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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF ENGINEERING AND APPLIED SCIENCE 

SCHOOL OF ENGINBERING SCIENCES, FLUID-STRUCTURE INTERACTION RESEARCH 

GROUP 

Doctor of Philosophy 

METHODS FOR ASSESSING THE SEAKEEPING 

PERFORMANCE OF HIGH SPEED 

DISPLACEMENT MONOHULLS AND CATAMARANS 

by Dominic John Taunton 

The research programme has investigated methods for assessing the seakeeping performance 

of high speed vessels. This has included a review and assessment of seakeeping attributes, 

the development of a suitable database of motion characteristics using experimental and 

numerical techniques and proposals for assessing the seakeeping characteristics of alternative 

vessels. An experimental test programme was carried out in regular head and oblique waves 

as well as irregular open seas on two different hull forms of fast displacement catamarans. 

The results of the experiments in oblique waves are extended to beam and foUowing head-

ings using the transfer functions &om a 3D pulsating source code at headings from head to 

following seaa in regular waves. This eSectively provides a meajis of generating 3D transfer 

functions. 

The methodology used to compare and assess the seakeeping performance of vessels at an 

early design stage is discussed. The use of short crested seas as opposed to long crested is 

assessed and the differences compared. This leads to the use of spreading relationships to 

generate 3D transfer functions from the database of transfer functions in regular head waves. 

This allows the motion prediction method to be greatly enhanced by ciHowing any heading 

to be assessed. The proposed attributes and criteria suitable for assessing the seakeeping 

performance of high speed vessels are summarised. 
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Chapter 1 

In t roduc t ion 

In recent years the demand for fast marine transport between centres of population has 

resulted in the development of fast catamarans and monohulls, together with a number of 

hybrid vessels. The development of these types of vessel has lead to greater and greater 

speeds. Typical speeds are of the order of 30-40 knots, with the fastest vessels achieving 

speeds of 50 knots. In order to achieve such speeds the vessels must be of light construction, 

high strength cind have good c«dm water resistance properties. Progress has been made in 

developing techniques for the prediction of power for these vessels. At the same time there 

has been a need to develop techniques for the prediction of the seakeeping performance of 

such vessels. It is likely, judging by the growth in the last ten years, that the number of such 

vessels will continue to increase. Table 1 shows the fast ferry growth by type in the period 

from 1990 to 1995 and Table 2 shows a breakdown of the worldwide fleet of catamarans and 

monohulls by length in 1997. 

The environment in which these vessels operate is unpredictable and the sea state can develop 

in a short period of time into conditions which are far from ideal for the operation of high 

speed vessels. It is therefore necessary for such vessels to be able to operate in conditions 

other than calm water and this will impose additional loads on the structure of the vessel, 

the equipment and people on board. Many high speed vessels make use of ride control or 

stabilizing mechanisms. These can either be included in the original design to improve an 

area of operation which is known to be bad, or retro-fitted after trials have shown up an area 

of weakness. At the same time, these control mechanisms can lead to a significant addition 

to the ship resistance. If areas of weakness in the operation can be predicted early in the 

design cycle, this need for mechanical ride-control may be reduced or eliminated. 

The design of high speed vessels is a complicated procedure. Prom the initial outline of a 

new service the procedure runs through a concept design stage, then through a feasibility 

study before the final design stage. It is apparent that the seakeeping performance can have 



a significant influence on the design and operation of these vessels and should be addressed at 

an early stage of the design process. The aim of this research has been to focus on and improve 

the prediction of seakeeping performance of high speed vessels at the concept design stage. 

At the concept design stage a number of diSerent vessel types, hull shapes and dimensions 

will be created from the initial service requirements. Figure 1 illustrates a typical concept 

design process for high speed ferries. After selecting preliminary dimensions, determining the 

powering requirements, calculating the masses, carrying out some preliminary stabihty and 

manoeuvring checks the seakeeping performance of the suitable vessels is assessed. At this 

stage there may be up to 20-30 alternative vessels. The current approaches, either physical 

model tests or numerical methods, are too costly in terms of both expense and time. What 

is needed is a simple approach which will determine the relative seakeeping performance of a 

number of vessels at little cost. Such an approach has now been developed. It uses the large 

database of existing model head sea transfer functions and suitable relationships to determine 

the transfer functions at the other required headings. The level of detail required at this stage 

in the design will relate to how well the vessels perform relative to each other at the required 

heading and speed and to indicate any likely areas of weakness in their operating conditions. 

Later in the design process, when the number of alternative vessels has been reduced to say 

two or three, experimental and theoretical methods of sealceeping performance prediction 

which provide more detail may be necessary to help decide on the final design. 

In order to be able to select between the seakeeping performance of alternative high speed 

vessels at the concept design stage, a number of diverse attributes, such as motions, velocities 

and accelerations, must be quantified. Once these attributes have been quantified, the vessels 

are assessed based on how these attributes compare with selected limiting criteria which 

depend on the role of the vessel. In order to improve the assessment procedure it would 

be helpful if these attributes could be simplified by grouping together some of the similar 

attributes. 

Seakeeping performance prediction methods generally rely on using the various motion, ve-

locity and acceleration transfer functions at the desired ship heading, and a suitable wave 

energy spectrum. The transfer functions relate the transfer of wave energy to the vessel's 

response over a range of frequencies. Typical transfer functions show three characteristic 

regions. A low frequency contouring region, where the vessel follows the wave surface. A 

region of resonance where the ship experiences an output greater than the input. A high 

frequency region where the output tends to zero relative to the input. The data base of 

such transfer functions is increasing with every new vessel built. Unfortunately there is very 

little parametric or systematic series data available, especially at high speeds. This lack of 

systematic series data led to the development of this programme of research at Southamp-

ton University into the seakeeping performance of high speed vessels. This programme has 



comprised the physical testing of a number of different models in regular head and obhque 

waves. In addition to the regular wave test novel experiments, such as testing in open water 

and building a Vertical Planar Motion Mechanism, have been developed. These data have 

been used to validate numerical methods which in turn have been used to extend the data 

base of transfer functions to beam and following waves. 

The objectives of this research are summarised as follows: 

# To investigate and propose methods of predicting and assessing the seakeeping perfor-

mance of alternative high speed vessels at the concept design stage. 

# To increase the data base of high quality experimental results for such vessels in both 

head and oblique seas. 

® To apply numerical techniques to extend the data base in oblique seas. 

# To develop new and novel experimental procedures for use with high speed vessels, 

which will help to extend the data base and improve the understanding of the physical 

processes involved in the seakeeping of high speed vessels. 

The review of the literature in Chapter 2, examines the existing sources of high speed vessel 

transfer functions determined from the available physical and numerical techniques. This 

highlights the deficiencies in the data base of high speed vessel motions and the limitations 

of the techniques used to determine these motions. The existing approaches to performance 

assessment are described and some key attributes for high speed vessels are discussed. 

The attributes and criteria used to assess the seakeeping performance of high speed vessels are 

described and methods of condensing these into appropriate subsets is described in Chapter 

3. A review of typical limiting values is presented. 

The physical experimental programme is described in Chapter 4. Details of the models tested 

and their configurations are given. The results in head and oblique waves are presented. Novel 

experimental techniques are described at the end of the Chapter. 

Chapter 5 describes the numerical methods used to extend the physical test results in regions 

which were not possible to test due to physical constraints. The limitations of these numerical 

results are shown and an approach which circumvents these limits is proposed. 

Chapter 6 describes how both the physical and numerical results are use to determine re-

lationships which describe how the transfer functions change with heading 6om head seas 

to following seas. The application of these transfer function spreading relationships is then 

validated. 

The methods of predicting the seakeeping performance are described in Chapter 7. The 



beneEts and deSciencies of the various approaches are described. These are then illustrated 

in the form of a number of caae studies in Chapter 8. 

The summary at the end of each Chapter are drawn together and the important aspects 

expanded upon in Chapter 9 to form the conclusions. Some recommendations for future 

work are proposed. 



Chapter 2 

Review of l i te ra ture 

The literature review has focused on seakeeping data and their availability, particularly for 

high speed vessels in oblique waves, together with the use of suitable criteria to assess or rank 

the seakeeping performance of high speed vessels. 

A good starting point for this research is with the concept design of high speed vessels. 

Some recent work carried out by Karayannis et al. [1] - [4] has automated the procedure 

of determining the principal particulars of fast ferries based on data for existing vessels. 

Alternatively an inverse design procedure can be used such as that developed by Hearn et 

al [5]. This uses a genetic algorithm based inverse analysis procedure to improve the design 

of catamarans. Both of these methods require a method of determining the motions of the 

vessel and criteria by which to assess the seakeeping performance. 

The classical work of Bales [6] describes a model which has been developed relating ship hull 

geometry to an index of seakeeping merit. The work was carried out using destroyer type hulls. 

The characteristics of the hull geometry used were L, B, T, T/L, c/1, Cypp and 

CvpA- An investigation was carried out by the ABCD working group on human performance 

at sea [7] to determine the effects of ship motions on the crew performance of naval vessels in a 

wide variety of shipboard tasks, the results of which provide help to designers and operators. 

Graham et al. [8] describes a frequency domain method of predicting the incidence of events 

which may degrade the performance of shipboard tasks, as well as giving suitable seakeeping 

criteria in the form of limits on the incidence of these events. 

Motion sickness is a severe problem for passenger vessels. An extensive investigation into 

motion sickness on board passenger vessels, by the use of simulators and various ships has 

been carried out by Lawther and Griffin [9] - [11]. Some twenty ships were investigated 

with journey times from one to six hours. The motions of the vessels were measured and 

questionnaires were filled in by passenger in predetermined seating areas. The questionnaires 

were then analysed and compared with the measured motions. In addition to the conventional 



ships that were tested a hovercraft and a hydrofoil were included in the investigation. The 

work carried out showed that the worst frequencies for motion sickness tend to be the same 

as the most common frequencies for vertical accelerations on many ships. 

Having selected suitable criteria by which to determine the seakeeping performance of the ves-

sels at the concept design stage, the seakeeping attributes of the vessels must be determined. 

