The concept of the virtual origin of turbulence has been dis­

cussed[71] and could be quite important when the drag of the trip­

wires is large. It seems to be straight~orward to use for a slender 

ship, but when the curvature is large as on a spherical ending, it is 

unclear how this should be positioned. For this case the effect of 

the virtual origin seemed to be negligible. 

5.5 Viscous Resistance Interference Effects 

In the case of tandem circular cylinders interference is a 

very important effect[6~] but for streamlined columns with realistic 

separation ratios it is unimportant as far as viscous resistance is 

concerned[67]. Viscous interference effects between widely spaced 

parallel streamlined columns will also be negligible. 

The case of column-hull interference is similar to wing-body 

interference and to wing-tip tanks in aerodynamics. The hull tends to 

act as an end-plane or ground-board causing the flow over the column 
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to be largely two-dimensional, thus justifying the use of two-dimens­

ional drag coefficients. The presence of columns over the hull will 

reduce the hull wetted surface but if the total surface area for a 

cylinder is used then the parasitic interference drag, which will 

occur in the angles between the columns and the hulls, is at least 

acknowledged. 

5.6 Sinkage and Trim 

The sinkage and trim results from Condition Rl are given in 

Fig. 5.7. By equating the moment of the resistance components and 

towing force to the hydrostatic restoring moment the trim angle due 

to the towing arrangement was calculated and found to be directly 

responsible for around 50% of the total trim angle. Similarly, it 

must also have effected the sinkage. For a self-propelled model, or 

for the full-scale ship, this moment would be in the opposite direct­

ion. In addition, as mentioned in a previous section, any effects 

from separation near the bow would probably not be present for the 

full-scale. It is not therefore appropriate to use such results 

either to scale directly to full-size or to compare with theoretical 

or semi-empirical calculations. (A theoretical approach has been 

developed in Ref. 39.) 

5.7 Full-Scale Powering 

To obtain the full-scale powering estimate the residual resist­

ance was extrapolated in the usual manner. For the viscous resistance 

a full-scale endings drag coefficient of less than CD = 0.1 should be 

obtainable but here the values of CD = 0.1 and 0.2 were used. A 

resistance augment of 8% was allowed and quasi-propulsive coeffic­

ients of 0.7 and 0.75, thus corresponding to an overall propulsion 
. [75] 

coefficient between 0.65 and 0.7 as determ~ned by Yeh and Neal • 

These calculations, Fig. 5.8, show that for a ship speed of 9 knots 

two engines of around 500 ljhp should be required. 

In addition to the conservative calculation of endings viscous 

drag, it will be shown later that the wave-making resistance couid 

also be decreased, thus decreasing the required engine power. Other 

uncertainties include the change of wetted surface with speed. 
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5.8 Higher Speed Tests 

These tests were conducted for several variations in column­

spacing, draught, and appendages as in Table XI. The results, Fig. 

9 1 d ak d [36,76] . 5. , il ustrate the expecte pe an trough in the res~st-

ance curve between a chord Froude number of F = 0.6 - O. 7 depending 
n 

to a certain extent on the column separation. 
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For Condition R3 the speed was increased until the onset of 

vertical plane instability [40] , characterised by a porpoising motion. 

At these higher speeds well-developed spray-sheets were present [77] , 

and in the absence of any spray rails or discontinuities on the out­

side of the model, the sheet extended several centimetres above 

deck-level. 

Condition R5 has no transverse fin and shows a remarkably 

lower resistance above F = 0.8. It can be speculated that this is 
n 

not only due to resistance of the fin in isolation, but the effect 

it has, combined with the towing arrangement, on the model attitude. 

Condition R7, at a deeper draught, and small separation, has 

a high resistance at the first peak followed by a correspondingly 

deeper trough. 

5.9 Wave Resistance 

A SWATH ship may be very slender, and Chapman[36] has shown 

that this combined with the relatively simple shapes which can be 

defined analytically allows the wave resistance to be calculated by 

a comparatively straightforward method. The basic method was 

adapted to make it suitable for the three-hull configuration. A 

complete description of the theory is given in Appendix D but an 

outline is useful at this point • 

. [78] 
As shown by Lunde the wave-making resistance of a source 

distribution cr(x,y,z) with the linearised free-surface condition is 

given by 

R 

00 

16npK2 f (I 2 + J2) cosh2u du 
o 

where K is the wave number, and 

.5.7 

I + iJ ="ff cr{exp iK(x coshu+ y sinh u cosh u) + Kz cosh2 u} dS 

5.8 
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Fig. 5.9. Higher Speed Resistance Results. 
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In order to evaluate Eq. 5.7, it is approximated by a sum, using the 

expression derived by Srettensky[79] for a source distribution moving 

in a deep canal of width W, i.e. 

R ~ 16nt>K )1' + 
00 

cosh
2

u I 
J2 + 2 L (12 + J2) n 5.9 

W 0 0 
n=l n n cosh2u 

n 

which can be evaluated because u inside the summation is such that 
n 

sinh 2u 
n 

= 
4rrn 
KW 

5.10 

I and J are an infinite system of constants and the contribution of 
n n 

the various components can be found because their position and 

geometrical shapes are known. 

This method has been used for twin-hull SWATHs in other design 

d · [ 6 ] d' . i . . [80] h' th stu ~es an ~n res~stance nvest~gat~ons • In t ~s case e 

three-hull method was programmed on an 'Apple' microcomputer which 

would thus enable even the smallest design office to make this kind 

of calculation. 

The calculation was first performed for a single column in 

isolation to determine the effect of the canal width, W, which occurs 

both inside and outside the summation in Eq. 5.9. Fig. 5.10 shows 

that increasing W causes an increase in the calculated wave resist­

ance. In this case the summation was continued until the term added 

was less than 0.001% of the total. The effect of increasing W is 

then also such that at a speed of 1.2 mis, 49 summations were 

required for W = 4.6 and 458 for W = 50. The first effect is con­

trary to what might be expected. However, after W = 9.2m the 

increase is only really apparent at the peak, so this value (or 10m) 

has been used in the following calculations. 

Figs. 5.11 and 5-.12 show the effects of variation of column 

thickness with constant chord length and variation of column chord 

with constant thickness respectively from which it can be seen that 

changes of thickness have the greatest effect on wave resistance. 

Fig. 5.13 shows the calculated wave resistance coefficient 

for Condition R5. This has reasonable agreement with experiment 

apart from at the peak where the prediction is nearly 2~ times too 
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Parabolic Column 

Chord 0.4m 
Thickness O. 072 m 
Depth 0.239 m 

Model Speed (m/s) 
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Fig. 5.10. Effect of Canal Width on Calculated Colurm Wave Resistance. 
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Chord = 0.4m 

Depth = 0.239m 
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Fig. 5.11. Effect of Column Thickness on Calculated Wave "Resistance. 



5.0 

4.5 

4.0 

Z 3.5 -
~ 3.0 
f8 -.~ 2.5 

0:: 
~ 2.0 
'" ~ 1.5 

1.0 

0.5 

o 

Thickness = O. 072m 
Depth =0.239m 

'" 
'" '" / / / 

Chord(m)= O. 50/~/~/ /"'/;", 
0.475// 
0.450 
O. ~25 
O. 40 
O. 375 
0.350 

88. 

Fig. 5.12. Effect of Column Chord on Calculated Wave Resistance. 
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large even when a factor of 0.6, such as used by Inui[81] was 

applied to the contribution of the stern endings. This graph also 

shows that adoption of more slender forward hulls, for instance, 

could reduce the wave resistance. (The displacement was kept con­

stant for the calculations.) 
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It is thought that this over-estimation is due largely to the 

relatively short hulls not being well modelled by the theory. Other 

investigations have shown that there is evidence of interaction 

between viscous and wave-making resistance component~[82] and it has 

also been suggested that the characteristics of the boundary layer 

are important[83]. Both of these could be contributing to the error. 

As previously discussed there is some uncertainty in the viscous drag 

calculation and hence in the experimentally determined residuary 

resistance. It would, therefore, be useful to compare the calculated 

wave resistance with that obtained from one of the experimental tech­

niques involving measurement of the wave pattern. 

5.10 Ventilation and cavitation 

The tendency of a fluid flow to cavitate is indicated by the 

cavitation number, a. By ignoring atmospheric pressure a "standard 

critical cavitation speed" at the free surface can be derived (e.g. 

Hoerner[67] pl0-s) as 

v . 
crit = 22 (knots) 

~ 
where the subscript Iii (for incipient) indicates the onset of cavi­

tation. He suggests that for a sphere at supercritical Reynolds 

Other authors[84,8s] number a, ~ 1.8 thus giving V 't = 20 knots. 
~ cr~ 

indicate that a, ~ 0.5 giving V it = 38 knots. 
~ cr 

Since the critical 

speed will increase with increasing depth it is apparent that cavi­

tation is unlikely to be a problem for most vessels. If further 

investigation of the higher speed cases showed cavitation to be a 

likely problem then a more streamlined ending could be adopted. 

Similar data from the same sources shows that ventilation is 

unlikely to be important except in cases of very high speed. 
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5.11 Discussion 

Chapman [36] has made some conclusions about the choice of 

columns and column separation from a wave-resistance point of view, 

and suggests that for slow speed SWATHs a single column per hull 

should be used and that as speed is increased two struts per side 

becomes more favourable. However, as already discussed this is not 

necessarily compatible with other requirements such as maintaining 

adequate longitudinal GM and having sufficient thickness for access. 

SObolewski[SO] has found that the Chapman technique adequately pre­

dicts the Froude numbers at which the wave-making drag humps occur 

as well as the change in hump location with change in tandem strut 

spacing. Furthermore, changing the strut spacing could alter the 

total resistance by ± 10 - 15%. However, for this case it can be seen 

from Fig. 5.4 that in the design speed-range (chord Fn ~ 0.4 - 0.5) 

the total resistance is not sensitive to changes in the longitudinal 

column separation. It is, therefore, more important to minimise the 

resistance of the individual components. For trimarans, Narita[45] 

reached virtually the same conclusion, namely, that it was more 

promising to use optimised hull forms rather than to use ones with a 

high wave-making level and trying to obtain favourable interference 

effects. However, in other designs the interference effects may be 

more important as evidenced by the contoured lower hulls in 

SWATH 8[9] •. 

In the present three-hulled design the geometry of the aft 

hull/columns is largely dictated by other requirements but the for­

ward hull/column could be adapted. Figures 5.11 and 5.12 show, not 

unexpectedly, that increasing column thickness generally causes a 

greater increase in wave-resistance than increasing the column chord, 

so the first step in reducing the resistance could be to use a more 

slender forward column.- Similarly, Fig. 5.13 illustrates that a 

lower resistance would be obtainable by increasing the L/D ratio of 

the forward hull which is also quite a feasible proposition. 

Although the theory over-estimates the peak wave-resistance by a 

factor of about 2~ there is no reason to doubt the trends in the 

Figures. 
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It is expected that for a model with more slender hulls better 

agreement would be obtained between theory and experiment, but to 

confirm this it would be useful to compare the theoretical wave­

resistance with that obtained from an experimental technique involv­

ing measurement of the wave pattern. 

The inter-related problems of estimating the form component, 

turbulence stimulation, and extrapolating to full-scale have been 

investigated and discussed and it can only be suggested that for res­

istance work the model should be sufficiently large to achieve a 

Reynolds number above about R = 3 X 10 5
, based on hull diameter, for 

n 
the operating range. 

From the above it is apparent that the design could be altered 

to reduce the resistance. Such action would reduce the operating 

costs and would, therefore, further improve the comparison with the 

monohull research vessel in Chapter 4. 
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Cl1APl'ER 6 

MJ.I'ION RESPONSE 

6.1 General Introduction 

In motion predictions the linear frequency domain description 

has proved to be quite successful for both conventional ships (except 

perhaps in roll) and also semi-submersibles. In particular, it is 

usual to assume that when the response can be taken as linear the 

statistical description of a vessel's motion in irregular seas can be 

obtained from linear superposition of the responses in regular waves 

following the well-known 1953 paper of St. Denis and Pierson[86]. It 

has been shown that even in quite rough weather good agreement is 

obtained between full-scale measurements of statistical averages, 

such as significant heave and calculations from linear theory[87]. 

However, in the case of ship roll, non-linearities cannot be ignored 

and linearisation is necessary if the traditional frequency domain 
. [88] approach ~s to be used • Similarly, for large amplitude heave and 

pitch motions non-linearities may need to be taken into account[89,90,91]. 

The motion response of SWATH ships has been the subject of 

several papers. Lee and Curphey in a major work[40] have developed a 

five degree-of-freedom strip theory program in which weak non-linear­

ities from viscous drag and forward speed viscous lift are treated by 

the widely used equilinearisation method. They used the coupled 

equations of motion and for evaluation of the sectional added mass 

and damping coefficients they used the Frank close-fit method and con­

sequently the program uses a significant amount of computer time. To 

reduce this, Dalzell[92] has developed a simplified method of comput­

ing the sectional coefficients at zero-speed in head seas. This work 

is reportedly being extended[9]. Extensive parametric studies have 

also been conducted [37] • 

In general, both the above methods give good correlation 

between theory and experiment for heave at low speeds, but not necess­

arily for pitch. At higher speeds in head seas, (high frequency of 
[40] encounter), Lee and Curphey report good agreement for pitch but 



at lower speeds it has been shown[9] that the pitch motion can be 

over-predicted by a factor of nearly two for quite a large range of 

frequencies. The inclusion of a correction for surge forces has 

resulted in improved agreement [9] • Low speed roll correlation is 
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also a problem which is being worked on[9]. Similarly, the relative 

bow motion (RBM) in head seas has shown lack of agreement particularly 

at low speeds. This has reportedly been improved but it has not been 

reported how this improvement has been achieved. It could be from 

theoretical considerations or by using semi-empirical correction 

factors to different terms. 