The methods available to the designer include both physical experiments and numerical ex-

periments. A concise summary of the available physical techniques is given in Conolly [12]. 

He firstly describes the use of long crested regular waves to determine ship motions, going on 

to describe short crested irregular waves. The paper also describes the experimental methods 

used to determine the motions of ships in regular and irregular waves. An important tech-

nique highlighted in this paper was how to investigate ship motion in oblique short-crested 

irregular seas by means of a 3D transfer function generated from regular wave tests at various 

heading angles. Examples of the application of motion prediction methods in long-crested 

head seas is given in Wright [13]. This work describes how this motion prediction method can 

be used to investigate the inEuences of a change in principal dimensions on the seakeeping 

performance of high speed monohulls and catamarans. 

Having discussed how to determine the motions of the ship in a suitable sea, it is now nec-

essary to generate the ship motions. There is an overlap between physical and numerical 

experiments, with physical experiments often being used to validate numerical experiments. 

The most useful experimental data is that which has been determined for a systematic se-

ries. A classical reference is the work of Blok and Beukelman [14]. This work describes a 

programme of physical experiments in head seas on monohulls. The data &om these ex-

periments are incorporated into design charts. The tests were carried out at four speeds 

(Fn=0.285, 0.570, 0.855 and 1.140). A more recent programme of monohuU physical experi-

ments is being carried out by Grigoropoulos and Loukakis [15]. Three hull forms have been 

tested to date. The models were tested for resistance and seakeeping performance in head 

waves. The results presented are for pitch motion, acceleration and mean added resistance 

at two speeds (Fn=0.34 and 0.68). Another systematic series of five monohulls was tested by 

Lahtiharju et al [16]. These hull forms are suited to shallow water operation with water jets 

and were tested in head seas using two versions of a modified strip theory program. Two of 

the models were physically tested in regular waves. 

A systematic series of catamarans was tested at Southampton University by Wellicome et 

al. [17]. This work was carried out on three NPL based models with round bilge, transom 

stern hull forms. The models were tested in three configurations, (demihull, S/L=0.2 and 

S/L=0.4), all at three speeds (Fn—0.2, 0.53 and 0.8). The results are presented in the form 

of transfer functions for heave, pitch, accelerations and added resistance. These models 

were also tested in calm water by Insel and Holland [18]. An experimental and theoretical 
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investigation into the resistance and seakeeping of the same models was carried out by Couser 

[19]. The experimental results were incorporated into a seakeeping performance prediction 

program which was later used by Wright [13] and Karayannis [1], A recent investigation into 

the seakeeping performance of cataznarans was carried out by Soares et al. [20]. This work 

was carried out on a catamaran in obhque regular waves. The headings tested were 180°, 

165° and 150° at a variety of speeds, but the width of the tank resulted in a maximum speed 

of Fn=0.4 at all headings. The model was towed using a planar carriage, which is able to 

traverse the tank whilst towing the model. Results cire presented in the form of transfier 

functions for heave, pitch and roll. 

Another source of seakeeping data, other than systematic series data, is that derived to assess 

the performance of numerical methods, such as the work carried out by Boccalatte et al. [21] 

on two catamarans for the Italian Navy. Two models were tested in head seas at two speeds 

and in beam and in stern quartering seas at zero speed. The results were used to assess 

the performance of three seaikeeping codes, two 2D methods and a 3D method. Another 

example of physical experiments being used to validate numerical experiments is the work 

carried out by Rocco and Grossi [22]. This work was carried out to improve the design of fast 

monohulls in terms of their seakeeping and comfort performance. The problem of monohulls 

operating at speeds greater than 40 knots in severe seas is a difficult problem for designers 

to solve. The designers at Fincantieri have introduced computational tools to improve the 

passenger comfort early in the design stage. The motions were determined by a strip theory 

based program. Physical experiments were carried out in head seas and the numerical and 

physical experiments were compared with sea trials of the completed ships. Boot et al. [23] 

carried out numerical and physical experiments to determine the seakeeping performance of 

monohulls using physical experiments to validate their numerical code. The code used was 

linear strip theory based, which allowed the motions to be calculated at various headings in 

regular and irregular waves using long or short-crested wave spectra. Particular consideration 

was given to passenger comfort and operability. The seakeeping criteria had to satisfy the 

worst reasonable sea state that the ship might encounter in the mediterranean. The use of 

wave recorder buoys combined with wave statistics were used to determine the likely range 

of sea states. 

Kvalsvold et al of DNV, [24] compares two large high speed catamarans in terms of their 

seakeeping comfort levels. One catamaran was a conventional semi-displacement hull form 

and the other a semi-swath hull form of approximately the same length and displacement. 

The comparison is based on standard ISO 2631 curves for motion sickness. The acceleration 

levels at any point in the ship can be investigated. The seakeeping comfort analysis is part 

of the "Comfort Class" concept recently launched by DNV. Other optional elements include 

noise and vibration and indoor climate effects on comfort. 



A number of secikeeping data for high speed vessels have been established using numerical 

investigations. Chan [25] describes the use of two mathematical models for calculating ship 

motions. One is a three-dimensional oscillating source distribution method, and the other 

a three-dimensional translating-pulsating source distribution technique. The comparison of 

numerical results of ship motions and wave loads for two fast catamarans are discussed. The 

Research group at the University of Southampton [26] has investigated dlGierent methods of 

evaluating the motions of monohulls and catamarans. Three methods were considered, a 

pulsating source and two translating pulsating source methods. The results are compared 

with experimental results at speeds up to Pn=0.5. Two papers by Fang et al [27] and [28] 

describe an analytical technique based on the two dimensional Greens function method taking 

into account viscous eSects in order to estimate the motion response of catamarans in the 

frequency domain. Experimental results obtained for two different catamaran models are used 

to validate the results, with both towed and free running model experiments being carried out. 

A third catamaran was used in experiments to determine non-linear eSects. Following on &om 

the hrst paper by the same authors, the theory was extended to include a quasi-non-hnear 

time-domain technique in order to investigate the large amplitude motions of catamarans in 

regular waves. The theoretical results are validated using results from experiments in head 

seas at three forward speeds (Fn=0, 0.226, 0.677). Kring and Sclavounos [29] carried out 

work using a three-dimensional Rantine panel method to investigate the wave patterns and 

motions for multi-hulled ships in head seas. 

More recent work that is of interest concerns oblique waves and open water experiments. Some 

experiments carried out by Cook et al [30], in both regular head waves and in open water, 

have given some information on catamaran motion in oblique seas. The open water tests were 

carried out using an 8m free-running model with all the instrumentation and driver on board. 

Unfortunately the results in open water are only given at zero speed and the regular head seas 

results do not tend to the correct value at low frequencies. Some numerical oblique regular 

wave experiments were carried out by Wellicome et al. [31], using both a pulsating source 

code and a translating-pulsating source code. The results are compared with experimental 

data and the results show a fairly good correlation, the translating-pulsating source code 

giving the better results. 

The extent of the available seakeeping data is presented in Figures 2 to 5. This data shows 

the lack of systematic series data and how most of the monohulls are grouped together at 

similar B / T ratios. The catamaran data are even more sparse and most at the same B / T 

ratio, with only one systematic series of data. 



2.1 Summary 

The existing work on improving the concept design of high speed vessels clearly requires 

an efficient and reliable method of assessing the seakeeping performance of suitable vessels. 

Currently, the numerical and experimental methods available which allow a large number of 

vessels to be examined are not entirely suited to high speeds or are demanding on time and 

resources. 

Large gaps in the data base of vessels are clear from Figures 2 to 5. A data base of transfer 

functions is required for suitable vessels which can be updated with every new design or every 

new cycle of the design process. Data for some vessels which fail to reach the final design 

stage may be suited to other design requirements. Such results should be available in the 

data base to provide as broad a base of vessels as possible. 

The literature review shows the lack of systematic seakeeping data available for both fast 

monohulls and catamarans. It does however also indicate a quantity of physiccd and numerical 

tests which have been carried out on new designs. These provide data on a wide variety of 

different hull forms but lack the ability to vary essential parameters systematically. 

The literature also shows the current trend in designing high speed vessels with a high level 

of passenger comfort. Most fast ferry builders are looking at methods of improving passenger 

comfort. 

The literature indicates available numerical methods for predicting seakeeping performance 

and the amount of work that has gone into validating such methods with physical results. 

The numerical methods are still unable to provide all of the solutions, especially for high 

speeds and novel designs. They do however offer an alternative to physical experiments when 

a variety of headings are required. 
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Chapter 3 

Assessment of seakeeping 

per fo rmance 

3.1 Introduction 

At some stage in the concept design process it is necessary to decide between a nmnber of 

vessels baaed on their seakeeping performance. The assessment of their seakeeping perfor-

mance will have to be judged on suitable attributes. A number of criteria will be needed in 

order to evaluate these attributes. The attributes are likely to be common to all vessels and 

include motions, accelerationg and added resistance, but the criteria by which the vessels are 

assessed will be role speciEc and applicable to high speed vessels. Figure 123 provides an 

overview of this process. 

Past vessels, often operating in the semi-displacement regime, present particular problems in 

the assessment of seakeeping which are often not necessarily present with slower and larger 

displacement vessels. Higher speeds lead to potentially larger relative motions, velocities and 

accelerations which have to be addressed and coped with. Such vessels are ofken concerned 

with the carriage of people and cars, with all the inherent problems and requirements and, as a 

necessary part of their design and operational viability, normally have lightweight structures. 

3.2 Seakeeping at t r ibutes 

3.2.1 M o t i o n s 

The motions of a vessel as it travels at speed relative to its intended heading are deEned 

by a right handed axis system, which is centred at the centre of gravity of the vessel and 

travels with the vessel. The six motions, three translational and three rotational, are de&ned 
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in terms of the body axis system. Table 3 gives the positive directions and units of the six 

motions. 

If the wave depression at the origin is defined as: 

( = (o sin(wet) [m] (1) 

and the ship motions as: 

Z; = Zio sin(wg( + [m or rad] (% = 1,6) (2) 

The six motions can be divided into vertical and lateral motions. The vertical motions are 

heave, pitch and roll. The lateral motions are surge, sway and yaw. A vessel with six degrees 

of &eedom can have absolute motions described by the sum of the vertical and lateral motions 

at the desired point in the vessel. For excimple the vertical displacement of the port bow of 

a catamaran will be the sum of the heave, pitch and roll at that point. By considering the 

motions at or about the centre of gravity of the vessel, cill the motions are absolute. The 

relative motions are dependent on the magnitude of the motions of the vessel and the seas 

surface and the phasing between them. 

The most important motions for seakeeping are the vertical m.otions: 

3.2.1.1 Heave 

Heave is a measure of the vertical displacement of the vessel. If measured at the centre of 

gravity it is an absolute measurement of the vertical displacement. Measured at any other 

point it will have contributions from the other vertical motions. Heave can also be found 

&om measurements of vertical acceleration. 

3.2.1.2 Pitch 

Pitch is a measure of the rotation about the y-axis of the ship. It is an absolute measurement 

of the rotation and can be measured at any point in the vessel. 

3.2.1.3 Roll 

The roll motion is a rotation about the longitudinal centreline of the vessel, the x-axis. It 

also can be measured at any point in the vessel. 
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3 .2 .2 V e l o c i t i e s 

The velocities can be found by diSerentiating the motions with respect to time or frequency. 

The equation of velocity obtained from the equation of motion, Equation 2 is: 

Zi = a;oWg cos(wgf + [m or rad (3) 

The velocities are useful when considered along with the wave motion as this will give the 

relative velocities used for slamming and deck wetness. 

3 .2 .3 A c c e l e r a t i o n s 

The accelerations can be found by diGEerentiating twice the motions with respect to time 

or frequency or by direct measurement using accelerometers. In the same way as heave 

motion, acceleration is an absolute motion measurement at the leg, but anywhere else has 

contributions from roll and pitch accelerations. 

Differentiating twice Equation 2 with respect to frequency gives: 

z'i = ZQWg sin(wg< + 6) [m s"^ or rad s"^] (4) 

3.2.3.1 Vertical accelerations 

The vertical acceleration at the LCG and at the bow are required. This is very important 

when trying to determine the seasickness or comfort levels in a particular area of the ship. 

For example passenger ships have several seating areas and these may have very different 

acceleration levels. The acceleration at the bow is the sum of the vertical motions and if the 

acceleration at the centre of gravity is known, the pitch angle can be determined. 

3.2.3.2 Lateral accelerations 

The lateral accelerations are required for determining the motion induced interruptions or 

MIL However in long-crested head waves, where the model is restrained in roll and yaw, 

there will be no lateral accelerations. The lateral acceleration could be determined from the 

measurement of roll motion, or from the direct measurement of lateral accelerations. 

3.3 Derived attr ibutes 
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3 .3 .1 S t r u c t u r a l l o a d i n g / s t r e n g t h 

The design vertical accelerations described by Det Norske Veritas [32] in their high speed 

light craft Rules for displacement and semi-planing craft (F/ \ / Z < 5) are as follows: 

Oi, = 6 — 1^0.85 + 0 . 2 5 - ^ j g (5) 

k = 9 aft of 0.2L from FP 

= 15 fwd. of 0.2L from FP 

Cu, = wave coeScient for high speed displacement craft (V < 3V%) 

=0.08L for unrestricted service. 

V = maximum speed (knots). 

Tentative formula relating instantaneous values of vertical acceleration signiSccint wave 

height Hs and maximum speed is V: 

= 0.67A-^ f 0.85 + 0 3 5 ; ^ j g (6) 

3 .3 .2 S a f e t y 

The vessel will need to operate safely with respect to its structure, cargo, crew, passengers 

and navigation. The high speed craft code (HSC code, [33]), gives rules for the safe operation 

of high speed vessels in terms of limits on lateral and vertical accelerations. These limits 

are shown in Table 5. There are several limits for lateral acceleration relating to increasing 

degradation of safety. However there is only one limit for vertical acceleration which is set 

to l.Og, corresponding to the level of acceleration which would result in people and objects 

loosing contact with the deck. 

3 .3 .3 M o t i o n s ickness 

The estimation of the level of motion sickness on board a high speed vessel is of great interest 

to both designers and operators. The predominant cause of motion sickness is due to vertical 

acceleration at low &equencies. That is frequencies between 0.16 and 0.8 Hz, (1.005 to 5.026 

rad/s). The worst frequency for motion sickness is about 0.2 Hz or 1.257 rad/s. Unfortunately 

this low frequency corresponds to the typical encounter frequency of many high speed vessels. 
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Some work is currently being carried out at the Institute of Sound and Vibration Research 

(ISVR) at Southampton University to determine if lateral a^ccelerations have a similar aSect 

at low frequencies. Motion sickness is influenced predominantly by the duration (exposure 

time), amplitude and frequency of the acceleration. 

3.3.3.1 Mot ion sickness index 

The most common method of determining the level of motion sickness is to calculate the 

motion sickness index (MSI). This method relates the level of motion sickness to the encounter 

hrequency and acceleration amplitude Equation 7, O'Hanlon and McCauley [34]. 

= 100 
logio ( ^ - AtMs; 

0.5 + er / ' ^ ^ ^ 
0.4 (7) 

where, jgaj is the vertical acceleration averaged over a half motion cycle and = —0.819+ 

2.32(logio Wg)̂  

In order to apply the MSI to real life situations it is assumed that [53! = 0 . 7 9 8 i / ^ , where 

m4 is the axzceleration variance. Unfortunately this method does not take into consideration 

the voyage duration. 

3.3.3.2 ISO 2631 

Another method of determining the motion sickness is to determine the RMS level of vertical 

acceleration, &equency cind duration at the required position along the length of the ship. 

This is then compared with the ISO 2631/3 curves Figure 6 [35] which relate acceleration 

levels, frequency and duration to the percentage of people who will be seasick. 

3.3.3.3 Vomit ing incidence 

A more comprehensive method involves weighting the RMS eicceleration level as a function of 

frequency. The weighting that is suggested in British Standard BS6841 [36] are for frequencies 

of 0.1 to 0.5 Hz, (0.6 to 3.15 Rad/s). It must be noted that when dealing with motions 

sickness the frequency is the encounter frequency, Wg or /g, as this is what the passenger will 

experience. 

The reason that the RMS accelerations must be weighted is that the human body transfers 

accelerations of different frequencies, magnitudes and directions in slightly different ways. 

Above and below these frequencies there will be almost no motion sickness but the body will 

experience discomfort. The frequency weighting wf is shown in Figure 7. 
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The RMS of the weighted accelerations can the be used to calculate the dose value, Equation 

Motion Dose 
l/n 

(8) 

The British Standard BS6841 deSnes a motion sickness dose value MSDV, in m as: 

MSDV = (9) 

where: 

a [m is the RMS value of the weighted acceleration, 

t [s] is the duration over which the measurement was taken. 

Some recent work carried out by Arribas et al [37] has included a factor in the motion 

sickness dose value. This factor P is to allow for the different levels of motion sickness whilst 

performing different tasks and in different environments. Their suggested values are 1 for 

standing inside, 0.6-1 for seated, 1.5-2.6 for eating, 0.2-0.6 for lying down, and 0.5-1 for 

passengers standing outside. It may be possible to reduce the motion sickness by change of 

posture, but the reasoning behind this is not understood sufficiently, it may be due to the 

different transfer of accelerations in different directions or the movement of the head when 

unsupported. However it is acknowledged that motions sickness is dependent on a number of 

factors such as age, sex, motion experience, head movement, visual environment, odours and 

drugs. These values give an indication of the influence of some of these factors on motion 

sickness, even if the range of values is too broad to provide a useful prediction method. 

Prom this the vomiting incidence can be found as a percentage of mixed unadapted adults. 

Equation 10. It was found that the incidence of motion sickness reduces with age and that 

women and children were more susceptible than men. 

Vomiting Incidence (%) = K*motion dose (10) 

Lawther and GriGSn suggest a K factor of 1/3 for a mixed population of unadapted adults, 

and that this value is valid for durations of 30 mins. to 6 hours. This was adopted in BS6841. 

The K factor will vary for different populations, with age and sex being the principle factors. 

The value was determined as a fraction of the number of people in a sample who experienced 

motion sickness, ie (30/90). 
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There are a number of frequency weightings for motion sickness and comfort as deEned in 

BS 6841 [36] which were adopted in the later draft of ISO 2631, [38]. 

Habituation is used to describe how the response of an individual or individuals to stimulation 

changes with time. In the case of responses to vertical accelerations at sea, there will be a 

trend for the motion sickness to decreaise with time. In some cases where the motion is 

continuous the response can tend to zero, but any change in this motion might trigger an 

increase in motion sickness. 

3 .3 .4 S u b j e c t i v e m o t i o n m a g n i t u d e 

An experienced acclimatised crew will have a reduced sensitivity to motion sickness but their 

work will still be impaired by the ships motions. The degree to which their work may be 

impaired is rated on a subjective motion magnitude scale as described in Lloyd [39]. The use 

of the subjective magnitude scale is illustrated in Andrew and Lloyd [40]. 

= A j (11) 

where, .A = [1 — ea;p(—1.65Wg)] * [75.6 — 49.61oggWe + 13.5(logg Wg)̂ ] 

and 330 = 

3 .3 .5 M o t i o n i n d u c e d i n t e r r u p t i o n s ( M i l ) 

Motion induced interruptions are a measure of the number of times an individual would have 

to stop the task they were performing and hold on to some convenient anchor point. This 

gives an indication of how both the ship and the crew perform in rough weather. The Mil's 

can be divided in to two groups those due to tipping and those due to sliding, as described 

in Graham et al. [8]. 

3.3.5.1 Sliding 

The number Mils caused by slides to port are given in Equation 12. 

60 / (//g) \2 
M/Zgp = ) mm ^ (12) 

iber of 

by sliding is given in Equation 13. 

7], 2mo 

There will be a similar number of Mils caused by slides to starboard, the total Mils caused 

M77 = M/Zgp + Mf/gg mm ^ (13) 
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3.3.5.2 Tipping 

The number of Mils caused by tipping to port per minute is described in Equation 14. 

h 

2mo 
\ y 

^ (14) 

There will be a similar equation for Mils due to tipping to starboard. The total Mils due to 

tipping will be given by Equation 15. 