For this study the first requirement was to determine the 

motion response for the vessel during the design stage so that it 

could be determined whether or not the motions were lower than those 

of an equivalent monohull and, if not, how the vessel would have to 

be altered to achieve this. To that end a program was written based 

on the synthesis procedure used for semi-submersibles by 00 and 

Miller[93]. This used constant added mass coefficients and the 

damping ratio obtained from motion decay tests (at the natural 

frequency) or based on past experience. An example from this program 

is given in an early report[30] for heave response since, as mentioned 

by Lee and curphey[40] the dominant contribution to vertical displace­

ment of the ship within a practical range of wavelengths is from the 

heave motion at resonant frequency. It became apparent at that stage 

that frequency-dependent effects were more important than for a con­

ventional semi-submersible because of the relatively greater water­

plane area and the closer proximity of the hulls to the free-surface. 

A second program was therefore written which incorporated frequency­

dependent sectional added mass coefficients and uncoupled equations 

of motion and, as will be shown later, gave good agreement with 

experimental heave motions. By this time a model of the design had 

been built and was then tested for a variety of different conditions 

to determine the absolute motions, the RBM and how these were affected 

by certain parameters. The linear theory, experiments, and the sub­

sequent processing of the results form the main part of this chapter, 

but it is convenient to introduce the other parts of the motion res­

ponse work at this point although they are included in different 

chapters. 
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The first version of the second program still used the experi­

mentally determined damping ratio which is of critical importance in 

the resonant region. Damping coefficients can be calculated from 

potential flow theory (and were later included in the program) but 

as discussed by Lee and CUrphey[40] this ignores viscous effects 

which can contribute about 50% of the total damping, depending on 

the motion amplitude. While it is undoubtedly very difficult to 

improve the purely theoretical evaluation of these effects, it 

seemed that there was adequate scope for semi-empirical improvements 

which would provide good engineering solutions. It was felt that 

this could be best achieved by the use of an analogue computer and 

although this operates in the time domain, frequency domain response 

amplitude operators as a function of wave amplitude could be obtained. 

Equations of motion were patched on the analogue to investi­

gate both viscous damping and the effect of change in heave restor­

ing force due to column flare. This produced plausible looking 

results which were reported along with some interesting results for 

large amplitude heave motions[94] which arose from considering recent 

work on wave groups and the complete solution to the equation of 

motion, i.e. including transients. This will be described in Chapter 

10. To verify the simulations, a further experimental series was 

commenced in which the model was tested in a wide range of wave 

frequencies and amplitudes with and without bracing and with differ­

ent amounts of column flare. During these experiments the 'jump' 

phenomenon (recognised for non-linear spring systems) occurred and 

it was also discovered that severe rolling in head seas at half the 

wave frequency, as described by the Mathieu equation and sometimes 

called parametric rolling, could occur. At this point it seemed 

more appropriate to utilise the time and experimental resources avail­

able to investigate these motions, which had not been reported in the 

literature, rather than trying to improve the theoretical calculation 

of the linear or weakly non-linear motions. (The improvements could 

be achieved by, for instance, including horizontal forces and 

coupling between the modes of motion which as previously mentioned 

appears to be the subject of considerable research in the U.S.A.) 

The experimental programme was therefore considerably extended to 
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include variations in some of the parameters that were thought might 

be important, such as GM and damping. The results are given fully 

in subsequent chapters but during the experiments the occurrence of 

'beats' and sub-harmonic rolling in beam seas was also investigated. 

These types of motion have previously been reported as a possible 

, h' f h' [95,96] d I k f t ' caps~ze mec an~sm or s ~ps an are a so nown or ens~on-

leg-platforms (TLPs) [97,98]. They have not previously been reported 

for SWATH ships and despite the association with capsizing this 

never seemed imminent in head or beam seas. In fact, even with zero 

upright transverse GM the model would not capsize under the action 

of beam waves. 

The above refers entirely to zero-speed head and beam sea 

motions. Although not investigated here it is worth bearing in mind 

that in following seas certain undesirable features, such as deck­

box bow immersion have been noted[9]. The severity of these motions 

have not been reported in the open literature. Similarly, it is not 

yet known to what extent these are being investigated although it 

has been suggested that 'control can reduce these problems,[9]. 

The effects of forward speed are not investigated herein 

either, but it is recognised that increasing forward speed in head 

seas generally decreases motions although there does come a point 

when vertical plane instability will set in if adequate stabilisat­

ion is not provided. The required size of stabilising fins and the 

beneficial effects these have on forward speed motions can be deter­

mined using the methods of Lee and curphey[40]. To study the active 

control of motions in detail it is necessary to consider the non­

linearities associated with the active controller, namely, clipping 

and rate limiting as well as those due to viscous effects. This has 

been investigated by Livingston and Newman[99] who have developed a 

model which uses transfer functions obtained by theory or experiment 

then adds the effects of the further non-linearities and control laws 

to obtain modified transfer functions by iteration. These modified 

transfer functions are then solved for 15 wave frequencies of random 

height and phase transposed into the time domain. 

We shall now revert from discussion of these developments to 

consider the zero-speed, head seas motion response and the comparison 

of the SWATH design's motions with those of a monohull. 
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6.2 Co-ordinate System 

Motions of points in the vessel taken as a rigid body are 

defined on the basis of a heave component z (positive upwards) and a 

pitch component ~ (positive for bow displaced upwards). A general 

point along the length has co-ordinate ~ or, for the ith strip, Xi' 

and the origin is taken at the LCG. 

• F, z, rt 

Fig. 6.1. Co-ordinate System for Heaving and Pitching. 

The wave profile at any point is given by 

6.1 

and the heave and pitch motions are given by 

6.2 

6.3 

where ~l and ~2 are the 'phase angles between the force and heave and 

between moment and pitch respectively. 

6. 3 Equations of M::>tion 

Throughout this chapter only uncoupled, linear single degree­

of-freedom, motions are considered. In the heave case the solution 

is required to the well-known equation 



6.4 

where K = pgA z w 

(Herein the right-hand side is referred to as the exciting force.) 

The complete solution consists of a particular integral plus a com­

plementary function and takes the form 

z = 

where cp = tan 

W 2y 
-1 WH 

W 2 
1 - (-) 

W
H 

and 

A and B are constants depending on the initial conditions while 

Al and A2 are the roots of the characteristic equation 

A2 + 2YW
H

A + W
H
2 = 0 

6.5 
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The first term in Eq. 6.5 (the transient part) is the term for 

the damped free vibration while the second term is for the forced 

vibration and represents the steady-state solution. The steady-state 

solution is the theoretical equivalent of the regular wave response 

and is the part usually considered, i.e. 

F/K z 
z = -,==========~========= 

o I ~ 2 2 2 
{1 - (-) } + 4y2 (~) 

WH WH 

6.6 

In other words, it is generally considered that the transients 

are negligible which is an essential assumption for applying the 

linear theory of superposition[86]. (The importance of including the 

transient part, particularly for large amplitude motions is discussed 

in Chapter 10.) 

where 

Similarly, the linear equation for pitch is 

(I+IAM) ~ + Ccp ~ + Kcp cp = Mcp coswt 

Kcp = pgVGML 

6.7 
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with solution 

<Po = 6.8 

where 

6.4 Exciting Forces and Moments 

The usual strip theory assumptions are made that, (1) the flow 

adjacent to thin vertical slices of the body is two-dimensional (i.e. 

fore and aft force components are neglected but the added mass coeff­

icients are multiplied by a reduction factor to allow for three­

dimensional flow), and (2) the resulting forces can be summed over 

the length of the body to give the total forces. The Froude-Krylov 

hypothesis is also assumed to apply (viz. the motions of the body do 

not alter particle motions in the wave, although the particle motions 

influence the motions of the body) • 

The moments are obtained by multiplying the vertical sectional 

forces by the lever from the LeG and summing over the length of the 

body. 

For calculating extreme motions and loads 011 semi-submersibles, 

much attention has been paid to calculating forces from higher order 

wave theories (such as Stokes' 3rd and 5th order) but this work uses 

small amplitude linear wave theory since this generally allows the 

use of spectral analysis and is also convenient for investigating 

the system dynamics. 

For head seas the wave length is generally long in comparison 

with the characteristic. breadth of the structure and the force is 

then assumed to be made up of two components: 

(1) Variation of the water pressure on the structure due to the 

passage of the wave; herein called the Froude-Krylov compon­

ent, but sometimes called the pressure component. 

(2) Force due to the product of particle acceleration in the wave 

and the added mass associated with the structure, (herein 

called the added mass component). 
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The forces due to particle velocity effects are assumed to be 

negligible in comparison with the above components, although this may 

not be so at certain frequencies. 

6.4.1 Added Mass Component 

The vertical added mass component per unit length on the i
th 

strip is 
2 -Kh 

dF = - ~ p~ T. c JKg a e i sin K(x.-ct) 
am ~am 0 ~ 

6.9 

where c is the frequency dependent added mass coefficient for the 
am 

appropriate partially immersed bulbous cylinder with draught T. and 
~ 

the depth, h., is taken as that of the centreline of the cylindrical 
~. [40] 

portion of the hull. (As prev~ously mentioned Lee and Curphey use 

the Frank-Close-Fit method for calculation of added mass and damping. 

which is quite time-consuming, but Dalzell [92] has developed a 

simplified method which considerably reduces the computation time 

required.) In this work coefficients from published data [100] , e.g. 

Fig. 6.2, are used augmented by results for the fin from a version 

of the Frank-Close-Fit program being developed in the department[101! 

0.50 

Sectional 
Added Mass 
Coefficient 

Di = 2 
Ti. 3 
bi. 3 --=-

C _ am 
0.25 Di 4 Added Mass 

am- 't2PTfT~ / ~-------'--
o~ __ ~ _____ ~ _____ ~ ______ ~ 
o 0.50 2.0 

Fig. 6.2. Typical Sectional Added Mass and Damping coefficients[100]. 
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6.4.2 Added Mass Reduction Factor 

The added mass around the two-dimensional transverse sections 

has to be corrected to compensate for the three-dimensional nature of 

th t 1 fl . 11 d th d' To do thl.·s Lewl.'s' [102] e ac ua ow, especl.a y aroun e en l.ngs. 

reduction factors have been used as in Fig. 6.3 adapted from 

Saunders [103] • 

Length-Beam Ratio LIB Or Length-Diameter Ratio LID 
5 6 7 8 9 10 11 12 13 14 15 16 17 3 4 

-; 0.90 
'-.g 0.85 

~-- -~ If =-----~-
.§ 0.80 .... _------' 

Reduction Factor J. Is For u i 0.75 Heave 

C[ 

0.70 

0.65 
Reduction Factor Jzls For 

Pitch 

Fig. 6.3. Added Mass Reduction Factors[103]. 

Since the length-diameter ratio in this case is around 4.0 the 

reduction factor, J, especially for pitch, is quite large, about 0.75, 

and there is thus considerable uncertainty in the total added mass 

even when sectional coefficients are obtained by highly sophisticated 

methods such as the Frank-Close-Fit method. 

6.4.3 Froude-Krylov Component 

The procedure used is similar to that explained by 00 and 

Miller for semi-submersibles[93]. For a submerged circular 

cylindrical section, radius R., the vertical Froude-Krylov component 
l. 

per unit length is 

dF = - IIpg a K R·2 e-Khi . K( t) FK 0 l. Sl.n xi-c 6.10 
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and if there is a column present at this i th section, an additional 

term is included to take account of this 

-Kh 
dFFKc = pg a

o 
b

i 
e Z sin K(Xi-ct) 6.11 

where h is the depth of the column and b. is the sectional breadth. 
Z ~ 

6.4.4 Integration 

For circular cylinders with longitudinal symmetry about mid­

ships relatively simple expressions can be obtained when the force 

components are integrated over the length. However, in this case the 

integrated expressions became very cumbersome and in addition the 

added mass bore little resemblance to the experimental value. As 

previously stated the added mass data from Frank[100] was then used, 

and since this entailed different sections having different added 

mass coefficients which were not simple to relate analytically it 

became necessary to use numerical integration. 

6.4.5 Damping 

The value of damping used in Eqs. 6.3 and 6.5 is only of 

particular importance around resonance. Thus although theoretical 

sectional damping coefficients (based on potential flow) were avail­

able [100] the factor initially used was determined from heave decay 

tests on the model and thus included a viscous effect averaged over 

cycles of different amplitude. 

6.5 Relative M:>tion 

The relative motion is a function of heave, pitch, wave 

profile and the phase angles between them as discussed in various 

textbooks, e.g. Ref. 96. Thus referring back to Fig. 6.1, for zero 

forward speed, the vertical displacement at a distance ~ is 

z~ = Z + ~<I> 

then substituting Eqs. 6.2 and 6.3 

z~ Zo cos(wt+~l) + ~ <1>0 cos(wt+~2) 

= Z~ cos (wt+~ 3) 
o 

6.12 

6.13 

6.14 



where z~ = IZ2 + (~ <1>0)2 + 2z ~ <1>0 cos (1f 1 -1f 2) 
0 0 

0 

Z sin1f
1 + ~ <I> sin1f2 

tan 1f3 
0 0 = 

Z cos1fl + ~ <I> cos1f2 
0 0 

and 

The relative motion is then given by 

r~ = z~ - n~ 

= z~ cos (wt+1f 3) - a cos K(~-ct) 
0 

0 

r~ cos (wt+1f 4) 
0 

where r~ = I z 2 + a 2 2Z~ a cos (K~ -1f 3) 
~o 0 0 

0 0 

a sin(K~) - Z sin1f 3 0 ~o 
and tan 1f4 = cos (K~) cos1f3 a - Z 

~o 0 

Now 1fl and 1f2 are the phase angles between wave motion and body 

motion for heave and pitch respectively and can be expressed as 

1fl = 1f + 1fb a 

where 1f is the lag between wave and exciting force 
a 

1fb is the lag between exciting force and motion 

w 2y -

1fb tan 
-1 

H WH = 
2 

1 - (~) 
WH 

Similarly 

1f = 1f + 1fd 2 c 
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6.6 Experimental Arrangarent 

The model was moored approximately half-way down the tank by 

slack, elasticated, transverse mooring lines attached just above the 

still-water-line. The motions were measured by displacement trans­

ducers at the bow and at the aft end of the deck structure placed 

equidistant from the LCG. The signals from these were amplified and 

then fed to pen-recorders via a summer/differencer. The relative 

bow motion was measured by a wave-probe which was attached Scm out­

board of the forward perpendicular. The wave-probe for measuring 

the wave amplitude was located on a bridge upstream of the model. 