M77 = (15) 

The Mils due to tipping are likely to be much greater than for shding, especially in most 

high speed vessels where most of the interior will be carpeted or at least non shp. Many high 

speed vessels have aircraft style interiors with limited opportunity for walking without some 

convenient handhold nearby. 

3 .3 .6 D e c k w e t n e s s 

Deck wetness occurs when the relative motion of the bow is greater than the freeboard of 

the vessel. Deck wetness may occur anywhere along the length of the ship, but is most likely 

to occur at the bow. The worst conditions will be in head seaa at high speeds. The eEects 

of deck wetness may be to damage equipment on the bow, reduce visibility and in the most 

severe cases the weight of water on the deck might be sufficient to cause the bow to submerge. 

The probability of deck wetness occurring can be calculated using Equation 16. 

f = 1 - (16) 

where P is the freeboard at the bow of the vessel and mg is the variance of the relative motion 

of the bow. 

3.3 .7 S l a m m i n g 

Slamming occurs when the relative motion of the bow is greater than the draught of the 

vessel, the keel emerges and then impacts with the surface of the wave causing decelerations, 

local structural damage and transient vibrations through the rest of the hull. 

The probability of slamming occurring can be predicted in a similar way to deck wetness, 

but this time replacing freeboard with the local draught, as shown in Equation 17. 
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A more realistic model uses the prediction of forefoot emergence and the probability of relative 

velocity exceeding a given value, as shown in Equation 18 

_ 2 _ g-0.5(r^/mo + &c/m2) 

where T is the local draught, mo is the variance of the relative bow motion, is the critical 

velocity and m2 is the variance of the relative bow velocity. 

Also of interest to high speed multihuUs is wetdeck slamming, where the cross-structure 

impacts the wave surface. 

3.3.8 Power increase/added resistance 

The added resistance is a measure of how the waves eSect the resistance of a vessel relative 

to its calm water resistance. This added resistance will mean tha t for a vessel to maintain an 

operating speed it wUl have to increase its power. This information can be used to calculate 

what the economic impacts to the operator will be of operating in various sea states. By 

expressing the added resistance as a percentage of the calm water resistance different ships 

can be compared. 

3.3.9 Windows of operation 

The window of operation is an indication of the availability and the overall economic viability 

of a vessel. If the window of operation is expressed as a percentage of the time a vessel will 

be able to operate, the greater that value the better. Unfortunately, the window of operation 

is generally determined by the worst attribute. For example, if the limiting criterion for 

motions sickness is exceeded for 80% of the time and all other criteria are only exceeded for 

say 40% of the time, then the window of operation is reduced to a value of 20%. 

3 .3 .10 S e l e c t i o n of a t t r i b u t e s 

Methods of condensing the seakeeping performance attributes into a single criterion, such as 

that proposed by Bales [6], have been explored. The seakeeping responses are normalised by 

dividing by the largest response and then the values summed. The best ship, the one with 
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the lowest summed value is assigned an index of 10 and the worst an index of 1. To improve 

this method, the seakeeping responses can be weighted, as suggested in Wijngziaiden, [41]. 

The general weighting given in Wijngaarden, [41] uses the probability of occurrence of the 

wave period for which the responses were calculated. This would assume that for a given wave 

height the response is determined by the wave period. This can be seen due to wave matching 

where there is a maximum response when the wave period coincides with the resonant period 

of the ships transfer function as illustrated in Figure 136. 

The more specialist nature of the high speed vessels under consideration suggests that the 

attributes should be retained in their individual forms, or suitably chosen subsets. In this 

way the output can be more transparent, offering increased flexibility in evaluating competing 

designs. For example, such an approach oEers the facility to vary the weighting between the 

chosen attributes. 

Whilst the retention of all of the attributes would be desirable, in order to estabhsh a workable 

approach it is useful to decrease or rationalise the number of attributes. For example, the six 

motions and their respective velocities and accelerations are used to derive other attributes. 

These derived attributes can then be rationalised into subsets as demonstrated in Table 4. 

For example motion sickness, subjective motion magnitude and motion induced interruptions 

can be rationalised to an attribute of comfort. Safety, structural loading, slamming and deck 

wetness can be reduced to a single attribute of operational availability. Added resistance/ 

power increase will remain the Scune. 

3.4 Seakeeping criteria 

The seakeeping performance of a vessel once assessed needs to be presented in a form that 

designers and operators will understand and can interpret. It has sometimes been the case 

just to compare the transfer functions of different vessels, but this takes no account of the 

sea state. Criteria which overcome these problems are described in the following sections. 

3 .4 .1 R M S r e s p o n s e s 

The data generated from seakeeping prediction programs is usually in the form of RMS 

motions, velocities and accelerations. These provide a direct comparison between one vessel 

and another. 

The Root Mean Square (R.M.S.) value is 
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(19) 
_N 

The RMS value can either be expressed as an amplitude or motion. 

3.4.2 P r o b a b i l i t y of e x c e e d a n c e 

The RMS responses can be used to determine the probability of exceeding given criteria. 

This probabihty is determined using the Rayleigh ProbabiUty. 

where RMS is the RMS value and lim is the limiting criterion. 

This probabihty of exceedemce can, for example, be interpreted as the likely percentage of 

the time the vessel is not available for operation. 

3.5 Suitable limits 

There are several proposals for the limiting values for the assessment criteria. These start 

with the limits for structural strength specified by the classification societies which deal with 

high-speed light craft, such as DNV. These limiting values may be high enough to allow the 

ship to operate even when it is not safe for the crew and passenger on board to do so. The 

next set of hmiting values are those specified for the safe operation of the vessel. These are 

set by organisations such as the International Maritime Organisation who have defined the 

High-Speed craft Code [33] and various national Coastguard Agencies around the world. The 

final set of limiting values are those for passenger and crew comfort. These are defined by 

international and national standards, such as ISO 2631 [38] and BS 6841 [36], as well as from 

other research carried out for specific vessel types such as the ABCD Working Group [7] and 

Chan & Incecik [42]. The decision as to which set of limits to use is complicated and will be 

incorporated in the overall decision making process as discussed by Karayannis [1]. 

The various proposals for the limiting criteria are presented in Tables 6 to 12. The main dif-

ferences between the proposed values are that some are for naval vessels, others for merchant 

or passenger vessels. Some of the limiting values for naval vessels are to enable weapons 

systems to operate and helicopters to operate. Despite this it is clear from the values that 

the crew of the naval vessels will be acclimatised to the motions and so be able to cope with 

higher limiting values. The crew of the merchant vessels will be able to cope with a higher 
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level than passengers on ferries. It is also seen that there are very high limiting values on the 

conventional cross-channel ferries, the only limit given being for an acceleration of l.Og. 

Table 13 summarises the Emits for fast vessels, proposed to be used in the case studies in 

Chapter 8. These limits are based on four ship roles. The 6rst case considers a ship with 

returning passengers, such as a commuter vessel. The limits were selected to be at the 

minimum of the various ranges of values in Tables 6 to 12. This ensures that the motion 

sickness values are as low as possible. The second case is for a ship with non-returning 

passengers. The limits are set at the mid to maximum range for passenger vessels. In this 

case a higher level of motion sickness can be tolerated to allow the vessel to have a greater 

availability. The third case is a mixed passenger/freight vessel, which is determined from the 

lower end of the merchant vessel reinge of hmiting values ajid the maximum values for the 

passenger vessels. Finally, a &eight vessel is considered, the values being selected from the 

merchant limiting values cind the naval vessel values. These values take into consideration 

some degree of crew acclimatisation. 

3.6 Summary 

There exist a number of seakeeping attributes from which further practical attributes can 

be derived. These are used to assess the seakeeping performance of vessels. The seakeeping 

performance may be judged by comparing suitable limiting criteria for these attributes. 

In order to simplify the seakeeping assessment of the vessels at the concept design stage, a 

condensed set of attributes may be used, which incorporates strength, safety, operability and 

comfort. 

It is not necessary to set limiting criteria for added resistance/power increase because this is 

directly comparable between the competing vessels. 

The available limiting criteria have been examined and, from them, a set of role speciGc 

values proposed for use at the concept design stage of fast vessels. These are summarised in 

Table 13 and are used in the case studies described later. 
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Chapter 4 

Physical exper iments 

4.1 Introduction 

In order to assess the seakeeping performance of high speed catamarans a data base of motion 

characteristics is needed based either on experimental or theoretical sources. As mentioned 

in Chapter 1, the experimental data base for these types of vessels is relatively sparse. In 

order to extend the existing data base an experimental test programme has been carried 

out. A number of models had been tested earlier in regular and irregular waves in head 

seas by Couser [19]. The inSuence of increasing on the seakeeping performance was 

investigated. The models were designated 4b, 5b and 6b emd their principal particulars are 

shown in Table 15. The models were tested in three configurations, with two catamaran 

separations and as a monohull. The experimental test programme has been extended in the 

current research to investigate the infiuence of huU form on the seakeeping performance. This 

has involved testing a model at the same as one of the existing models but with a 

different hull form. The new model designated Model 5s was tested under the same conditions 

as the earlier Model 5b. 

Model 5b is a round bilge/ transom stern form based on the NPL Series [43]. Its body plan 

is shown in Figure 9 and its principal particulars of the demihulls are given in Table 15. 

Like Model 5b, Model 5s is also a round bilge/ transom stern form but has a distinctly 

different prismatic coefficient and hull shape. This model is based on the Series 64 hull form 

[44]. Its body plan is shown in Figure 8 and its principal particulars are also given in Table 

15. 

Model 5s has been tested at a range of speeds in calm water [45]. This allows the added 

resistance in waves to be calculated. 

Both models 5b and 5s were tested in regular head waves with 1.6m captive models and in 
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regular head and oblique waves with 4.5m selE propelled models. The details of the 4.5m 

models are given in Table 17. The principal particulars of the 4.5m models when tested were 

slightly diGerent from the designed values. The results from the experiments in regular head 

and obhque waves have been presented in MoUand et al. [46]. 