6.7 Experiments and Results 

As stated in the introduction the purpose of this first set 

of experiments was essentially to produce the data to verify that the 

motions would be lower ~nd more comfortable than an 'equivalent' 

monohull in the expected areas of operation. As in the resistance 

experiments the longitudinal column separation was adjustable which 

therefore allowed the natural pitch frequency to be changed consider­

ably for constant heave natural frequency. In addition, the removal 

of the brace caused a considerable change in added mass and damping. 

The model was tested in head seas at zero Froude number for six 

different conditions, see Table XII. The height of the centre of 

gravity for these conditions was obtained from inclining experiments 

and the transverse GM corresponds to a full-scale value of about 1m 

or greater. The variations in G~ at constant draught but different 

separations are due to the necessary redistribution of ballast 

weights between forward and aft hulls which gave different heights of 

the vertical centre of gravity. The longitudinal GM is 2.5 times 
.. . [25] 

greater s~nce a large GM
L 

~s recommended by Lang and H~gdon to 

provide less trim change with speed. The central position of the 

ballast in the columns corresponds to a certain extent with centres 

of mass in the full-scale and as can be seen from Fig. 5.1 large 

holes were cut in the overhanging aft structure to help achieve a 

realistic mass moment of inertia. 

The results for the six conditions are presented in Figs. 6.4, 

6.5 and 6.6 for heave, pitch and relative bow motion respectively. 

Curves have been drawn for ease of visualisation. 



Displacement Column 
Length 

Condition Appendages over GMT GM
L (weighed) Draught 

Columns 
(kgs) (em) (em) (em) (em) 

1 Fin 22.1 12.8 108 4.0 11.0 

2 Fin 22.1 12.8 118 4.4 19.8 

3 Fin 22.1 12.8 128 4.9 29.9 

4 Fin 23.2 15.0 108 4.8 11.0 

5 None 21.6 12.7 108 4.0 11.0 

6 None 21.6 12.7 118 4.6 20.1 

TABLE XII. Experimental Conditions for Motion Tests. 

Natural Frequencies 

Heave Pitch 

(rads/sec) 

3.75 2.24 

3.75 2.98 

3.75 3.16 

3.54 2.32 

4.15 2.32 

4.20 2.91 

-o 
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The heave response curve follows the familiar pattern for 

semi-submersibles with a generally low response and a sharp peak at 

resonance, the magnitude of which depends on the damping. Now the 

natural heave frequency is given by 

6.25 

Therefore, with the removal of the fin, as in Conditions 5 and 6, 

the added mass is reduced and the natural frequency increases. For 

these two conditions the reduction in damping results in a larger 

resonant heave response. Condition 4 shows the reduction in heave 

attributable to a combination of greater draught and displacement. 

The main difference between the conditions is the value of 

the pitch natural frequency. This is given by 

6.26 

and is altered by changing both ~ and the denominator term. In 

general, for semi-submersibles the natural frequency for pitch is 

lower than that for heave as is the case here. However, with 

increasing separation, and thus greater G~ the pitch natural 

frequency increases towards that of heave as in Condition 3. 

It has been pointed out by Hadler et al.[104], with particular 

reference to catamarans, that the natural frequencies of heave, 

pitch, and roll should be kept separated to avoid self-excitation at 

resonance between the modes. From Fig. 6.6 it can also be seen that 

close proximity of the heave and pitch frequencies results in an un­

desirably broad peak for the relative motion of the bow, which will 

result in a large relative motion over a wide frequency range. 

From these graphs it can be inferred that the best performance 

is given by experimental Condition 1 and this was therefore adopted 

as the design condition. 
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6.8 canparison between Theory and Exper:im:mt 

Fig. 6.7 shows the comparison for heave motions in Conditions 1 

and 5, between linear theory, using the experimental damping coeffic­

ients, and the experiment results. Generally good agreement is 

obtained. The main discrepancies are near the 'zero' in the response 

curve around 4.6 rads/sec especially for Condition 1. From consider­

ation of the experimental results later in this thesis the discrepancy 

can be attributed to neglect of velocity forces on the bracing. 

The prediction of both pitch response and relative bow motion 

is shown in Fig. 6.8. Comparison of these curves with the relevant 

data from Figs. 6.5 and 6.6 is not particularly favourable. The 

pitch at the resonant peak is over-predicted by a factor of about 2.5 

which is roughly the same as the over-prediction reported in the 

literature as discussed in Section 6.1. (The work being conducted 

elsewhere to improve these predictions has already been discussed in 

Section 6.1.) This error in pitch is obviously carried over into the 

relative bow motion calculations. These are sensitive to the phase 

angles and it may be necessary to include surge motions as well as 

pitching moments from horizontal forces and coupling between the modes 

of motion. 

6.9 Sea Spectra (JOOSWAP) 

In order to compare the motion response of different vessels 

it is necessary to have information on the conditions in which the 

vessels will operate. This is also useful in determining certain 

dimensions, such as the underdeck clearance in this case, or the 

height of the bow for satisfactory seakeeping in conventional ships, 

when previous practice does not give adequate guidance. For that 
[105,106] . 

reason, as has been done elsewhere a fam~ly of 24 mean 
[ 107] 

JONSWAP spectra for wind speeds up to 19.0 m/s and for fetch 

lengths of 50, 100, and 200 km were used, i.e. in terms of ~a 2 
o 

S (w) 
2 

= a. ~ exp 
W 

- (w-w ) 
m 

[ 2] 
6.27 



1- 6 

1- 4 

E 
....... 1-2 
E 

QJ 

~ 1-0 
o 
a. 
VI 
QJ 

c::: 

QJ 
> c:s 
QJ 

::I: 

0-8 

0-6 

0-4 

0-2 

--- -
x 

Condition 1 :-

o 

/ 

?,/o/ 

o 

o Experiment 

-Theory 

Condition 5:- x Experiment 

- -Theory 

Experimental Damping:- ~j. = -010 8 

'6 = 0·05 
2. 

/''' 
x / x \ 

1 
\ 
\ 

\ 
\ 
\ 

o \ 

\ 
~ 

\ leo 

\ 
o 
o DO 

)( 

01 I I I I 1 'IV 1 1 

2-2 2-6 3-0 3-4 3-8 4-2 4-6 5-0 5-4 
Frequency (rods/sec) 

Fig. 6.7 Heave Response: Theory and Experiment 

o 

5-8 6-2 

.... .... .... 



-E 
u -0 

......, C 
I... 
0 

---E -E ......, 

ell 1-2 (J) 
c:: 
0 
a. 
U) 
(l) 

0:: 

c:: 
0 

...... 
0 

:E 0-

o 

/ \ ______ Pitch 

2·5 3-0 

Response 

Relative Motion Response 

6·0 
Frequ en cy (rads / sec ) 

Fig. 6.8 Pitch and Relative Motion of Bow: ~heory 
~ 

~ 

I\.) 



113. 

where y = 3.30 6.28 

! 0. 
= 0.07 for w , w m 6.29 cr = 

cr
b = 0.09 for w > w m 

a. = 0.076 (X)-0.22 
(m) 2! X = fetch length 

X = 
~ - -0.33 u 2 

U = wind speed (m/s) 
w = 27T 3.5 (X) m u 6.30 

The significant wave height and the mean height of the one­

tenth highest waves are then given by 

= 41rii 
o 

h = S.lim 
1/10 0 

where m is the area under the energy spectrum. 
o 

6.31 

6.32 

Table XIII shows the significant wave height for the family 

and since such a vessel might be used around the Hebrides the 

percentage exceedance of the wind speeds at S. Uist[108] is also 

included. 

6.10 Underdeck Clearance 

Sufficient underdeck clearance is required to p.revent an 

unacceptable number of contacts with the waves on the under-side of 

the deck. The required clearance can be judged by equating some 

function of the relative motion to the underdeck clearance. (It 

should be noted that a water contact does not necessarily imply a 

slam. ) 

The relative motion response curve for Condition 1 was scaled 

to full size and the mean of the tenth highest relative bow motion 

amplitudes was calculated for the spectral family, Fig. 6.9. The 

design underdeck clearance for the working condition was 3m so that 

for a 200 km fetch r,L > 3m for apprOXimately 15% of the time (all 
¥10 . 

seasons) and for a 100 km fetch rlV: > 3m for about 1% of the time 
10 

(all seasons). A map of the Hebrides will show that in the Minches, 

for example, there are only a few areas where the fetch can be as 

high as 200 km for prevailing west and south-westerly winds. An 

underdeck clearance of 3m was therefore taken as acceptable for the 

working condition. 
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Wind Speed % Exceedance Significant Wave Height (m) 
at S. Uist 

mls (all seasons) 50 kIn Fetch 100 kIn Fetch 200 kIn Fetch 

0.0 97.75 

1.0 91.5 

2.6 82.25 

4.4 63.5 0.26 0.79 1.29 

7.0 33.75 0.75 1.31 2.04 

10.0 17.25 1.17 1.88 2.86 

12.6 6.00 1.50 2.36 3.57 

15.7 2.00 1.88 2.90 4.34 

19.0 0.25 2.28 3.48 5.22 

, 

TABLEiXIII. Significant Wave Height for Spectral Family 
and the Wind Climate at South Uist. 

6.11 Carq;>arison with a r-bnohull 

The heave and pitch responses, for Condition 1, were scaled 

to full-size and, on the assumption of linearity, were compared with 

data for a monohull. The use of zero-speed responses is quite 

logical because many critical research vessel operations are conducted 

while stationary. (The actual monohull data used was for an 86m 

research vessel [109] , which had a demonstrably low response scaled to 

30m. The response may not be obtainable in a realistic design of a 

30m vessel and is certainly lower than experimental results from a 

conventional transom-sterned trawler.) When the heave and pitch 

response amplitude operators are scaled to full-size it can be seen 

that the SWATH heave response is lower up to a wavelength of about 90m 

and that the SWATH pitch is lower to an even longer wavelength. More 

usefully the significant heave and pitch in the spectral family were 

calculated. The heave results, Fig. 6.10, show that for 50 and 100 km 

fetch lengths the significant heave is always less for the SWATH and 

at frequently occurring wind speeds it is approximately half. When 

the fetch length is 200 km the crossing point is at a wind speed of 

about 10 mls or about hlh = 2.8m. These figures represent the trans­

ition between Beaufort 5 and 6 or Sea-state 5. At S. Uist, 10 mls 
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winds are 'only exceeded about 17% of the time. Thus, bearing in mind 

previous comments on fetch lengths and the optimistic nature of the 

monohull data it can be said that the SWATH heave motions are gener­

ally lower than an equivalent monohull. 

The pitch comparison, Fig. 6.11, is even more favourable since 

it can be seen that the significant pitch is roughly one-third that 

of the monohull, or less. 

6.12 Subjective Motion 

The previous section made a comparison between the SWATH and 

the monohull on the basis of amplitudes of motion displacement, 

however, it is generally accepted that ride comfort is more affected 

by accelerations. 

[110] [111] 
Based on the work of Shoenberger , Lloyd and Andrew 

used the concept of 'Subjective Magnitude' (SM) to compare ship 

motions. This essentially recognised that, subjectively, the magni­

tude of motion is a function of acceleration and frequency. Thus 

two motions which have different accelerations and frequencies but 

felt the same (to Shoenberger's USAF personnel) have the same sub-
[ 112] 

jective magnitude. Brown and Marshall expressed the SM in 

terms of m4 (the variance of absolute acceleration) and ms (the rate 

of change of m4), i.e. 

m 0.715 
4 

6.33 

and used the results for ships between sOm and 90m LBP. Other papers 

have also used the technique, e.g. Refs. 113 and 87. It is possible 

to use different weighting factors to take account of personnel locat­

ion and also express limits for different exposure periods. However, 

here it is simply assumed that Eq. 6.33 will apply and the SM is then 

calculated for midships only (i.e. heave) for the case with 200 km 

fetch and hVs = 2.86m, Table XIV, from which it can be seen that the 

SWATH has a lower SM. 
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Subjective Magnitude 

SWATH 2.2 

Monohull 3.0 

TABLE XIV. Subjective Motion. 

6.13 Discussion 

The comparisons above have shown that, at zero speed, the 

absolute heave motions of the SWATH ship in commonly occurring seas 

is less than that of an equivalent monohull and that the pitch mot­

ions were considerably lower for all the seas considered. Further­

more, when the motions were compared using the subjective magnitude 

technique the SWATH heave would be more comfortable than the monohull, 

(essentially because most of the contribution to the significant 

heave came from lower frequency components). 

It should also be noted ~hat the SWATH shows further benefits 

with forward speed. Increasing forward speed in head seas will lead 

to a reduction in SWATH motions[114] but generally causes an increase 

for monohull motions[114,115]. This is basically due to the lower 

natural frequency of the SWATH ship so that as speed increases the 

frequencies of encounter are above resonance and the magnification 

factor drops. Also, it is quite feasible to reduce heave, pitch, and 

roll motions on a SWATH by active control whereas for conventional 

ships stabilisation is only usually considered for roll. For the 

Kaimalino it has been reported that the active control system becomes 

effective at speeds as low as 5 knots[2]. 
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CHAPI'ER 7 

HEAVE AND PI'ICH IDl'IONS SOME NON-LINEAR EE'E'Ecr'S 

7.1 Introduction 

Much work has been reported in the literature on the effects 

of non-linearities. These can be conveniently divided into those 

which merely modify linear behaviour and those which cause a marked 

variation from the expected behaviour. The former type include the 

effects of viscosity, calculating forces in the displaced position, 

and higher-order wave theories. The second type of non-linearity 

has been investigated for ships, particularly with respect to severe 

rolling, and includes the 'jump' phenomenon due to the shape of the 

GZ curve and parametric rolling in head seas. Various of these 

'parasitic' motions have also been identified for tension-leg plat­

forms. 

In this study viscous effects, which are known to be import-
[40] 

ant at resonance were first investigated, both theoretically on 

an analogue computer and experimentally. Subsequently the effect of 

column flare was investigated and from the experimental side it was 

found that when the flare was increased sufficiently certain marked 

non-linearities occurred. These included both the 'jump' phenomenon 

and 'beats', which will be discussed in this chapter, and rolling in 

head seas, which will be discussed in Chapter 8. 

7 • 2 Viscous Damping and Analogue Conputer Simulation 

In Chapter 6 the damping was considered in the customary form 

as a linear function of velocity. It can, however, be more realist­

ically expressed in a binomial form where the linear part is attrib­

utable to wave-making and can be calculated from potential-flow 

theory, while the quadratic part is due to viscous effects. The 

equation of motion can then be written as 

7.1 

In this chapter the wave-making damping was calculated using avail-
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able data from Frank's method[100] with additional data[101] as for 

the added mass calculation. The viscous damping cannot be conven­

iently calculated from theory but the quadratic coefficient can be 

rewritten as 

C2 = ~ P CD A pr 7.2 

Equation 7.2 was substituted into 7.1 and patched on an analogue com­

puter. The exciting force was calculated digitally as before. A 

patch diagram of the simulation is shown in Fig. 7.1. (This diagram 

includes a loop for non-linear heave restoring force considered later.) 

7.3 ~imental Results and Discussion 

The model was tested at the resonant frequency for Condition 1 

and at the same frequency for Condition 5. Figure 7.2 shows that at 

resonance with the brace the heave response-amplitude-operator (RAO) 

drops from about 1.8 to 1.2 with increasing wave amplitude. (The 

wave amplitude is taken as half the crest to trough height.) The 

results from the simulation drawn on the same graph show that a value 

of CD = 0.55 in Eqs. 7.1 and 7.2 gives a reasonable fit to the data. 

The maximum horizontal-plane area was used for A since as discussed 
pr 

in Chapter 5 the greatest contribution to the drag comes from the 

form sub-component. If the skin-friction had been more important the 

wetted-surface area could have been used. By analogy with data from 

circular cylinders in an enclosed channel[116] it might have been 

expected that the drag coefficient would be amplitude-dependent since 

at constant frequency change in motion amplitude corresponds to a 

change in Keulegan-Carpenter number. However, this appears not to be 

the case (or if it is then it is masked by other effects) probably 

because the term arises largely from the brace which is essentially a 

flat plate. The experi~ental damping ratio was y = 0.08 with the 

brace and y = 0.05 without. From potential-flow theory for Condition 

1 (i.e. with the brace) a value apprOXimately corresponding to 

y = 0.05 was obtained. The length to breadth ratio of the brace 

gives rise to a drag coefficient, deeply submerged in unidirectional 

flow, of about CD = 1.35. Thus, assuming this is applicable the 

brace accounts for about 70% of the viscous damping and hence the 
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non-linearity at resonance. It could thus be expected that removing 

the brace could considerably reduce the non-linearity. Figure 7.2 

shows that this is indeed the case over most of the amplitude range 

although no longer strictly at resonance. The experimental error at 

small wave amplitudes could be quite large but even so the lower res­

ponse at less than 3cm wave amplitude without the brace is not satis­

factorily explained. 

Further experiments were conducted at different frequencies 

and wave amplitudes to determine the importance of non-linearities. 

Results are given for heave, pitch, and relative bow motion for 

Condition '1 at 5 different frequencies, Figs. 7.3 -7.7, and are most 

noticeable for their linearity. However, Fig. 7.4 shows a slight 

increase in RAO with wave amplitude which is attributable to velocity 

forces in the region where the sum of the other force components is 

small. 

Figures 7.8 and 7.9 give results for Condition 5, (i.e. 

Condition 1 without the brace). The slight downward trend in res­

ponse with increasing wave amplitude in Fig. 7.8 brings the heave 

response down to the Condition 1 value in Fig. 7.7. Figure 7.9 shows 

no rise in response comparable to Fig. 7.4. This, in conjunction 

with the data in Fig. 7.2 shows that the bracing can have an effect 

on vessel motions. (In a previous study for semi-submersibles 

Forsyth and Miller[117] suggested that in head seas bracing had 

negligible net effect on the heave response but their experimental 

data only went down to w/wa ~ 1.9.) Figure 7.10 shows the results 

that accompany the Condition 5 heave results of Fig. 7.2. 

7.4 Effect of Column Flare 

Flaring the columns above the still-water-line improves the 

static stability and the structural strength, and it has also been 

implied [6] that it decreases the motions. It is generally recog­

nised, from examination of the steady-state solution for forced vib­

rations of a linear single-degree-of-freedom system, i.e. Eq. 6.6, 

that at sub-resonant frequencies the response is largely controlled 

by the spring constant (which in this case is pgA ). Increasing this w 
will tend to decrease the motion, (although it will also affect the 
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natural frequency). To investigate this effect using the analogue 

computer it was assumed that the column flare only contributed to 

the heave restoring force and only when the vessel heaved downwards. 

Thus the equation of motion was patched as 

(~+AM)z + CIZ + K z + 0* K nz 2 = F sin wt 
z z 

7.3 

where 0* = 0 for z ~ 0 and 0* = - 1 for z < o. 
The factor, n, gives the desired ratio for A ~A where A is the w w w 
waterplane area at the still-water-line and A * is the waterplane 

w 
deck. (For A */A = 2, w w area at the junction between column and 

n = 8.33; for A */A = 3, n = 16.66.) All other values were main-
w w 

tained as before. 
. [118] 

This was included in an ~nternal report and 

typical curves are shown in Fig. 7.11. The reduction in heave res­

ponse with increasing column flare looks quite plausible but was not 

borne out by subsequent experiments. Similarly, the decrease in res­

ponse-amplitude-operator with increased wave amplitude seemed quite 

reasonable. 

7.5 ~imental Results 

To investigate the answers from the simulation, flare was 

added to the model columns. These were very light polystyrene 'wedges', 

(the mass to double the waterplane area was about 0.07 kg or 0.32% of 

the displacement) so neither the displacement nor the height of the 

centre of gravity were significantly altered. The 'wedges' were 

symmetrical fore and aft with the shape as defined by the body-plans, 

Fig. 7.12. 

Head. sea experiments were conducted for a number of different 

conditions involving different permutations of column flare, fin and 

GM. The column separation, draught, and displacement are essentially 

as in Conditions 1 or 5, in Table XII, and other details are as given 

in Table xv. 

For Condition 7 the results at three frequencies are given in 

Figs. 7.13, 7.14 and 7.15. Comparing Figs. 7.14 and 7.2 no real 

heave reduction is apparent and certainly not of the size predicted 

by the simulation, Fig. 7.11. 
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Condition Appendages 

7 Brace 

8 Brace 

9 None 

10 Brace 

11 Brace 

12 None 

13 Brace 

14 Brace 

TABLE x:v. 

Upright Column Flare, ~ 
G~ 

Forward Aft 
(ems) 

4.0 2 2 

4.0 3 2 

4.0 3 3 

4.0 3 3 

1.7 3 3 

4.0 3 3 

1.7 

1.7 3 2 

Flared Column and Other Conditions 

Approximate 
'Resonant' Frequencies 

Heave Roll 
(rads/sec) 

3.95 1.86 

4.00 1.86 

4.2u 1.90 

4.23 2.00 

4.23 1.82 

4.49 1.89 

3.75 1.20 

4.00 1.80 

~ 

w 
I\.) 
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Comparing Figs. 7.15 and 7.5 although there is a heave reduct­

ion of around 8% the pitch motions increase by about 30% as does the 

relative bow motion, which can hardly be called an improvement. 

The column flare was further increased on the forward column 

to give Condition 8 (Le. Aft A *= 2A , Fwd A * = 3A ). Some experi-w w w w 
mental results are given in Figs. 7.16 - 7.24 for a range of frequenc-

ies. Immediately noticeable for this Condition is the fact that 

there is a marked departure from the expected behaviour in Figs. 7.16 

and 7.20. This is the 'jump' phenomenon which is a characteristic of 

mass-non-linear spring systems. The response of such a system with 

damping and a hardening spring, as is the case here, is illustrated 

in Fig. 7.25. Strictly speaking, resonance is not possible for such 

a system but Table XV still includes a 'natural' frequency based on 

decay tests. From Fig. 7.16 it can be seen that there is an abrupt 

change in the heave, pitch and relative motion responses at a wave 

amplitude around 7cm. However, the actual value is not clear-cut 

because there is a band of amplitude about 0.5cms wide in which either 

solution seems to be able to exist in a well-defined and enduring 

manner in anyone experimental run. Figure 7.20 again shows the jump 

(although no actual overlap of solutions in this case) and includes 

also the motion at the bow and stern. From both Figs. 7.16 and 7.20 

before the jump the pitch is very small and since in both cases the 

relative bow motion response is about twice the heave response then it 

can be concluded that the bow motion is approximately 180 0 out of 

phase with the wave crest. This is borne out by visual observation 

and results in a considerable increase in waterplane-area for the for­

ward column during the cycle. This is the equivalent of a hardening­

spring and it can therefore be hypothesised that the jump actually 

occurs for the forward column thus affecting all the other motions. 

Above the 'natural' frequency the column flare does not cause 

any decrease in heave motions as can be seen from comparing Figs. 7.17 

and 7.3, and Figs. 7.18 and 7.2. Even before the occurrence of the 

jump the heave in Fig. 7.20 is larger than the corresponding values in 

Fig. 7.7 and after the jump the heave is nearly 50% greater than it 

would have been without flare. A sharp rise is evident in Fig. 7.22 

and comparison of Fig. 7.23 with 7.6 suggests that the jump has 

occurred here as well. 
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At lower frequencies it can be seen from comparing Figs. 7.19 

and 7.5 that with the flare a small heave reduction of around 8% 

occurs. However, this is not as great as suggested by the simulation, 

Fig. 7.11, and, in addition, the experimental results suggest an 

increase in response-amplitude-operator with increasing wave amplitude 

rather than a decrease. In Condition 9, which is Condition 8 without 

the brace the jump phenomenon also appeared. However, in this case, 

because of the lower damping, the responses were even larger as can 

be seen from comparing Figs. 7.26 and 7.20. Even more interestingly 

there was a wave amplitude at which the 'stern' exhibited a 'beating' 

motion. It has been shown above that in Condition 8 there existed a 

thin band of wave amplitudes for which two experimental solutions 

could exist which were both 'stable' in the sense that they persisted 

all during the course of a long test.. A probable explanation for the 

beating motion is that it represents the stern (in this case) moving 

from one solution to another. 

7.6 Discussion 

The foregoing results show that the linear response approximat­

ion is generally valid. At resonance the presence of the brace seems 

to cause a reduction in response-amplitude-operator with increasing 

wave amplitude which is attributable to viscous effects. This has 

been modelled on an analogue computer. At other frequencies the brac­

ing can also have a minor effect. (For conventional semi-submersibles 

in which only a small proportion of the hulls are covered by columns 

the behaviour at the corresponding frequencies may be affected by the 

hulls and not just the bracing. This may cause the effect of the 

bracing to seem less significant.) 

The main exception to the above generalities is the occurrence 

of the jump phenomenon which can cause a dramatic change in motion 

response. To predict such motions it is necessary to have an accurate 

prediction of the relative motions, especially at the bow in this case. 

As shown in Chapter 6 this has not been achieved here but work report­

edly being conducted elsewhere may enable it to be done. 

The jump phenomenon is of course well-known and is conveniently 

illustrated theoretically by the nuffing type of equation considered 
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in many vibration texts; . [119] see for example Me~rovitch • Equation 

7.3 is considered with a cubic rather than a square term and is re­

arranged to give the following form for a perturbation analysis 

7.4 

in which W is the natural frequency of the linearised system, Q is 
n 

the driving frequency, (made equal to W during the analysis), a and 
n 

S are given parameters, £ is small, F* is the exciting force per 

unit mass plus added mass and is now also non-linear. This is solved 

in the above-mentioned texts and the solution to the zero-order 

approximation is 

7.5 

where W can be identified as the undamped natural frequency of the 
o 

associated linear system, i.e. S=O. This can then be used to plot 

Iz I against W as illustrated in Fig. 7.25. o 

The response of such a system in irregular seas would be very 

complex to analyse mathematically. For the simpler case of two 

harmonic forcing functions with distinct frequencies WI and w2 the 

response of a mass-non-linear spring system consists of harmonic com­

ponents with frequencies in the form of integer multiples of WI and 

w2 as well as linear combinations of WI and W2 ' (the type of harmonics 

depending on the nature of the non-linear term). 

.1 

I 



144. 

0iAPI'ER 8 

roLL KJI'ION IN HEAD SEAS 

8.1 Introduction 

For conventional vessels it has been recognised that operat­

ion in a group of large following waves can result in a large roll­

ing motion and capsizing after a few cycles. This unstable rolling, 

sometimes referred to as 'low-cycle resonance', 'auto-parametrically­

induced rolling' or 'parametric rolling' occurs at half the wave 

encounter frequency and is similar to the unstable motion described 

by the Mathieu equation. The phenomenon has been known for sometime. 
. t . [120] f d th . f . f For ~ns ance, Gr~m oun at at certa~n requenc~es 0 

encounter unstable roll oscillations could occur because of the 
[121] 

periodic variation of restoring moment. Paulling and Rosenberg 

examined the stability of ships in a calm sea and showed the exist­

ence of non-linear coupling which could result in unstable roll mot­

ions. This led onto various studies of capsizing [95, 122] • (There 

has also recently been an interest in unstable and parasitic motions 

for Tension-Leg Platforms (TLPs) [123-125].> The Mathieu equation is 

covered by Maths and vibrations texts, e.g. Ref. 119. 

Since the phenomenon is usually associated with following 

seas for free floating vessels it was not anticipated before the 

experiments. 

8.2 Equation of M::>tion 

For.head seas there is no exciting moment and the standard 

roll equation, e.g. Ref. 96, can be written as 

(I+I
AM

)8 + B e + c(t)8 = 0 8.1 

in which the third term, the hydrostatiC restoring moment, is written 

as a function of time. As the wave passes along the length of the 

ship this restoring moment varies due to a combination of the instant­

aneous water-line and also the heave and pitch motions of the ship. 
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For linear theory the hydrostatic roll restoring moment is a 

constant and is simply 

c = pgVGM
T 

8.2 

[124] 
However, to allow for the above effects Eq. 8.2 can be written as 

c(t) = pg(V+oV) (GMT + o~) 

Since oV and OG~ are small compared with V and GMT 

C(t) = pgVGM
T 

+ pgVOGM
T 

+ pgoVGM
T 

8.3 

8.4 

where oV and OG~ are the fluctuations in V and GMT due to the pass­

age of the waves and the vessels heave and pitch motions. It can be 

assumed that the sum of the fluctuations is harmonic and Eq. 8.4 can 

then be written as 

c(t) = pgVGM
T 

(1-13 cos wt) 8.5 

where 13 is some function of wave amplitude. C(t) is expanded in 

Eqs. 8.3 and 8.4 with the inclusion of the oV term to indicate that 

balancing the ship on the wave by some means is not a satisfactory 

way of evaluating 13. This is particularly true in the present case 

since, as will be shown, the phenomenon occurs in the vicinity of 

heave resonance with correspondingly large vertical motions. 