4.2 Head sea experiments 

Tests on the 1.6m model were carried out in the Southampton Institute Ship Tank. 

Model 5s was tested in both catamaran and monohull configurations and in all cases at Eroude 

number = 0.20, 0.53, 0.65 and 0.80. In the catamaran configuration separation/length ratios 

(S/L) of 0.2 and 0.4 were tested. Model 5b had been tested in the same monohull and 

catamaran configurations as Model 5s and at the same Proude numbers with the exception 

of 0.65. The longitudinal moment of inertia in pitch was set such that the longitudinal radius 

of gyration was 25% of the model length. 

4 .2 .1 Faci l i t ies and t e s t s 

4.2.1.1 T a n k facilities 

The tank is fitted with fiap type wavemakers at one end, capable of generating both regular 

and irregular waves of various heights and frequencies, and has a passive beach at the other. 

Details of the tanks dimensions and the maximum carriage speed are given in Table 14. 

4.2.1.2 I n s t r u m e n t a t i o n and m e a s u r e m e n t s 

Heave motions were measured with a linear potentiometer attached to the heave post, which 

in turn was mounted at the longitudinal centre of gravity. Pitch was measured with an 

angular potentiometer incorporated into the tow fitting. Accelerations were measured using 

piezoresistive accelerometers at the longitudinal centre of gravity and 15% of the model length 

aft of the forward perpendicular. The wave system encountered during the run was measured 

with a stiff, sword type resistance probe mounted on the carriage ahead and to the side of 

the model. The signals were recorded using a PC based data acquisition system and an 

analogue to digital converter on the carriage. The accelerometers and potentiometers signals 

were also low-pass filtered. This system enabled detailed analysis of the results &om each 

run to be carried out between each run. Typical examples of the records for the motions and 

accelerations are presented in Figures 10 to 13. 

The speed of the model is determined by measuring the time the test carriage takes to cover 
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the constant run length between two switches. These switches are 15m apart. The switches 

also start and stop the data acquisition process. 

The wave maker was found to produce waves of the requested period but wave amplitudes 

showed some variation with frequency. 

4.2.1.3 Test conditions 

Tests were carried out in head seas of three hull conSgurations: monohuU (catamaran demi-

huU), and two catamarans, S/L=0.2 and S/L=0.4. Measurements in each model conSguration 

were taken at four Proude numbers (Fn=0.20, 0.53, 0.65 and 0.80) and over an encounter 

frequency range of 6 rad s"^ to 18 rad s"^. The steady speed run length was 15m. The wave 

frequencies were set for each Froude number so that it gave a constant encounter frequency 

range. 

4.2 .2 D a t a r e d u c t i o n a n d c o r r e c t i o n s 

During regular wave tests the models were allowed to encounter at least Sve to six waves 

before the responses were recorded, so as to allow transients in the response to die out. 

The models then encountered a minimum of six waves during which the measurements were 

recorded. At high frequencies many more waves were encountered. 

Regular wave tests were emalysed using RMS values of the measured motions and the pro-

grammed wave and encounter frequencies were used to calculate the transfer functions. 

Transfer functions from the regular wave experiments were calculated as follows: 

Pi+rh TP = Pitch Amplitude RMS [rad] 
Wave Amplitude RMS [m] 

Heave Amplitude RMS [ml 
= Wave Amplitude RMS [m] 

_ Accel. Amplitude RMS [ms 1 , 

Wave Amplitude RMS [m] w [̂roGk" ]̂ 

where encounter frequency Wg is related to wave frequency wo by the following equation, 

We = Wo — COS ^ (24) 
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where u is the ship speed and // is the ship heading, with // = 0° for the following sea case 

and II = 180° for the head sea case. 

Added resistance was calculated from the regular wave data, noting the model was kept fixed 

in surge. The dynamometer was sufficiently stifi" for the rise and fall in resistance during each 

wave cycle to be clearly visible on the resistance measurement trace. Added resistance was 

assumed to be proportional to wave height squared and haa been presented in terms of the 

added resistance coefficient given in Equation 25. This is similar to that proposed and used 

by Blok and Beukelman, [14]. 

Added Res. CoeE = (25) 

4 .2 .3 D i s c u s s i o n of r e s u l t s 

4.2.3.1 Mot ions 

The derived transfer functions for heave, pitch and vertical accelerations are given in Figures 

14 to 25. Due to the failure of one accelerometer the monohull has only results for forward 

accelerations. However, the accelerations at LCG can be derived from the heave measure-

ments by diEerentiating twice with respect to frequency. The graphs are plotted to a base of 

non dimensional encounter frequency Equation 26. 

w. = w, (26) 

Three dummy points at 0, 1 and 2 rads"^ have been added to the transfer function curves 

in order to force the transfer functions to show the model contouring the waves at low 

frequencies. The figures are plotted showing all four Proude numbers. 

The results for Model 5s have been compared with Model 5b, an NPL based model tested 

by Couser [19]. This model was tested at the same Proude numbers except, Fn=0.65, and 

the results are shown in Figures 30 to 41. The results show many similarities and it can be 

seen that form has relatively little effect on the seakeeping performance of the vessel. This 

is probably due to the models having the same pitch inertia and displacement. The graphs 

do indicate some differences, mainly between the heave response of the two different models. 

Most notable is the difference between the heave for the monohulls shown in Figures 14 and 

30, with 5b having a greater peak heave response. This is also true for the narrow spaced 

catamaran shown in Figures 18 and 34 but not for the wide spaced catamaran Figures 22 

and 38. 



26 

At low Proude numbers for the narrow spaced catamaran, there is some wave interaction. 

The waves generated by one demihuU interact with the other demihuU. This causes some 

secondary low amplitude peaks in the transfer function, such as those shown in Figure 18 at 

the lowest Proude number. At higher speeds and at wider separations the waves have passed 

behind the stem before they reach the other demihuU so no wave interaction occurs. 

The transfer functions for ciU of the motions and accelerations at the lowest Proude number 

has a very low resonant response compared with the transfer functions at Pn=0.5 and Fn=0.8. 

The reasons behind this have not been investigated, but a possible inBuencing factor is the 

diSerent running trim of the vessel at the lowest speed, as shown in Pigure 26. 

4.2.3.2 A d d e d res is tance 

The added resistance for the model in the various test conditions is given in Figures 27 to 29. 

The data are plotted to a base of non dimensional encounter frequency. The added resistance 

has been non-dimensionalised according to Equation 25, noting that was the same for 

the monohull and catamaran. 

These results for Model 5s can again be compared with the results obtained by Couser for 

Model 5b in Pigures 42 to 44. The results again show similar trends and values. The results 

for both models have been smoothed to indicate the trends rather than the absolute values. 

Because of the small differences between the resistance in waves and in calm water, the 

experimental points show some scatter. 

4.3 Oblique sea experiments 

A series of model tests were carried out on two 4.5m catamarans in regular head and oblique 

waves in the Ocean Basin/Manoeuvring Tank at DERA Haslar. 

4 .3 .1 D e s c r i p t i o n of m o d e l s 

Models 5b and 5s were tested at separation to length ratios (S/L) of 0.2 and 0.4. Both 

models have a waterline length of 4.6m, a test displacement in fresh water of 324kg and are 

constructed in GRP. They are free running, propelled by gas fuelled internal combustion 

engines, radio controlled, and instrumented to record pitch, roll and vertical accelerations at 

LCG and 7.5% aft of PP. Measured values of the radii of inertia of the models in pitch, yaw 

and roll are given in Table 18. Further details are given in Wellicome et al. [47]. 
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4 .3 .2 Faci l i t ies and t e s t s 

4.3.2.1 Genera l 

The model tests were carried out in the Ocean Basin at DERA Haslar. The basin has a 

length of 120m, breadth of 60m and water depth of 5.5m. Regular and irregular waves can 

be generated at various wave heights and frequencies. A schematic view of the tank and 

model tracks at the three headings tested is shown in Figure 45. 

For each test run, the model engines were Srstly started, then the waves started, data ac-

quisition started and the model released at the required heading. The correct heading was 

maintained manually by the radio control operator. This heading was maintained as long as 

possible in order to capture sufficient wave encounters before turning out of the run. The 

lowest number of wave encounters occurred at a heading of 120°, when the number of full 

encounters (at the lowest wave frequency) was seven. 

4.3.2.2 I n s t r u m e n t a t i o n and m e a s u r e m e n t s 

Pitch and roU were measured using a pitch/roll gyro mounted in the port hull. Accelerations 

were measured using piezoresistive or integrated circuit accelerometers; these were mounted 

in both hulls at the LCG for Model 5b and in both hulls at the LOG and at 7.5% aft of FP 

for Model 5s. The wave system encountered during each run was measured by a wave probe 

mounted in the tank. Its approximate position is indicated in Figure 45. The waves were 

measured over a time of 60 sees, the mean values of frequency and wave height were calculated 

for each run. The wavemaker was found to produce waves of the requested frequency, but 

wave amplitude tended to be larger than set. 

All measurement signals on the model were acquired using an on-board laptop computer via 

an analogue to digital converter. The system enables analysis and checking of the results of 

each run to be carried out between test runs, during a period of about 15 to 20 minutes which 

was required to let the waves in the basin die out. Typical examples of the time histories for 

vertical acceleration, pitch and roll are presented in Figures 48 to 51. The reason the pitch 

motion time history is not symmetrical about the x-axis is because it was not possible to 

zero the gyro at the running trim of the model. In the figures it is clear when the model has 

reached its full speed and a regular sinusoidal response is obtained, the region from 25s to 

50s. The region after this is when the model was executing its turn and returning slowly to 

the landing stage in the remainder of the waves. Figures 46 and 47 are photographs of Model 

5s in the basin at headings of 180° and 150°. 
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4.3.2.3 Test conditions 

The models were tested in head seas (180°) and obhque seas at headings of 150° and 120°, 

Figure 45. Hull separation to length ratios (S/L) of 0.2 and 0.4 were tested at each heading 

over an encounter frequency range of 3 rad/s to 13 rad/s. 