Substituting Eq. 8.5 into 8.1 and neglecting damping gives 

(I+I
AM

) e + P9VGM
T 

(1 -l3cos wt) e = 0 

21f Putting -- = wand rearranging then gives 
T 

.. pgVGMT 21ft 
e + (1 - S cos -) e = 0 

I + lAM T 

21ft 
(1- S cos -) e = 0 

. T 

where T is the natural roll period. 

1ft 
Changing the time variable to t* = ~ gives 

(1 - 13 cos 2t*) e = 0 

2 2 2 
{ (.2:.) _ S (2T) 

T T 
cos 2t*}e = 0 

8.6 

8.7 

'I 
! 

I 
! 
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This compares with the standard form of Mathieu's equation 

(see for example Meirovitch[119]), i.e. 

x + (0 + 2e: cos 2t) x = 0 8.8 

where in this case 

8.9 

8.10 

The interest lies in the stability characteristics of the 

system which can be plotted conveniently in the (o,e:) parameter plane 

(strutt diagram). The plane can be divided into regions of stability 

and instability by boundary curves and in this case we are interested 

in the prinCipal instability region, i.e. the region terminating at 

0=1, e:=0.Meirovitch[119] obtains the equations of the boundary 

curves by Lindstedt's perturbation method as 

0
1 

~ 1 - e: - ~ e: 2 

O
2 

~ 1 + e: - ~ £2 

8.3 Experimantal Results 

This unstable rolling 

Condition 10, Le. A * = 3A w w 

..... 8.11 

8.12 

at half the wave frequency occurred for 

(see Table XV) for which the natural 

roll frequency was found to be ~8 = 2.0 rads/ sec from roll decay 

tests. Experiments were conducted over a range of wave amplitudes 

and frequencies to determine' the regions of stability and instability. 

The experimental set-up was as previously, but it should be noted 

that the unstable motions still occurred with variations in the moor­

ing geometry and, indeed, in the absence of any moorings. 

At this stage th~ value of S (in Eqs. 8.6, 8.7 and 8.10) has 

not been calculated theoretically, but, as previously discussed it 

should be possible to do so when the prediction of the relative bow 

motion is improved. However, it was found that to fit the strutt 

diagram Eq. 8.10 had to be written as 

w 2 

£ = 0.75 ao (;) 8.13 

to give a re~sonable fit for 0<1. The experimental results together 
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with the boundary curves, (Eqs. 8.11 and 8.12) are given in Fig. 8.1. 

For 0>1 it can be seen that the chosen function for E does not fit 

the data because stable trials lie in the unstable region. It is 

not particularly surprising that a different function is required 

and indeed it may only be coincidence that the same E function gives 

agreement for different values of 0 at 0<1. However, for 0>1 there 

is insufficient experimental data to determine E as a function of a • 
o 

For most of the trials in Fig. 8.1 the response of the bow and 

stern and, where applicable, the roll amplitude are shown in Figs. 

8.2-8.6. From these Figures it can be seen that, for a given fre­

quency, when the low wave amplitude results are stable, the inception 

of rolling at a higher amplitude causes a noticeable change in the 

motion of bow and stern. The frequencies at which the rolling stops 

at high wave amplitudes are particularly interesting. It can be seen 

that when the motion of the bow becomes very large the rolling stops. 

In other words when the 'jump' phenomenon occurs the motions at the 

stern are affected in such a way that the fluctuation of C(t) in Eq. 

8.1 becomes insufficiently large to cause the roll motion. 

Two frequencies were repeated for Condition 11, i.e. lower GM, 

(Figs. 8.7 and 8.8). Comparing Fig. 8.7 with 8.4 it appears that 

with the lower GM the roll motion, especially at small wave amplitudes, 

is larger. However, the jump phenomenon occurs for both Conditions at 

ubout the same wave amplitude. Contrary to the above, from Figs. 8.8 

and 8.6, the Condition with higher GM gives larger rolling motion. 

The results in the stable region are, however, similar as would be 

expected. 

Changing the GM affects both the roll natural frequency, (and 

hence 0 and E) and also the roll restoring moment. Clearly, the net 

effect is complicated and because of this it is difficult to make 

meaningful conclusions from the available data about the effect of GM 

in isolation. 

One frequency was repeated for Condition 12, i.e. standard GM, 

but no fin and hence lower damping. The results in Fig. 8.9 were 

obtained from which it can be seen that the roll motion is signifi­

cantly larger than the corresponding results in Fig. 8.8. (The maxi­

mum RAO without the fin is three times greater than that with the fin, 
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and at other wave amplitudes it can be twice as great.) In the case 

of zero damping the theoretical response goes to infinity in the un­

stable region. It can also be seen that the unstable rolling comm­

ences at a lower wave amplitude, without the fin but this is attrib­

utable to the change in the natural frequency affecting the values of 

o and E. (Damping also has a small direct effect on the position of 

the stability boundaries[119].) 

It should be noted that starting from rest these unstable 

roll motions typically take 10 -12 wave cycles to build-up to a large 

amplitude, e.g. Fig. 8.10 for Condition 10. The question then arises 

whether or not these instabilities will be manifest in irregular seas. 

8.4 Roll ReSponse in Irregular Head Seas 

Three pre-recorded Pierson-Moskowitz type spectra, with a 

model scale significant wave height of h = 5.2 ems, 10.5 ems and 
s 

15.8 ems, for the complete run, corresponding approximately to sea-

states 3, 5 and 6 in the full-scale were used. (The most severe 

sea had one wave amplitude over 15 cms in a run lasting about 20 

minutes.) For Condition 12 intermittent rolling occurred in the 

two largest of these spectra as illustrated in Fig. 8.11 for the 

largest one. However, when the fin was fitted, i.e. Condition 10, 

no rolling whatsoever was observed which appears to be due to the 

effect 0= damping. The seas used were random, but if there was 

more wave-grouping present it is still possible that parametric 

rolling could occur for other conditions. 

8.5 Discussion 

Further discussion of unstable rolling is given at the end 

of the next chapter. 
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CHAPrER 9 

mI'rON RESPONSE IN BEAM SEAS 

9.1 Introduction 

The motion response of the model was obtained for a range of 

wave frequencies and amplitudes and for a number of different condit­

ions. As for head seas it was found that the response was generally 

linear with wave amplitude. However, subharmonic rolling occurred in 

the conditions for which unstable rolling was reported in head seas. 

A survival experiment was also conducted. The model was ballasted to 

give zero upright GMT but it did not capsize under wave action. 

9. 2 Exper:ilOOntal Results 

The experimental results for Condition 1 are shown in Figs. 

9.1 -9.8 inclusive. As in head seas, for Condition 1 the response is 

essentially linear with wave amplitude apart from at resonance when 

there is a decrease with increasing amplitude (Fig. 9.1) and in cases 

of low heave, Figs. 9.4 and 9.5, where there is a tendency for the RAO 

to increase with wave amplitude. The sharp rise in Fig. 9.6 is unex­

plained. 

The ITTC recommend a wave height of h=A/40 for seakeeping 

experiments. The results for the nearest experimental value to this 

are plotted in Fig. 9.9 from which it can be seen that the heave and 

roll responses are in fact very similar to the heave and pitch res­

ponses for Condition 1 in Figs. 6.4 and 6.5 respectively. 

The GM was reduced to give Condition 13 with results plotted 

in Figs. 9.10 and 9.11. Comparing these with Figs. 9.1 and 9.5 indi­

cates that this GM reduction had little effect on the response at 

either frequency. However, when the fin was removed but with s~and­

ard GM, (Condition 5) Figs. 9.12 and 9.13, it can be seen that although 

the roll motion stayed about the same the heave motion was affected 

being generally greater in Fig. 9.12 than in 9.10 or 9.1 and less in 

Fig. 9.13 than in 9.11 or 9.5. 



159. 

These heave results are exactly analogous to those for head 

seas. The main effect of removing the fin is reducing the damping 

or viscous forces, hence the resonant heave response increases while 

the near zero response becomes smaller. In these cases the wave 

frequency is sufficiently far from roll resonance for the damping to 

have little effect on roll motions. 

9.3 Results with CoIUlm Flare 

As for head seas (Chapters 6 and 7) the responses were found 

for varying degrees of column flare. Figures 9.14 to 9.18 inclusive 

give the results for Condition 8, and comparing results as before 

there seems to be no real benefit. Similarly, when the GM was reduced 

(Condition 14, Figs. 9.19 - 9.21) the effect was only small. Comparing 

Figs. 9.20 and 9.16 the roll RAO increases from about 0.3 to about 

0.36 and the differences between Figs. 9.21 and 9.15 are even smaller. 

9.4 Subhanronic Rolling 

In head seas the occurrence of an unstable roll motion of half 

wave frequency was shown in Chapter 7 and similarly in beam seas a 

subharmonic rolling at half wave frequency can occur. (For convent­

ional ships this has been investigated in regular and irregular seas 

in a number of papers such as Refs. 122, 126 - 129. The equation of 

roll motion is similar to Eq. 8.1 but in this case includes a roll 

exciting moment, i.e. 

(1+1 )8 + Be + C(t)8 = M cos wt 
AM 

9.1 

As in head seas the subharmonic roll motions did not occur until the 

column flare was increased to A * = 3A , Le. Condition 10. Various w w 
experimental results for this Condition are given in Figs. 9.22-9.27. 

In head seas the demarc~tion between rolling and not rolling was 

clear-cut but in beam seas the roll response for a number of trials 

exhibited a mixture of wave frequency and half wave frequency com­

ponents (these are shown with a half-solid symbol). Generally, e.g. 

Figs. 9.22 and 9.24, normal rolling occurred for both low and high 

wave amplitudes. The cessation of subharmonic rolling at higher wave 

amplitudes may be attributable to small wave frequency pitching mot­

ions (caused by lack of fore-and-aft symmetry) which altered the 
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fluctuations in the restoring moment. However, for conventional 

ships Tasai[129] also notes that unstable rolling did not occur for 

waves of large steepness, but offers no explanation. 

Results for a lower value of GM (Condition 11) are shown in 

Figs. 9.28 - 9.31. Li ttle difference in magnitude is noticeable 

between Figs. 9.28 and 9.26 or 9.14 and between Figs. 9.31 and 9.27. 

However, near heave resonance, comparing Figs. 9.29 and 9.25 the sub-

harmonic rolling seems to have a larger amplitude and extends to a 

higher range of wave amplitudes. This is more probably attributable 

to the variation in roll natural frequency than the lower value of 

G~ per se, since the reduction in G~ leads to the roll natural fre­

quency, Wa' reducingto 1.85 rads/s for Condition 11. Therefore, at 

W = 3.77 rads/s, W/Wa is more nearly equal to 2 and W ~ W
H 

which com­

bination tends to give the 'worst' result. Thus, as in head seas it 

is difficult to make a meaningful conclusion about the effect of GM 

in isolation. 

9. 5 Survival Experllrent 

The model was ballasted from Condition 10 to give zero upright 

GMT at which the model took up a small angle of loll. An attempt was 

then made to capsize the model in large waves, Fig. 9.32. Because of 

the low GM the roll natural frequency was very low and the resulting 

roll motions were also very low and eS3entially at wave frequency. 

The model never seemed to be in danger from capsizing but with the 

large volumes of water sweeping the deck sinking due to added weight 

seemed a recurring possibility. It can be speculated that this would 

be particularly true if, due to damage say, the vessel had been at a 

deeper draught, and hence less freeboard, as well as having a very 

low GM. 

9.6 Discussion of Unstable M:)tions 

While the behaviour reported in Chapters 8 and 9 have been 

referred to as instabilities they should not be confused with the 

usual static or quasi-static roll-stability criterion. Although they 

have been identified as a possible capsize mecha~ism their occurrence 

is neither a necessary nor a sufficient condition for a capsize, 
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but of course that does not mean that their existence is desirable. 

Indeed the contrary is true and the knowledge that a small motion 

could build-up represents a dangerous situation. It would, therefore 

be desirable to have practical criteria for the avoidance of such 

motions. This has not yet been done but some very recent work on 

offshore structures, (September 1981) may be relevant[130]. (Another 
[131] 

recent paper reviews intact ship stability research and criteria 

which may also be applicable.) The basic difficulty is that changing 

an easily measurable parameter such as GM need not prevent unstable 

motions, it may only move them to a different frequency. It may 

transpire that setting a maximum permissible value of a parameter such 

as S in Eqs. 8.S-8.7 could be useful. Furthermore, if the GM is re­

duced to avoid subharmonic rolling it is possible, as evidenced by 

the survival experiment, to increase the wetness dramatically which 

is not desirable either. It should also be remembered that even for 

the trials in which the instabilities occurred there was never any 

capsizes and it seems reasonable to attribute this to having suffic­

ient GM or area under the GZ curve. In other words, there was a 

sufficient reserve of stability in the conventional static sense. 

The effect of damping is also obviously important in limiting the 

motion amplitudes. In conclusion, it can be said that given the 

choice, the lesser of the two evils would be to have unstable motions 

and a large area under the GZ curve rather than unstable motion with 

small area under the GZ curve. 

There is no reason to think that the above behaviour is a 

feature of the three-hulled design. The equations of motion are just 

as applicable to the twin-hull cases and the appropriate conditions 

could qUite easily be designed into such a vessel unless care is 

exercised. Indeed from the literature it seems that both the 

Kaimalino and the Marine.Ace (twin struts) and also a 4000t deSign[132] 

have roll natural frequencies approximately half the heave natural 

frequency which are the conditions most likely to lead to parametric 

or subharmonic rolling. The fact that it has not been reported 

suggests that the column flare is not sufficiently great on these 

designs although it certainly would appear to be on other twin-hull 

designs [6] • 
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As far as the three-hull design proposal is concerned the 

waterplane-area ratio is approximately as for Condition 8, which 

exhibited no parasitic motions, but the actual volume in the flared 

portion is slightly smaller so the motions would be even less likely. 
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ClIAPl'ER 10 

IARGE AMPLITUDE HEAVE MJI'IONS 

10.1 Introduction 

The equation of motion for a floating vessel is frequently 

given as a second-order linear differential equation with a sinus­

oidal exciting force and frequency dependent coefficients as in Eq. 

6.4. (Tick[133] has shown that such descriptions actually represent. 

systems which are described in the time domain as integral equations, 

but this need only be borne in mind as an example of the possible in­

adequacy of the conventional approach.) cummins[134] has commented 

on the usual representation and points out that for the actual system 

if the exciting force was suddenly doubled the response would not 

suddenly double despite being a linear representation. However, the 

usual approach is very convenient since it allows the use of spectral 

techniques by the methods of St. Denis and Pierson[86] and has been 

quite successful. Such an approach requires the sea to be represented 

by a sum of Fourier components and since we have frequency dependent 

coefficients there is an anomaly which does not receive much attention. 

The anomaly is that as we must assume all the Fourier components to be 

present at the same time we must have all the frequency dependent 

coefficients co-existing. Since each coefficient essentially repres­

ents a different flow or motion these must all exist at the same time 

which is not physically reasonable. 

An alternative representation of the seaway is to consider it 

at any time instant as being composed of a series of single-cycle 

waves each characterised by their zero-crossing period and height. 

Such an approach is not without its difficulties since the examination 

of a wave record will show that, for instance, not all the visible 

'waves' cross the zero-line and further a compact representation is 

not possible as with Fourier components. However, it is useful since, 

as will be shown, its combination with the complete solution to the 

equation of motion sheds some further light on the motion response 

problem. 
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In particular, this chapter proposes the use of design-wave­

groups, which have some of the characteristics of an amplitude modul­

ated wave system. Calculating the motion in the time-domain for 

such groups shows that the conventional use of steady-state transfer 

functions for the calculation of large motions is not necessarily 

justified. (The idea was originally developed in an internal 

report[94].) Linear theory will be adhered to, although it could be 

argued that investigating large amplitude motions with linear theory 

is anomalous in itself. However, some interesting results are arrived 

at, although in view of the above, they should be considered as rep­

resenting a magnitude of uncertainty in the response rather than the 

actual response in a deterministic sense. 

10.2 Equation of Motion 

The equation of motion is exactly as in Chapter 6 except that 

the cosine term is replaced by a sine term for convenience in the 

simulation, i.e. 

(~+AM)Z + C1z + KzZ = F sin wt 10.1 

The complete solution can be expressed analytically as in Eq. 6.5 but 

here it is solved in the time-domain by a step-by-step method, (the 

Runge-Kutta-Nystrom method, see Appendix E). The heave exciting 

force is calculated as in Chapter 6. 

10.3 The Design-Wave-Group Canoopt 

In ocean-engineering fairly heavy emphasis has been placed on 

spectral design techniques and the design-wave approach. Methods are 

available for estimating extreme wave heights and, more recently, 

since the responses are also frequency dependent the joint distribut­

ion of wave period and qrnplitude for the design-wave has been 

obtained[135]. It has also been shown how the conditional probab­

ility that the wave amplitude will exceed a certain range of values 
. [136] may be cons~dered • 

The designer now has a wave of given height and period, where 

the period is defined as the interval between successive up-crossings 

of the mean level. If he proceeds to calculate the response to this 
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extreme height on the basis of regular wave transfer functions, he 

will be in error. In reality the extreme response will depend on 

the preceeding conditions. This can be said with confidence because 

it is well-known that vibrations take time to build-up or decay, see 

for example Ref. 137 and Fig. 10.1. This has generally been ignored 

in vessel motion response calculations partly because of the Fourier 

representation and perhaps because ships tend to have higher damping 

than SWATHs or semi-submersibles. The time taken for the decay or 

build-up depends on the damping; the lower the damping the longer 

the time taken. 

To investigate this behaviour the use of a group of design­

waves is proposed. There has been considerable interest in wave­

groups in the past four years and some of this is summarised in 

Appendix F. The group contains the single-frequency design-wave and 

also other sinusoidal waves of the same frequency, but lower ampli­

tude, juxtaposed to give the general shape of an amplitude modulated 

wave system. 

There is little mathematical justification for doing this 

since it introduces a discontinuity at the start and end of each 

cycle. If, alternatively, the envelope shape was preserved and the 

waves made continuous this would introduce other frequency components 

which is undesirable for the present purpose because of the frequency 

dependence of the coefficients in the equation of motion. (In a 
. [138] 

recent paper St. Den~s has set up a model by juxtaposition of 

third-order Stokes' waves to produce a statistical description of 

moderately severe seas. In this he treats the resulting discontinuity 

of orbital velocities with a fairing process.) 

Having defined the group of design-waves the response is cal­

culated in the time domain. The resp~nse to the nth wave is calcul­

ated using the final value of motion velocity from the (n-l)th wave 

as the initial condition. (The displacement and acceleration at the 

first nodal point have been taken as zero.) This response is obtained 

digitally, rather than on the analogue, using the Runge-Kutta-Nystrom 

method (Appendix E) with, usually, a time step of t = T/20 where T is 

the wave period. (When the time step was taken as t = T/40 the same 

solution was achieved as for t = T/20.) 
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10.4 Response in the Design-Wave-Group 

In this section a relatively large design-wave-group with 

eleven-cycles is considered. The frequency of individual cycles is 

constant throughout the group and the wave amplitudes are given in 

Table XVI. 

182. 

No. of 
Cycles 

in Group 

Wave Amplitude (m) Ratio 
aab 

~ 

11 .025 .050 .075 .100 .125 .150 .125 .100 .075 .050 .025 0.8 

Table XVI. Group Structure. 

The resonant response is shown in Figs. 10.2 and 10.3 in the 

eleven-cycle wave-group for an assumed linear damping ratio of y = 0.1 

and 0.2 respectively. The steady-state response to the largest wave 

is also shown. In the former case the maximum response amplitude is 

some 15% less than the steady-state values. Assuming a doubling in 

the damping ratio to y = 0.2 halves the steady-state response at 

resonance (hence illustrating the importance of obtaining the correct 

damping ratio) and also causes the transient to decay more quickly. 

Even so, the maximum response amplitude is some 12% less than the 

steady-state response to the highest wave. 

Both diagrams show that, as expected for w/w ~ 1, the motion 
H 

lags the force by 90°, put it is interesting to note that in both 

cases the maximum response occurs during the cycle after the maximum 

force has occurred. This will obviously have implications for calcul­

ating the relative motions. 

In Fig. 10.2 it can clearly be seen that the responses in the 

second half of the group are greater than those in the first half. 

In fact, if we look at the response to ao = 0.075cms (= a
3 

= a g ) then 

in the first half of the group the steady-state solution over-estimates 

the response by a certain error (denoted by £2)' but in the second half 

of the group the steady-state solution under-estimates the response by 

£3. Since it can be seen that £2 ~ - £3 then the average actual res-



l t ~steady-state Solution 

€ €a. to highest wave_ 
(, 

O. 15 

0.10 
T S,S. Solution 

-c 
(IJ 

to a, and Qtt 

~ 

,\ 

d 
E:3 

I' 

-c 

I 

" 
-

i'· I 
I \ I I 

, 

--
I 

, \ 
, 

:z: 

, , I 
, 

I 
(' 

0.05 

I I I I I I 

I \ I I I I I 

0 

, I I I I 
I I \ 

1ft 

, I , , I 
I I 

\ 

N 

I I I I I 
\ I 

\ 

, I I I I 
\ I 

\ 

...... 
I I I 

, I 
I I 

I 

cal 

I \ I I 
, \ I 

\ 

U 

I I , I I 
I I 

\ 

&.. 

I I I I 
, \ I 

1 

0 

, I 1 I I 
1 I 

I 

l.l.. 0.00 

I 1 I I I 
I I 

I -
I 1;;10 

1 1 
1 

time 

0 

1 ldO I I 140 1 
\ 

of 

\ 
I I \ I 

I I 
\ 

\ 

I 1 1 I 
\ I 

I I \ 

\ I 1 I 
I I 

\ I \ 

I I 
, I 

I , I I \ 

-
\ I I 

, I I 
I 

, \ 

e 

I , I I 
\ I 

I 
, \ 

,;\ 
I , \ 

, I , \ I \ 

\ 
V 

\ 
I \ 

, , 

c:: 

I \ 
I I I I 

, \ I 

-0.05 

I I 1 I 

0 

\ I I I 
\ I 

\ 

V 
I 

\ 
, 

.... '\ I 
\ 

\ I I 

0 

\ I 
1 I \ 

:L 

I I " " \ 

{,4J 1-0 

I 

- = '" 
cal 
> 
d 

WIL 

cal 
::x:: -0. lO ~ :: 0·\ \ I \ I \ I \ I V ..... 

(X) 
w 

Fig. 10.2 Simulated Response 
in Design-Wave-Group 







186. 

ponse will be similar to the average response predicted using steady­

state solutions (or regular wave transfer function) see Table XVII. 

Steady-State Response Simulated Response 

Average 0.112 m 0.101 m 

R.M.S. 0.124 m 0.114 m 

Table XVII. Comparison of Average and R.M.S. Responses 
in an Eleven-Cycle Wave Group 

All the above examples have started with the vessel stationary. 

If two groups of design-waves are considered as in Fig. 10.4, then it 

can be seen that the maximum response in the second group is no 

higher than in the first. The average response is, however, higher. 

(In general this type of behaviour is attributable to what is 

referred to in the manoeuvring literature as 'memory effects'. The 

vessel is considered as having a 'memory' of its previous motions. 

The response at any time can then be calculated from the response to 

a unit impulse and the previous time history using the convolution 

integral. Such an approach for ship vertical motions has been advo-
[134] 

ca ted by Cummins • ) 

10.5 Discussion 

The forego.ing has shown discrepancies of 12 - 15% between the 

maximum resonant responses calculated by different methods. This is 

obviously quite significant but in the absence of experimental verif­

ication these results should be taken as representing some uncertainty 

in the maximum response rather than the 'correct' value in a determin­

istic sense. The larger the group becomes the smaller the discrepancy 

will be. The eleven-cycle group used here is by no means a severe 

one, since as shown in Appendix F there is data to suggest that the 

maximum wave height may be about 1.7 times the height of the previous 

wave. Thus the discrepancies could be larger than suggested above, 

although this will depend on factors such as damping and the height of 

the low waves in the groups. Further perspective is given if it is 
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borne in mind that for a sea with h 7.5m the extreme wave height 
s . [136] 

in 50 years may be only 8% higher than expected ~n 10 years • 

This difference is about half the above discrepancies. 

The examples illustrated here have all been at the resonant 

frequency and in accordance with Fig. 10.1 the steady-state response 

tends to over-estimate the simulated response. However, it should 

also be noticed that near resonance there can be a significant over­

shoot. In the present case, where resonant frequencies are also 

encountered, this is unlikely to result in the largest motions, but 

it could be very important for semi-submersibles because for typical 

modern rigs the 100-year storm design-wave can lie in this region. 

Thus, the maximum motions could be larger than hitherto anticipated 

with the possibility of severe consequences. It is recommended that 

this be investigated. 

The design-wave-group concept could also be useful for semi­

probabilistic methods which are likely to become more common in the 
[139] 

design of marine structures • Since motion-induced loads will 

need to be taken into account it will be necessary to estimate the 

uncertainty in motions and the above technique may therefore prove 

to be useful. 
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CHAPTER 11 

CONCLUSIONS AND REX:n1MENDATIONS 

11.1 General 

The background to the project, and the history of conventional 

research vessels and SWATH ships has been discussed from which it is 

shown that adopting a SWATH ship would fit into the historical con­

text of research vessel and marine-science development. 

The advantages of the three-hulled configuration have been 

presented and the overall conclusion is that there appears to be no 

technical reason why such a vessel could not be built and operated as 

a successful research vessel. 

11.2 Costs 

The increased 'research efficiency' for the SWATH should off­

set any increased operating costs. General considerations suggest 

that the first cost should not be appreciably greater than a convent­

ional vessel, but this is not entirely borne out by the quotations 

which have been received based on the Specification. It is possible 

that the first cost will reduce as experience is gained in building 

this type of. vessel. 

11.3 Structure 

High bending moments occur on the centreline of the deck-box 

and at the junction of the deck-box and columns. The use of the 

H.T.S. steel is beneficial in such areas to reduce the structural 

steelweight which is the. largest single group-weight. (The deck-box 

is the largest fraction of steelweight.) The greatest loads appear 

to be induced at zero-speed in beam seas but the method used herein 

for calculating these loads is not completely satisfactory because 

of uncertainties due to diffraction effects. It is therefore 

recommended that appropriate theoretical means be adopted for deter­

mining these effects and that the answers be compared with model 



experiments. These loads can then be used in an approach to the 

minimum-weight design of the deck-box which is particularly import­

ant because it is such a large proportion of the total steelweight. 

In this case if the deck-box weight could be reduced by 10% the 

weight of the scientific 'payload' could be increased by about 90%. 

11.4 Stability and Flooding 

SWATH ships can be designed with excellent water-tight sub­

division and reserve buoyancy. 
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It has been suggested that the existing static stability 

criteria for SWATHs be revised to include the angle of down-flooding. 

Even with this revision it is shown that the criteria with respect to 

wind-loading can easily be met by SWATHs because of the large rise in 

GZ with the immersion of the column flare and the edge of the deck­

box. The static stability requirements are more likely to be set by 

the need to limit the heel angle to, say, less than 15° when operat­

ing with large off-centre loads or following off-centre flooding. 

11.5 Resistance 

It is known that the resistance is generally higher than that 

of a monohull due, at least in part, to the SWATH having up to twice 

the wetted area. Developments at DTNSRDC appear to be succeeding in 

reducing the SWATH total resistance and, furthermore, the added res­

istance in a seaway for a SWATH is less than for a conventional ship. 