The wavemaker set wave height for each set frequency was based on a nominal wave slope of 

2°. It should be noted that for both models at a heading of 120°, tests were not carried out 

at frequencies less than 0.4 Hz since there would not have been an adequate number of wave 

encounters. Similarly some tests were carried out in beam seas, (90°), but the time taken to 

cross the width of the tank was so short that the model did not encounter enough waves and 

it was difficult to turn the model out of the run without hitting the tank sides. For Model 5b 

at S/L=:0.4, tests at the highest and lowest frequencies were curtailed by the time limitations 

of the test programme. 

The test were carried out at mean calm water speeds of 4.35 m/s for S/L=0.2 and 4.45m/s 

for S/L=0.4. These speeds were derived for both models from time trials over a measured 

distance in the basin. The nominal Proude numbers for these speeds are Fn=0.65 for S/L=0.2 

and Fn=0.67 for S/L=0.4. 

4 .3 .3 R e d u c t i o n a n d p r e s e n t a t i o n of d a t a 

RMS values of the measured motions and wave frequency were used to calculate the transfer 

functions. The values were taken from the records where regular motions had been established 

and, at the lower frequencies, using a minimum of seven wave encounters. At the higher 

frequencies many more waves were encountered. 

Pitch and roll were derived as direct calibrated measurements from potentiometers coupled 

to the pitch/roll gyro. Roll was also estimated using the difference of the acceleration mea-

surements port and starboard and was found to correlate well with the direct measurements. 

Heave was derived from double integration of the mean accelerations at LCG for each hull. 

Accelerations at LCG and forward were obtained from the mean of the port and starboard 

measurements. 

Transfer functions were calculated as for the head sea experiments, Equations 21 to 23. In 

addition to these, roll transfer functions were calculated as follows: 

^ Roll Amplitude RMS [rad] g [ms . 
Wave Amplitude RMS [m] OJQ [rads~^] 

4 .3 .4 D i s c u s s i o n of r e s u l t s 
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4.3.4.1 Model 5b ( N P l hull form) 

The results for Model 5b are shown in Figures 52 to 57. These show the transfer functions for 

heave, pitch and roll to a base of non-dimensional encounter frequency for the three headings 

and two separation ratios. 

The pitch transfer functions, Figures 53 and 56, show a small reduction when going &om a 

heading of 180° to 150°, but a significant reduction when going from 150° to 120°. This trend 

is similar for both separations, although greater for the wider separation ratio of S/L=0.4. 

The heave traiisfer functions. Figures 52 and 55, shows a much greater reduction for S/L=0.4 

than for S/L—0.2 when going from 150° to 120°. 

The roH transfer functions. Figures 54 and 57, as expected shows a marked increase when 

going from 150° to 120°. Its value at a heading of 120° and S/L=0.2 is of the order of 18% 

higher than that for S/L=0.4, whilst at 150° and S/L=0.2 is of the order of 12% lower than 

that for S/L=0.4. 

It should be noted that, due to the way the heave and acceleration transfer functions have 

been de5ned. Equation 22 and Equation 23, the acceleration transfer function at LCG will 

be identical to that for heave, Figures 52 and 55, and therefore has not been plotted. Accel-

erations forward were not measured for Model 5b. 

4.3.4.2 M o d e l 5s (Series 64 hull f o rm) 

The results for Model 5s are shown in Figures 58 to 65. These show the transfer functions for 

heave, pitch, roll and forward acceleration to a base of non-dimensional encounter frequency 

for the three headings and two huU separations, together with speed loss to a base of non-

dimensional encounter frequency for S/L=0.4. 

The pitch transfer functions. Figures 59 and 63, show relatively small reductions when going 

from a heading of 180° to 150°, but a significant reduction when going from 150° to 120°. 

This trend is similar for both spacings although, like Model 5b, the reduction is greater for 

the larger spacing, 8/1=0.4. 

The results for the heave transfer functions. Figures 58 and 62, show similar trends to those 

for Model 5b. Namely, when going from a heading of 150° to 120° there is a greater reduction 

in transfer function for S/L=0.4 than for S/L=0.2. 

The roll transfer functions. Figures 60 and 64, shows a marked increase when going from 150° 

to 120°. Its value at a heading of 120° and S/L=0.2 is of the order of 19% higher than that 

for S/L=0.4. This is similar to Model 5b. At 150° the transfer function at S/L=0.2 shows 

little change from that for S/L=0.4. 
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Transfer functions for accelerations forward for Model 5s are shown in Figures 61 and 65. 

At S/L=0.2 there is little chemge in forward acceleration with chcmge in heading whereas at 

S/L=0.4 there is a marked decrease when going from 150° to 120°. 

4.3.4.3 Compar i son be tween mode l s 5b and 5s 

Inspection of the results for Model 5b in Figures 52 to 57 ajid Model 5s in Figures 58 to 65 

indicate that, in the main, the differences in performance between the two hull shapes is not 

large. However, roll response, Figures 54, 57, 60 and 64 does show a signiEcant diSerence in 

that at S/L=0.2 the roll transfer function for Model 5s is 19% higher at a heading of 120° 

and 14% higher at 150°, and at S/L=0.4 Model 5s is 18% higher at 120° and about the same 

at 150°. 

4.3.4.4 Compar i son be tween t h e 1 .6m and 4.5m m o d e l s 

Comparisons of the data for head seas at the common Froude number of 0.65 indicate broad 

agreement in most cases, although the 4.5m model exhibits larger heave transfer functions 

and smaller pitch transfer functions then those for the 1.6m model. There were a number 

of differences in the experiments: the free running 4.5m model was self propelled whilst the 

1.6m model was towed and its tow post, which made up 10% of the displacement mass, moved 

only in the vertical direction and was not free to pitch; the Southampton Institute tank used 

for the 1.6m model may have had some wall eSects; the wave probe on the towed carriage 

may have been inSuenced by the model. 

4.3.4.5 R e d u c e d wave height 

Model 5s, S/L=0.4 was run at encounter frequencies near to resonance at a smaller wave 

height, in order to check the linearity of the transfer functions. The result are presented in 

Figures 66 to 68 superimposed on the existing transfer functions. It is clear that allowing 

for some experimental inaccuracies that the results are very similar to the existing transfer 

functions for Model 5s. This would indicate that there is a linearity of response with wave 

height. 

4.3.4.6 Speed loss 

In the available experimental setup, direct measurement of model speed was not possible. A 

novel indirect method of obtaining the speed in regular waves was therefore adopted. The 

speed loss for both models is shown in Figures 69 to 72. This has been derived from Equation 
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24, where wo is the measured wave frequency, Wg the actual measured encounter frequency 

and using nominal values of heading /:, whence speed is derived as follows: 

(28) 
cos // 

The curves in Figures 69 to 72 show a maximum decrease in speed at about the resonant 

frequency. It should be noted that estimates of speed would be aSected by the deviations from 

the nominal heading which were not recorded. Except for Model 5s at S/L=0.4, the results 

showed a large amount of scatter at 120° heading and have not been presented. Typically, 

the speed loss for Model 5b, Figures 69 and 70 is of the order of 4% to 8% of the calm water 

speed. For Model 5s, Figures 71 and 72, the speed loss for S/L=0.2 is about 8% whilst for 

S/L=0.4 is about 7% at headings of 120° and 150°, increasing to about 10% at 180°. These 

speed reductions correspond to increases in resistance of the order of 10% to 20%. They are 

in broad agreement with the added resistance recorded in the hea<i sea tests, Figures 27 to 

29 and Figures 42 to 44. 

The inEuence of deviations from the nominal heading on speed loss is presented in Figures 

73 to 75. These figures show the influence of a 5° change in heading on the speed loss. The 

results at 180° are seen to be reliable, but at 150° deviations are large and it is clear that 

the results at 120° are most dependent on deviations from the set heading. This approach 

has been validated by differentiating Equation 28 with respect to jj,. Both approaches show 

good agreement. 

— = u (29) 

The influence of a 5% change in the measured encounter frequency is shown in Figures 76 

to 78, it can be seen that any encounter frequency errors have most effect at low encounter 

frequencies. Differentiating Equation 28 with respect to Wg shows very good results. It can 

be seen that the technique is suitable for use in head, or close to head seas. However for the 

reasons mentioned, the results are treated as being indicative rather than definitive. 

^ (=«" 

OWg Wg C0S(/2) 

4.4 Open water experiments 

Open water tests can provide more scope in investigating diEerent model headings and speeds 

than the controlled, but sometimes hmiting seakeeping tests in a test tank. As weU as 



32 

providing information on a vessels behaviour in the more realistic short-crested seas. 

4 . 4 . 1 D e s c r i p t i o n of m o d e l 

Model 5b waa tested in open water. The model has a waterHne length of 4.5m, a test 

displacement of 324kg and is constructed in GRP and details are given in Table 17. For 

the open water tests in irregular seas the engines were run on petrol. Further details of 

the construction, equipment and layout of the model is given in Wellicome et al. [48] and 

Appendix A. 

4 .4 .2 O p e n w a t e r t e s t s 

4.4.2.1 Location 

The open water model tests in irregular seaa were carried out on Southampton Water. The 

tests were carried out over a number of days when suitable wave conditions were available. 

Wave properties at the test location were measured with a wave buoy designed and built for 

the purpose and described in Wellicome et al. [49]. In all the open sea tests the model was 

accompanied by a high speed support boat in order to service the model and equipment and 

to deploy the wave buoy. 

4.4.2.2 Instrumentation and measurements 

Pitch and roll were measured using a pitch/roll gyro mounted in the port hull. Accelerations 

were measured using piezoresistive accelerometers; these were mounted in both hulls at the 

LCG. Model speed was derived using a small portable GPS in the support boat which followed, 

and travelled at the same speed as, the model during a test run. 

All measurement signals on the model were acquired using an on-board laptop computer via 

an cinalogue to digital converter. The system enabled analysis and checking of the results of 

each run to be carried out during the experiments. 

The wave buoy [49], is fitted with three accelerometers mounted on top of a lifebelt to 

measure buoy heave, pitch and roll responses to waves, together with a flux-gate compass 

to measure buoy heading. A full description of the wave buoy calibration and analysis is 

given in Appendix B. Power supplies to the instrumentation and output signals are carried 

along a 50m umbilical cable to the support boat. The buoy deployed directly to windward of 

the support boat at the end of the extended, but not taught, umbilical cable. During buoy 

deployment wind speed was monitored using a hand held wind gauge. Wind direction and 

the cable lead angle from the support boat to the buoy were measured with a hand bearing 
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compeiss. Broadly, the wind direction and mean cable agreed within 5 to 10 degrees. Since 

the support boat wag used to follow the model during each test run, it was not possible to 

test the model and measure wave properties simultaneously. 

4.4.2.3 Test conditions 

The tests were carried out at separation to length ratios, (S/L) of 0.2 and 0.4 and at a nominal 

calm water Froude number of 0.65, (4.3m s"^). The wind direction provided a reasonable 

indication of the mean wave direction and runs were made at various headings to the mean. 

Prior to, and immediately after, each test run the wave properties were measured, as described 

in [49]. For each test run the model engines were started, da ta acquisition started and the 

model released at the required heading. A time lag was built into the data acquisition, 

so that it did not start to acquire until the model was clear of the support boat and on the 

correct heading. The correct heading was maintained manually by the radio control operator. 

During each test run the support boat followed the model (at speeds of the order of 3m s"^to 

4m 8"^) in order to monitor model speed. A typical test run was of 4 or 5 minutes duration 

and covered some 1000m. 

4 .4 .3 R e d u c t i o n a n d p r e s e n t a t i o n of d a t a 

An attempt to generate transfer functions from the recorded motions and the wave record 

was made. The analysis for the wavebuoy is explained in Appendix B. Unfortunately the 

attempt to use a directional approach to the analysis did not give results which could be 

trusted. A problem highlighted in the wavebuoy analysis and in Harris et al. [50] which is 

applicable to both the analysis of the wavebuoy and the vessel motions is that care must 

be taken when integrating the accelerations to determine displacements. The integration is 

achieved by dividing the accelerations by frequency squared, if the low frequency components 

have not been filtered or removed correctly any noise at these low frequencies will be amplified 

resulting in unrealisticaily large displacements. This has given the appearance of the 4.5m 

model heaving so much that it was clear of the water surface by some 0.3 of a metre. The 

generation of transfer functions was abandoned until a more reliable approach could be found. 

Examples of typical result are presented in the form of RMS motions and accelerations in 

Tables 19 and 20. These RMS responses were obtained from a time history 165 seconds long 

at a sample rate of lOHz. In some of the time histories there were large amplitude spikes 

caused by a fault in the roll/pitch gyro. These spikes had a large influence on the RMS 

values and, in order to achieve more realistic values, the data had to be windowed. The most 

accurate RMS values are obtained by windowing the longest section of record possible. In 

some cases this meant that the record had to be windowed in several successive sections and 
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then averaged. A typical example of measured and windowed data is shown in Figures 81 

and 82. 

In order to allow comparison of RMS responses with those available for a similar full scale 

vessel, the data were normalised. This involved dividing the RMS value at a particular 

heading by a reference RMS value as shown in Equations 31 to 33. This would then show 

the relative changes with heading rather than RMS value. 

Normalised Pitch = RMS Pitch(//)[(feg]/RMS Pitch(180°)[deg] (31) 

Normalised Accel. = RMS Accel.(//)[g]/RMS Accel.(180°)[g] (32) 

Normalised Roll = RMS RoU(/^)[deg]/RMS R o l l ( 9 0 ° ) M (33) 

With = 0° for the following sea case and = 180° for the head sea case. 

4.4 .4 D i s c u s s i o n of r e s u l t s 

4.4.4.1 Gene ra l 

Several days of testing took place, but for majiy reasons only two days produced usable results 

from both the wavebuoy and the catamaran model. A range of headings were tested from 

head to following seas. 

After much initial trial and investigation a successful open water test procedure was estab-

lished. The following results, for particular days in April 1998 which are presented and 

discussed, illustrate and confirm the satisfactory nature of the test procedures which were 

finally achieved and adopted. 

4.4.4.2 M o d e l wi th S / L = 0 . 4 

The results for this configuration are shown in Table 19 which gives RMS values and Figure 

84 which gives normalised values of pitch, roll and acceleration. Other than the 180° heading, 

roll shows very similar levels and changes with heading. Pitch also shows similar levels and 

trends. Open water acceleration values are higher in head (180°) seas than the regular wave 

tests. The average values are however likely to be questionable since the port acceleration 

values seem to be in error. The normalised curves presented in Figure 84 show the changes in 

model pitch, roll and acceleration with change in heading. These can be compared with the 

results in Figures 86 to 88 for a full scale vessel of similar form (at Fn—0.76). These full scale 
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results were provided by one of the industrial sponsors of the fast craft research programme at 

Southampton. It is seen when comparing Figures 84 and 88 that the roll characteristics show 

a very similar form. The ship pitch shows a much larger variation and with higher following 

sea values than for the model. The full scale ship shows a signlBcantly larger reduction in 

acceleration in following seas. 

4.4.4.3 M o d e l wi th S / L = 0 . 2 

The results are shown in Table 20. The normalised results are not plotted since there is not 

a value close enough to 180° with which to do the normalising. Like the S/L=0.4 data, the 

roll values close to head sea conditions are larger in the open sea tests, although reasonable 

agreement is achieved as they approach beam seas. Pitch results are comparable, but the 

acceleration results are larger in the open sea case. Again, the port acceleration results are 

questionable. 

4.4.4.4 Speed loss 

Model speed loss with heading is shown in Figure 85. The results for S/L=0.4 and 178° 

heading is questionable, since the most severe motions would be in head seas and so added 

resistance should be highest. Otherwise, the results show expected trends although they are 

a little higher than the speed losses estimated from the regular oblique wave tests of Model 

5b shown in Figures 69 and 70. This is most likely due to the larger wave amplitudes in the 

open water trials. 

4.5 Vertical planar motion mechanism (V.P.M.M.) 

Traditional seakeeping experiments, such as those described earlier, give the total response 

to an input force. A V.P.M.M. can be used to find the component forces on a model due to 

an input oscillation. This device force oscillates the model in heave or pitch as it progresses 

down the tank. The vertical oscillations are imparted on the model by means of motor driven 

vertical posts located near the ends of the model. This is especially useful for the validation of 

numerical methods, where the hydrodynamic coefficients in the equation of motion, Equation 

34, can be determined experimentally. It was also considered important that a VP MM should 

be designed and built which would be capable of testing high speed craft, and contribute to 

the model seakeeping data base for these vessels. 
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6 

y i + Cjt} % = for j=l ,2 , ,6. (34) 
k—l 

Such a device is currently being developed at the University of Southampton. 

4.6 Summary 

Model 5s has been tested in regular head waves and the results have been compared with 

model 5b, a model of the same ratio, which was tested by Couser [19]. This allowed 

the influence of different hull forms to be assessed and the differences were found to be small. 

4.5m versions of Models 5b and 5s have been tested in regular head and oblique bow waves. 

Again the diSerence between the seakeeping performance of two different hull forms was 

small. 

The differences in the seakeeping performance between a towed model and a free-running 

model were also investigated. It was found that the heave motion of the 4.5m model was 

slightly higher and the pitch slightly less than the 1.6m towed model. 

A method of determining the speed loss of a free-running model in regular waves has been 

investigated. 

Very little published data has been available for oblique seas, and the oblique wave experi-

ments reported make an important contribution to the experimental data base. 

An open water test methodology has been established, although the results to date are very 

limited. 

The gathered experimental data, together with theoretical prediction, are used later in Chap-

ter 7 to assess vessel performance in long-crested seas and to establish 3D transfer functions. 
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Chapter 5 

Numer ica l investigations 

5.1 Introduction 

The physical experiments described in the previous chapter have provided results in oblique 

regular waves at headings from 180° to 120°. The results &om the tests carried out in open 

water did not give the transfer functions at hea<iings round the clock as hoped. Consequently 

there are no results in beam and following waves. The successful use of existing theoretical 

packages available and/or under development at the University of Southampton, including 

strip theory, pulsating and translating-pulsating source codes, may be used to investigate 

the transfer functions in beam and following waves. The results from the pulsating and 

translating-pulsating source code have been compared with experimental results in beam 

seas, Wellicome et al. [31] and show good correlation. 

A theoretical method was required which wiU allow a large number of variations to be carried 

out and still provide a good representation of the physical result. Of the methods available, 

it was decided that the simpler pulsating source code would be used as this would allow a 

fuller investigation to be carried out. 

5.2 Description of models 

The seakeeping performance of Models 5b and 5s was investigated using the theoretical 

methods. Details of the principal particulars of the models are given in Table 17 and their 

body plans are given in Figures 8 and 9. The panelled hulls, up to the water line, as used in 

the seakeeping code are shown in Figures 89 and 90. Both models were tested at four Proude 

numbers, Fn=G.2,0.53, 0.65 and 0.8. Only the lowest Proude number allowed more than one 

wave frequency for a given encounter frequency and this Proude number was low enough not 

to be considered at great length in this research. 
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5.3 Outline of theory 

The theory behind the numerical methods available has not been reported in much detail, 

because the codes available were used only as a numerical tool. The work carried out to 

develop these codes is reported better by others, such as Hudson [51]. 

5.3 .1 E q u a t i o n s of m o t i o n 

The equations of a rigid vessel undergoing small perturbations, in regular sinusoidcil waves, 

about an equilibrium axis system Oxyz situated in the calm water surface vertically above or 

below the centre of gravity can be represented by the coupled linear equations of motion: 

^ + Cjt} % — for j—1,2, ,6, (32) 
t=i 

where, % is the complex motion amplitude, 

Wg is the encounter frequency 

Cjt is an element of the hydrostatic restoring matrix, 

Ajt is the added mass in the jtA mode due to unit motion in the AtA direction, 

is the damping coe@cient In the mode due to unit motion in the direction, 

Fj is the complex amplitude of the wave exciting force, 

is an element of the generalised mass matrix, which for a body with lateral symmetry 

may be written as: 

= 
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(35) 

where, M is the mass of the vessel, 

I j j is the moment of inertia in the jth mode of motion about the centre of gravity G situated 

at (0,0,%) and Ijk is the cross-product of inertia. For a body with lateral symmetry the only 

non-zero elements in the hydrostatic restoring matrix are C33, C35 = C53, C44 and Css. 