The previously suggested CD for the hull endings appears to 
I 

be too high and it is recommended that to ease the problems of esti­

mating the form drag and extrapolation to full-scale the model should 

be large enough for the Reynolds number based on hull diameter to be 

greater than about Rn = 3. x 10 5 in the operating speed range. This may 

not, however, be compatible with the requirement for the model size 

to be such that for motion response tests it can be tested over the 

working range of frequencies at realistic wave amplitudes. The tow­

ing arrangement can greatly affect the trim during resistance tests, 

but the effect on measured resistance seems to be small. 
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The peak in the wave resistance curve is dependent on the 

column spacing, but in this case since the design speed range is 

below the peak the separation has little effect and it is more 

important to minimise the resistance of the individual components. 

Increases in column thickness cause a much greater change in wave 

resistance than increases in column chord and further calculations 

show that it would be quite feasible to reduce the total resistance 

for the case in question. There is considerable over-prediction in 

the total wave resistance calculation due mainly, it is thought, to 

the hull endings but also due to the canal width effect. It is 

recommended that the wave resistance calculated by the technique 

used herein and also by more sophisticated methods should be compared, 

both with each other, and with experimental wave resistance measured 

by a wave-cut or similar technique. 

11.6 MOtions 

It has been shown that the motion response of the SWATH-type 

research vessel would generally be lower than an equivalent monohull. 

Even when the absolute motions are the same magnitude the SWATH would 

be more comfortable as measured by the subjective motion technique. 

Further benefits would accrue to the SWATH from the effects of forward 

speed raising the frequency of encounter and from the possibility of 

using an active control system. 

The digital program gave good agreement with model experiment 

results at zero-speed in head seas for heave but not for pitch or 

relative motion of the bow. To achieve a low relative motion of the 

bow the heave and pitch natural frequencies should be well separated. 

It has been shown that the resonant motions are strongly dependent on 

viscous effects and the response dropped from about 1.8 to 1.2 m/m 

with increasing wave amplitude for conditions with the brace. With­

out the brace the resonant response was fairly linear with wave ampli­

tude thus showing that the bracing made an important contribution to 

viscous effects. The theoretical approach used to investigate column 

flare was found to be over-simplified but experimental results showed 

that with small or moderate column flare the motions are essentially 

linear with wave amplitude. However, for large column flare non-
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linearities and parasitic motions became important. It was concluded 

that the 'jump' phenomenon was caused by the relative motion of the 

forward column and the hardening-spring action of the flare. 

The roll motions in head seas have been described in terms of 

the stable and unstable regions for the Mathieu equation. Although 

such motions have been identified as a capsize mechanism they did not, 

in this case, lead to capsizing and it is suggested that this is due 

to having a large area under the GZ curve. Removal of the transverse 

brace also indicated the importance of damping in limiting the roll 

motion amplitudes and in irregular seas it was only in the absence of 

bracing that rolling occurred. An interesting mechanism whereby the 

jump phenomenon precludes unstable rolling at large wave amplitudes 

has been identified. 

It has been explained that these motions could just as easily 

happen for a twin-hull design as for a three-hull design. Further, 

at zero-speed in head seas for the design condition the motions are 

not expected. 

In beam seas the responses and conclusions are generally as 

for head seas. The subharmonic rolling occurred for the same con­

ditions as unstable rolling in head seas but was not observed when 

wave amplitudes were large. No explanation of this has been reached. 

With zero upright G~ the model did not capsize under beam­

sea wave action but the passage of every wave resulted in 'green' 

water on deck. 

For large amplitude motions a design-wave-group concept has 

been proposed. The use of this shows that the conventional use of 

steady-state transfer functions is not necessarily justified. It is 

suggested that the outcome be taken as a measure of the uncertainty 

of the response rather than the actual predicted response in a deter­

ministic sense. There is a possibility of important consequences 

arising from this, particularly for conventional semi-submersibles 

and it is recommended that they be investigated. The approach may be 

useful in semi-probabilistic approaches to structural design. 
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11.7 Closure 

Although a significant portion of this thesis has concentrated 

on undesirable motion behaviour it should be re-affirmed that there 

appears to be no technical reason why a three-hulled SWATH could not 

be built and operated as a successful research vessel. 

Interest in SWATH ships continues to grow and it must be 

expected that more will be built. It is hoped that the work in this 

thesis will help in that trend. 
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Mr. R.E. Craig, 

(11 ) Dr. R. Ralph 

(12) Mr. Kalmin 
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(14) Prof. D. Blundell 

(15) Dr. D. Cronan 

Zoology Dept. 
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Chelsea College 

Geology Dept. 
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Deep-ocean geo­
physics 

Manganese nodules 
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APPENDIX B: INl'Acr STABll.ITY 

Goldberg and TUcker[50] have presented intact stability 

criteria applicable to SWATH ships from consideration of the hazards 

due to: 

(a) beam winds combined with rolling, and 

(b) large off-centre loads. 

It is suggested from a philosophical standpoint that, because 

of the danger of downflooding, the criteria should be modified to 

read as follows. 

Beam Winds Combined with Rolling 

When the heeling arms, due to wind heel, are superimposed on 

the plot of the ship's righting arm, as shown in Fig. Bl, and an 

assumption is made for the angle of rolling into the wind, SR' the 

following must be satisfied: 

(1) the heeling arm at the intersection of the heeling arm and 

righting arm curves (point C) must not exceed six-tenths of 

the maximum righting arm, and 

(2) area Al is to be not less than 1.4 times area A2 (A2 extends 

SR degrees to windward from point C and Al extends from C to 

the angle of downflooding or the angle of second intercept of 

the curves (point D), whichever is the less. 

SR is the roll angle associated with the storm wind and sea 
[49] 

conditions. A value of 25° was used by Sarchin and Goldberg 

but for SWATH ships (as for air-cushion vehicles in displacement 

mode[50]) a value of 15° seems more reasonable. 

Large Off-Centre Loads 

These can arise from lifting heavy weights over the side or 

over the stern or from the crowding of passengers to one side or end. 

The criteria are similar to the above except that the heeling arm is 

due to the off-centre load rather than the wind heeling moment, and 

are as follows: 
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(1) the angle of heel at the intersection of the curves (point C) 

must not exceed 15°, 

(2) the heeling arm at point C must not exceed six-tenths of the 

maximum righting arm, and 

(3) the reserve of dynamic stability (corresponding to area AI) 

up to the angle of downflooding or the angle of second inter­

cept, whichever is the less, must not be less than four-tenths 

of the total area under the righting arm curve up to the same 

angle. 

Other Considerations 

For certain SWATH applications high-speed turning and icing 

may need to be considered. Also, as discussed in Chapter 9, the value 

of G~ has a bearing on the occurrence of parasitic motions and there 

may, therefore, be some further control on this value if criteria for 

the avoidance of such motions are developed. It may be more helpful 

to develop criteria for acceptable values of 8 in Eq. 8.6 but unfort­

unately the theoretical determination of 8 for a given vessel will 

never be simple. 

,....--I-e~----t 

Ri ghting Arm 
. Curve 

Angle Of 
DownfloOding 

Fig. Bl. Stability Curve. 
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APPENDIX C: BIro<AGE CORRECI'ION 

Various formulae exist for the blockage correction of speed 

for conventional ships. A selection of these as follows were pro­

grammed on the 'Apple' micro-computer. 

[140] 
Scott : C1 

where KI is a function of Reynolds number and the non-dimensional 

number C
B 

V~/L, and 

K2 2.4 (Fn-0.22) 

K2 = 0 

for 0.22 < Fn < 0.38 

for Fn < 0.22. 

V 
1.05 (2L)0.e - '+.76m,+ 

0.51 x m --
'+ b 

[ 141] 
Tamura : 

OV -= 

V 
0.85m

i 
(~)~ 1 Simplified Tamura[141]: oV 

-= 

OV 

1 - Fn 2 
h 

V 
x (~)~ [142] 

Taniguchi-Tamura : -= 

oV [143] 
Emerson : -= 1.65 

V 

[ 144] Hughes : 
oV 
-:::: 
V 

-l.:! 
0.77 x F~ x m2 

2 1 -m
2 

-Fnh 

[145] Conn-Lackenby-Walker : 
oV -=-----
V 

[146] 
Conn : 

Fn; 
2 ~ F~] Vi 1_Am+ __ --+ 1 =0 

bh 2 V 

where VI V + OV 

1 

1- F~ 

C2 

C3 

C4 

C5 

C6 

c7 

C8 



In the above 

and we take a = 3 x transverse mid-area of one hull-column 
m 

A = cross-sectional area of tank 

v = model volume of displacement 

L = model length. 
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The first seven equations can be solved directly. Conn's 

formula (Eq. C8) is solved by noting that it is a cubic in VI/V. 

Although various solutions exist for this it can be demonstrated 

that the discriminant is less than zero and that the required solut­

ion is always given by the same root. 

Note that for F~ > 0.81 and m
i 

' 0.02 there may exist two 

valid solutions but that the chosen root always gives the lower of 

these. 

There are, in addition, other formulations which correct the 

resistance, but these have not been considered. 

The model particulars given in Table XVIII were used to 

evaluate the eight blockage correctors; the results being shown in 

Figure Cl. 

Item Dimension 

LBP 
1. 1m 

L 0.4m 
c 

CB 
(0.65 say) 

V 0.0194m 3 

a 0.049m2 
m' 

Table XVIII. Particulars for Blockage Correction (Light Draught) 

The Scott formula was derived from considering models 

between 3 and 9m long and at speeds up to Fn = 0.38, and is therefore 

inapplicable for the present case. Several variations of the formula 

are in use throughout the world, and it could be adapted for use with 
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SWATHs when some appropriate data becomes available. It may be that 

the Froude number considered should be based on column length since 

this affects the wave resistance. 

Of the others, the Emerson and Conn formulae give an apprec­

iably higher result. (scott[147] rates these and the Hughes formula 

as being low in the order of merit.) The remainder suggest a correct­

ion of up to about 0.25% at the highest speeds. Since this is prob­

ably less than the experimental error, no correction for blockage was 

applied to the experimental results. 

Emerson 

----------
Hughes 

'-

... i •• • 

-
0'5 

I 
0-1 0-2 

jScott 

/ 
Conn- Lackenby -Walker 

/ .- .. 
- -7' - ___ ~ ...... __ .:...!.. __ .:.:--~-·~~Tamura & Simplified 

,. .. - .. - • . .. - .' - - • __________ ~ Tam u r a 

/-/~- - - - '" Taniguchi - Tamura 

1·0 1'5 2·0 2-5 3-0 
V ( m/s ) 

0'3 0-4 0·5 0-6 0-7 0-8 0-9 1-0 

Froude No. based on Lbp ) 

Fig. Cl. Blockage Correction. 
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APPENDIX D: v-JAVE RESISTANCE THEORY 

This Appendix is based on the paper by Chapman[36] which 

is based on classical thin-ship theory[78,79]. However, 
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the lack of fore-and-aft symmetry for the three-hulled SWATH requires 

that the contributions to the wave resistance from certain of the 

parts must be calculated in a slightly different manner including 

terms which cancelled through symmetry for the twin-hull case. 

Equations are based on a co-ordinate system (x,y,z) moving 

with the ship, x positive in direction of motion, z positive upowards, 

with the origin at the intersection of the still waterline, the longi­

tudinal centreline and the mid-chord point of the aft columns, Fig. D1. 

z z 

--

X t J s h 
y 

-)J~ .- • -)- --

B-----' 

Fig. D1. Co-ordinate System for Wave Resistance. 

Let the ship move with steady forward velocity c. This causes the 

perturbation velocities for the fluid u,v,w in the directions Ox,Oy, 

Oz, respectively. If F(x,y,z,t) = 0 is the equation of the bounding 

surface then from Lamb [148] (pp3-7) 

DF -= 
Dt D1 
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If the underwater surface is then represented by an equation of the 

form 

y = ± n(x,z) 

i.e. F = Y - n(x,z) 

then for time invariant motion 

an an 
(c+u) ax - v + wa; = 0 

y=n 

For thin-ships this condition may be approximated by 

an 
v=±c-a;, y o 

02 

03 

04 

so that a single-hulled ship is represented by a source distribution 

on the plane y=O with strength 

..£.2.!l 
o = - 21T ax 05 

For three-hulls there will be three such source distributions. 

For irrotational flow the perturbation velocities in Eq. D3 

can be expressed in terms of the velocity potential, ~, giving 

06 

y=n 

The boundary condition at the free surface can then be derived, by 
[149] 

also using Bernoulli's equation (see for example Newman ). The 

linearised free surface condition can then be written as 

where K = .3..­
c 2 

D7 

[78] 
For this condition Lunde shows that the wave-making 

resistance of a source distribution O(x,y,z) is given by 

and 

00 

R = 161TpK2 f (I2+J2) cosh2 udu 
o 

D8 

I+iJ = ffo exp(iK (x cosh u + y sinh u cosh u) + Kz cosh2 u) dS 

..... D9 
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In order to evaluate the integral in 08 it must be approximated by a 
[36] [79] 

sum. Chapman shows that the expression derived by Srettensky 

for the wave-resistance of a source distribution moving in a infinitely 

deep canal of width W can be used, i.e. 

R = 167fpK {I 2 + J 2 + 2 I (I 2 + J 2) 
Woo n=l n n 

COSh2 Un) 
.• 010 

cosh 2u 
n 

where sinh 2u 
n 

4'ITn 
KW 011 

so that cosh 2u = lsinh2 2u + 1 
n n 

cosh2 u = ~(cosh 2u + 1) 
n n 

012 

Chapman shows that for a twin-hulled ship the integrand in 08 is a 

factor, P say, times that for a single-hulled ship where 

P = 2(1 + cos(K B sinh u cosh u)) 013 

and B is the transverse centreline spacing. Therefore, using 

subscript t to represent the twin-hulled ship 

so that 

I =5I, 
t 

which will be used again later. 

Contribution of Hulls 

It is convenient to define 

m = K cosh u 
n 

then in the thin ship approximation Eq. 09 becomes 

In + iJ
n 

= II a exp (imx + zm2 K- 1
) dxdz 

014 

015 

016 

substituting Eq. 05 into this and replacing the integral over z by 

an approximation, Chapman derives the net contribution of the hull 

to wave-making as J 



I +iJ 
n n 

C ~_hm2' dA 
- (47T) exp \-K-7 J dx exp (imx) dx 
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D17 

where h is the mean depth of the hull and A(x) is the cross-sectional 

area. The only parts contributing to the wave-making are those with 

which in this case is only hull endings since the hulls themselves 

are cylindrical. 

Conical Tail Section 

Consider a cone with apex at x
A

' radius b, length a 

z 

Fig. D2. Tail Section Geometry. 

(In this case x will be negative, however a and b being lengths 
A 

x 

are positive.) The length from xA to a general point x in the cone 

is x-xA• Since at x the radius is 

therefore 

and 

r = (x-x) £. 
x A a 

dA 
-= 
dx 

b 2 
27T (x-x ) (-) 

A a 

D1S 

D19 
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Substituting into 017 (using subscript c to represent the contribution 

from the cone) gives 

. (Cb
2
) t~hm2 I +~J = - -- exp 

c c 2a2 K 
I (x-xA) exp (imx) dx 020 

Now let x 
new 

dx = dx new 

= ( 
hm2_\ a 

exp iIDXA - T) ~ x exp(imx) dx 

Integrating by parts yields 

I +iJ = - (Cb
2
) exp(imx - hmK2' {(1-ima) exp (ima) - 1} 

c c 2a2 A 7 
021 

which is similar to Chapman's Eq. 20. 

Expanding 021 and identifying real and imaginary parts gives 

I 
c = 

J = c 

_cb
2 

exp (_~2) {cos IDXA(COS ma + ma sin ma-1) 
2m2a 2 

- sin mxA(sin ma - ma cos ma)} 

022 

_cb 2 
( hm2j {cos (sin ma) exp -K- IDXA ma - ma cos 

2m2a 2 

+ sin IDXA (cos ma + ma sin ma-1) } 

023 

Spheroidal Tail Section 

Consider a spheroidal tail section from x=x -a to x=x of 
o 0 

the form 

(x-x ) 2 
y2+z2 0 

+ = 1 
a 2 b 2 

024 

In which case 

A(x) Trb 2 b 2 
- Tr(-) (x-x )2 

a 0 
025 

dA b 2 
-= - 2Tr (-) (x-x ) 
dx a 0 

026 



z 

.x 

Fig. 03. Forward Hull, Aft Ending Geometry. 

Using a subscript st for this case 

I +iJ = cb
2 

exp(-hm
2
\ J (x-x ) exp (imx) dx • • •• 027 

st st 2a2 K -; 0 

putting x = x-x 
new 0 

I +iJ 
st st 

cb2 (hm2, 0 
--- exp ~/J x exp(im(x+x » dx 
2a2 -a 0 

. • •• 028 

cb2 . hm2 0 
= --- exp(1mx - -K) J x exp imx dx 

2a2 0 -a 

cb
2 

• hm
2 

( X = --- exp (1mx - -K) exp (imx) - + 
2a2 0 im 

_1 10 

m2 

-a 

cb
2 

hm
K

2
) = ----- exp(imx

o 
- {1 - (1+ima) exp(-ima)} 

2m 2a 2 

expanding and identifying real and imaginary parts gives 

I = st 

J = 
st 

cb2 

2m2a 2 
exp (_~2) {cos mx 

0 
(1 - cos ma - ma sin mal 

- sin mx 
0 

(sin ma - ma cos mad 

029 

exp~-~2j {cos mxo (sin ma - ma cos ma) 

+ sin mx (1 - cos ma - ma sin ma)} 
o 

030 

215. 
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Spheroidal Nose Section 

This case is considered by Chapman. Using subscript sn 

the contribution can be written 

I +iJ sn sn 

where x is now the co-ordinate at the start of the nose. 
o 

This is similar to Eq. D21 and yields 

I 
b 2c exp(-~2) {cos (cos sin = mx ma + ma 

sn 2m2a 2 0 

- sin mx (sin ma - ma cos 
0 

J 
b2c exp(-~2) {cos (sin = mx rna - rna cos 

sn 
2m2a 2 0 

+ sin mx 
0 

(cos ma + rna sin 

Combined Spheroidal Nose and Tail 

1} 

D31 

ma - 1) 

rna)} 

D32 

rna) 

rna - 1)} 

D33 

If we consider a complete spheroidal body of revolution 

made up of a symmetrical spheroidal nose and tail section then for 

all values of x = ± k/2 it can be seen that Eqs D32 and D29 summate 
o 

to zero leaving only J terms. This is analogous to the paraboiic 

strut (see below). 

Contribution of Struts 
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For a strut with parabolic cross-section, maximum thickness 

t, chord length i, and submerged span s, of the form 

y = 2t (i2 _ (x-x ) 2) 
i2 4 . 0 

dV _ 4t 
.;;..I... - - - (x-x) 
dX i 2 0 

the contribution to wave-making is 

2tc 0 i/2 2 ) 
-- exp (imx ) J J x exp (imx + m

K 
z dxdz 

~i2 0 -s -i/2 ~ 

D34 

D35 

D36 



Integrating by parts and simplifying gives 

2tKc (0 ) -- exp ~mx 
2 0 mn 

(1 - exp -m:s\ { 2£. 
I (ml) 2 

sin 
2 

i ml21 - ml cos J 037 

which is Chapman's Eq. 27 with an extra term in x still included. 
o 

Aft Strut 

217. 

In this case the contribution from an aft strut is obtained 

by putting x =0, which gives 
o 

I = 0 as 038 

J = 2tcK (1 _ exp -sm
2

) (_2_ sin ml __ 1_ cos ml) 
as mn 2 \: K \ m 2£.2 2 ml 2 

039 

Forward Strut 

For a forward strut Eq. B37 is expanded giving 

(1 - exp s;2) (cos mxo + i sin mx ) x 
o 

~ -- sin - - - cos o[ 2 m£. 1 
m2£.2 2 m£. 

which simplifies to 

= _ 2tcK (1 _ exp _s;2) sin mx (_2_ sin ml 
mn2 0 m2£.2 2 

040 

1 
mI cos 

041 

~) 

J. = 2tcK (1 _ exp -sK
m2

) cos mx (_2_ sin ml _ J:.- cos ml ) 
fs 2 0 m202 2 m£. 2 

TIm .(.. 

042 

Cc!rplete Ship 

The contributions from the aft parts have so far been 

derived neglecting the 'y' co-ordinate or the breadth of the vessel 

at the stern which is permissible because we know the parallel hull 

interference factor, P, from Eq. 013. However, summing over the 
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ship this has to be taken into account and for the total ship we get 

the contributions 

043 

J = (J +J +J ) IF + If + I + 1st t c sn as s sn D44 

where the lis and JI S are obtained from the relevant equations. 

Equations 043 and D44 are then used in Eq. D10 giving the total wave 

resistance as 

2 L 
n=l 

16n
2

pK [I 2 + J 2 + 
W to to 

00 
cosh2 un J 
cosh 2u 

n 

D45 
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APPENDIX E: THE RUNGE-KUTl'A-NYSTIDM MErr'HOD 

This fourth-order method is a generalisation of the Runge­

Kutta method and is applicable to second-order differential equations 

of the form 

y" = f (x, y, y') 

In the general step (the (n+l)th step) the following auxiliary quant­

ities are first computed 

A = ~h f(x , y , y' ) 
n n n n 

h = step size 

B = ~h f (x + ~h, Y + 8 , y' + A ) n n n n n n ~h(y' + ~A ) n n 

C = ~h f{x + ~h, y + S , y' + B ) n n n n n n 

D = ~h f (x + h, y + 0 , y' + 2C ) n n n n n n o = h(y' + C ) 
n n n 

The new approximations are then 

= y' +K * n n 

where K = J (A + B + C ) 
n n n n 

i 
K * = J (A + 2B : + 2C + D ) n n n n n 

where 
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APPENDIX F: WAVES AND WAVE-GroUPS 

In Chapter 10 vessel motions were calculated in the time­

domain in certain synthesized wave-groups without particularly aiming 

to establish the likelihood of occurrence of these groups. In this 

appendix a previously used time-domain approach is summarised and a 

brief review is given of some pertinent wave-group literature. 

The simplest continuous wave-group is the system formed by 

the addition of two sinusoids of slightly different frequencies, i.e. 

the wave profile is given by 

11 111 + 112 F1 

= a 1 cos(K1x - W t) + a 2 COS(K2X - w2t) F2 1 

Putting a l = a 2 gives 

11 = 2a cos ~(Klx - W t) - (6.K x _ 6.~t) ( cos ~ 6.~ _ 6.~t ( 1 2 

F3 

If x = 0 and assuming WI ~ W2 ~ W 

) 2 S ( t 6.(:Jt.\ (6.wt) I 11(t = alcos - WI - -2-}cOS -2- ~ F4 

6.w 
~ 2a cos(wt) cos(T)t F5 

This has the form shown in Fig. F1 below. 

In general, but not exclusively, oceanographers and others 

have assumed that a sea-state is a continuous random process so that 

most treatments of statistical properties of wind waves start from 

the premise that the wave field consists of a super-position of un-
[150] correlated frequency components • In other words, when a Fourier 

transform is performed on a recorded wave train, only the amplitude 

portion of the spectrum is kept and the phase spectrum is ignored as 

containing no relevant information. However, the amplitude spectrum 

alone does not give a unique description of the wave record associated 

with it since a combination of the same amplitude spectrum with differ-
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Fig. Fl. Simple Wave-Group. 

ent phase spectrum can result in entirely different wave trains 
[ 151] 

(grouped or ungrouped) • (Reference 151 also refers to work at 

the National Research Council of Canada on reproducing wave trains in 

the laboratory.) 

For practical purposes it is sometimes desirable to reproduce 

a wave train from the spectrum. For instance, Ghosh et al. [152] used 

a time-domain approach to investigate the survival performance of a 

pipelay/derrick semi-submersible barge. For a given spectrum S (w) 
s 

they assume that the wave elevation in the time-domain can be approxi-

mated by 

30 
h(t) = L 

n=l 
cos{w t + E(W )} /2S (w ) ow p p s p 

where £ (w ) is p a random phase lag and a half amplitude 

They then assume that the system is linear and 

F6 

spectrum is used. 

use regular wave 

motion responses to calculate the time-domain motion in this irregular 

sea. From Chapter 10 it seems unlikely that such an approach will 
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yield an accurate motion prediction for the large motions expected in 

the survival condition because of the inapplicability of the regular 

wave responses for large motions. 

For the type of simulation developed in Chapter 10 it is 

necessary to define some of the characteristics of the wave-groups to 

be used. 

Spangenberg and Jacobsen[153] starting from the equation for 

the surface elevation at a fixed position in terms of a sum of Fourier 

components reproduce time series which contain different wave-groups 

but have approximately the same energy spectrum. However, no attempt 

seems to have been made to see if these wave-groups have realistic 

parameters or not. 

Goda[154] gives a review of various information concerning 

wave-groups from which some of the following remarks are drawn. 

A run of waves is the occurrence of a number of waves above 

some preselected height and the run length is the number of consec­

utive waves above that height. If the independence of successive 

wave heights (or their randomness) is assumed, then the distribution 

of run lengths can be calculated with the probability of exceedance 

of wave height beyond a particular level, say H. If the distribut-
c 

ion function of wave heights is P(H) and the probability of exceed-

ance is p, then by definition 

p = l-q 

where q = P(H ). 
c 

F7 

Now, the run with length of j is the phenomenon that (j-l) 

consecutive wave heights exceed H , after the first exceedance and 
c 

the (j+l)th one fails to exceed. The probability of the run with the 
length of j denoted by PI (j) is 

P (J') = j-l 
I P q 

The mean and the standard deViation of run lengths are then 

I 
j=l 

1 
q 

If the distribution of wave heights, P(H) is approximated by the 

Rayleigh distribution 

Fa 

F9 

FlO 



P(H ) = P(H > H ) = 1 - exp 
c c l-am

H

O

C! 
and the exceedance level is taken as H 

c 
probability becomes 

p=0.1348, q = 0.8652 

= Hlh then the exceedance 
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F11 

F12 

The observed frequencies of long runs are larger than those 

calculated from the foregoing, thus suggesting the dependency of 

successive heights of ocean waves. In particular, the conditional run 

of wave heights containing the highest wave in a record exhibits a 

strong persistency. The mean length of such conditional runs is 2.4 

for H > H/.. In other words, the highest wave does not appear singly, 
1/3 

but is accompanied by several high, but smaller, waves. 

The duration of wave-groups can also be calculated from 
. [15 5] 

envelope theory (e.g. Ew~ng ) • 

[ 156] 
A paper by Mollo-Christensen and Ramamonjiarisoa suggests 

that the wave field does not consist of independently propagating 

Fourier components, but wholly or in part of wave-groups of permanent 

type, (Stokes' wave packets). They show that it is possible to con­

struct a random wave field from randomly spaced wave-groups and to 

produce a model field that has a continuous power spectral density and 

a dispersion similar to that of observed wave fields. 

They suggest that theory and experiment confirm the exist­

ence of wave-group of permanent envelope shape, initiated by 'modul­

ational instability', and that under certain circumstances such 

'envelope solitons' will be left unchanged by collisions with other 

groups. 

. [150] 
However, Hamilton et al. question the validity of some 

of these findings. They-propose a statistical model with de-coupled 

wave-groups which reproduce some of the characteristics of the time 

series of surface elevation at a point. 

These studies do not, at the moment, provide a great deal of 

help for the purposes of the motion simulation. However, they 

certainly illustrate that wave-groups are a real phenomenon and that 

a significant amount of work is being done in studying them. Here 
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the environment of the high waves is of interest for calculating the 

response and it seems reasonable to use the design-wave-group concept 

or a group as in Fig. F1 to do this. Such groups can be formed using 
. [154] 

the data g1ven by Goda and others. In particular, Davidan et 

al.[157] suggest that the number of waves in a group varies from 2 to 

15. For moderate and fully developed seas this number amounts, on the 

average, to 5 - 6 and in addition, the values of hab/hm and Tab/Tm are 

distributed in accordance with a law which is close to the normal law, 

with the mean values of hab/hm ~ 0.6 and Tab/Tm = 1. 

The height values can be compared with Table XVI and the 

period values suggest that using a single frequency group is in fact 

quite realistic. 