The terms in Equation 34 can be evaluated by a number of methods; such as two-dimensional 

strip theory and three-dimensional potential flow analysis, each assuming the fluid inviscid, 

incompressible and the fluid flow is irrotational. The fluid motion can be represented by 
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velocity potential function satisfying Laplace's equation throughout the fluid domain. Un-

fortunately calculating the total velocity potential in its most general form is difficult and, 

for practical use, some simplification is necessary. Thus, the total potential Ccin be expressed 

as a linear summation of components, 

3/, z, <) = ([/a; 4- (a;, 2/, z)) -I- (36) 

where, 

U is the forward speed, 

is the perturbation potential due to steady translation and 

is the unsteady perturbation potential which may be decomposed to give: 

^ -I- ^ (37) 
j=i 

with, 

(pi as the incident wave potential, 

ipD as the diffraction potential and 

(pj denoting the radiation potential due to unit motion in the jth direction. 

In Equation 36 the first two terms represent the problem of the ship advancing at steady 

forward speed in calm water. These may be determined separately &om the unsteady poten-

tials. Using Equation 37 and appropriate boundary condition solutions to Equation 34 are 

obtained. 

5.3.2 M e t h o d of e v a l u a t i o n 

Evaluation of the radiation and diffraction potentials in Equation 37, which are used to 

calculate the added mass and damping coefficients and the diffraction component of the 

wave exciting force respectively, may be carried out in several ways. For this study a three-

dimensional method using a pulsating source distribution was used, Bishop et al. [52]. 

The three-dimensional analysis is a boundary element method, whereby the problem of mod-

elling the whole fluid domain can be reduced to that of the boundaries of the fluid, in this 

case by application of Green's 2nd theorem. By suitable choice of the singularities to be used, 

the problem can be further reduced to modelling the body surface only. Thus, in the three-

dimensional method adopted the wetted surface of the hull is represented by four-cornered 

panels, each with a singularity at its centre. For Model 5b 640 panels were used, 320 per 

demihull and for Model 5s 700 panels were used, 350 per demihull. 
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5.4 Presentation of data 

The results of the theoretical investigation are presented in the form of transfer functions. 

This allows the RMS response at any encounter frequency and in ajiy wave condition to be 

calculated. 

The transfer functions are deEned in Equations 21 to 27 where encounter frequency Wg is 

related to wave frequency wo by Equation 24. Graphs were plotted of transfer function to a 

base of non-dimensional encounter frequency, Equation 26. 

The results are also presented in the form of normalised RMS motions against ship heading. 

These are obtained from the peak RMS responses and are defined in Equations 31 to 33. 

5.5 Results 

The average computation times for each heading consisting of 25 encounter frequencies using 

the pulsating source code was between 90 and 130 minutes running on a Sparc 10. This 

allowed a large number of cases to be investigated. Examples of the typical transfer functions 

for Model 5s at S/L=0.2 and for a Froude number of 0.65 are shown in Figures 92 to 94. 

Only at the lowest Froude number of 0.2 was there more than one wave frequency for a given 

encounter frequency in following seas, as shown in Figure 91. This indicates that some of the 

waves were able to pass the ship from astern. The results at this speed have been considered 

to be too slow for the normal operation of high speed craft and are not considered in detail. 

At the other speeds the ship was travelling fast enough to encounter the waves from ahead. 

The general trends indicated by the transfer functions for heave and roll are as expected. 

However the magnitudes of the peak response at the resonant frequency are very large and 

unrealistic when compared with the experimental results available such as those in Figures 95 

and 97. The results for pitch, Figure 96, were not predicted well by the theory. The theoretical 

method over predicted the peak response and shifted the resonant frequency. Consequently 

it was necessary to try and remove this inaccuracy built into every transfer function by 

normalising the results. This meant dividing the peak response by an appropriate value. The 

most suitable value is the peak response in head seas. This works for heave and pitch but roll 

presents a problem because the transfer function in both head and following seas is zero in 

regular long-crested waves. The next best solution was to normalise roll using the beam seas 

value as this would be close to the maximum. It was later decided, that normalising using 

the 150° value was better. This waa a consequence of the spreading relationship discussed in 

the next chapter. 
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5 .5 .1 M o d e l 5s 

The results for this model at both S/L of 0.2 and 0.4 are shown in the form of normalised 

results, Figures 98 to 110. The experimental results are plotted on the graphs for Fn=0.65, 

Figures 102 and 109 these indicate a good correlation between the experimental and theoret-

ical results. 

Figures 104 to 106 indicate the eSect of Froude number on peak response with heading. It 

is clear that the eSiect of Froude number is minimal except for the Fn of 0.2. For both 

separation ratios the results for Fn=0.2 show a different trend for heave, which increases to 

a maximum at 90° and then decreases, rather than having a maximum at 180°. Pitch shows 

expected trends and is similar to the other Froude numbers. Roll is smaller in magnitude 

than at the other Froude numbers and peaJts at a heading of 90° rather than 120°. 

5.5.2 Model 5b 

The results for this model are very similar to the results for Model 5s, and normalised results 

are shown in Figures 114 and 115. Again the results for the Fn=0.2 were signi&cantly dlGerent 

from the other Froude numbers, but the trends for Model 5s and 5b at this Froude number 

are the same. 

5 .5 .3 C o m p a r i s o n w i t h f u l l scale d a t a 

The results show reasonable comparison with data obtained from sea trials of a 35m cata-

maran, [53]. The peak RMS responses have been normalised as for the theoretical results. 

These graphs can be seen in Figures 86 to 88. The most noticeable difference is the results 

for roll, which has a non zero result in head and following seas. This is because the full scale 

results were not obtained in regular long-crested waves but in a sea with some degree of wave 

spreading. 

5.6 Summciry 

It can be seen from the results that it is possible to produce transfer functions for a range of 

encounter frequencies at headings from fi = 180° (head seas) to yu = 0° (following seas) using 

the pulsating source method. Unfortunately experimental da ta is only available to validate 

the results in head and bow seas, but these results show a good correlation when presented 

in the form of normalised RMS motions. 

The comparison with the available full scale data, was fairly good considering that the full 
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scale ship was operating in irregular seas. 

The next chapter describes how the normalised RMS motions form the basis for developing 

the spreading relationships required to develop three-dimensional transfer functions. 
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Chapter 6 

Transfer funct ion spreading 

relat ionships 

6.1 Introduction 

The ciirrent methods of assessing the seakeeping performance of high speed vessels, as de-

scribed in Chapters 4 and 5, are not feasible at the concept design stage due to time or 

computing power restraints. A method of assessing the seakeeping performance for a large 

number of vessels is required. This Chapter describes a suitable approach for use at the 

concept design stage which aHows oblique headings to be investigated from a data base of 

head sea transfer functions. 

The creation of a sea spectrum, which is a more realistic representation of what occurs in the 

open ocean is desirable from the point of view of predicting seakeeping performance. This 

can be achieved by creating a short-crested sea spectrum from a long-crested spectrum using 

a suitable spreading function, such as that given in Equation 38, for headings within ±90° of 

the wind direction. 

/ ( / i ) = /? cos" (38) 

In a similar manner, it would be very useful to develop suitable relationships between the 

transfer functions at headings from n = 180° to jj, = 0°. This approach has been suggested 

by Goodrich [54]. This "spreading" relationship should allow the larger data base of head sea 

transfer functions to be developed into three dimensional transfer functions. This would then 

allow more realistic, and consequently, more accurate predictions of seakeeping performance 

to be made. 
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The relationships were developed by examining sources of tramsfer functions from both nu-

merical and physical experiments. 

6.2 Motion prediction 

The methodology used to assess the seakeeping performance is presented in Figure 123 and 

this involves multiplying the wave spectrum by the RAO or transfer function squared. This 

produces a motion response spectrum. Prom this motion response spectrum various statistics 

and derived statistics can be determined. Conolly [12], suggested that a number of transfer 

functions for diSerent headings could be combined to generate a three-dimensional transfer 

function together with a spreading function to create a short-crested sea spectrum to get a 

more realistic motion response spectrum. 

A further idea developed following the discussions with Goodrich [54] was that if a relation-

ship between the transfer functions at different headings could be found, then the head sea 

transfer functions could be "spread" in a similar manner to the wave spectrum. An important 

advantage of this approach is that there are many more transfer functions for heaxl seas than 

for obhque seas and such spreading relationships could be applied to this relatively large data 

base of head sea transfer functions. 

6.3 Methodology 

In order to apply this "spreading relationship" to the head sea transfer functions the rela-

tionship between the transfer functions at different headings was required to be found and 

the inSuence of various parameters on these relationships determined. 

6 .3 .1 T r a n s f e r f u n c t i o n s 

The transfer functions used to determine this spreading relationship need to be consistent in 

form. The use of an encounter frequency base is important since it will mean that the shape 

of the transfer function is similar at different headings with the peak occurring at the same 

frequency. This can be seen in the transfer functions for a catamaran in oblique regular waves 

in Figure 58. This also means that the spreading relationship will not have any influence on 

the shape of the transfer function, only the relative amplitudes. 

A number of transfer functions at headings from head to following seas were generated using 

a pulsating source code, as described in Chapter 5. This enabled a large number of variations 

and investigations to be carried out. Experimental data from head and oblique wave tests, 
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as described in Chapter 4 are used to assess the validity and, where necessary, empirically 

adjust the numerically derived values. 

6.3.2 N o r m a l i s i n g 

In order to be able to spread the head sea transfer function, the spreading relationship has 

to relate each heading to this head sea case. This means that the change in the transfer 

function has to be divided by the head sea value for heave, pitch and accelerations. For roll 

the 150° value is used since there is no roll in head seas in regular waves. At this point 

the question arises as to what value should be selected to represent the change in transfer 

function at each heading. A frequency by frequency determination of the normalised values 

would be the most precise. Prom a practical viewpoint the peak value could be used as this 

is where the most significant changes occur. The initial low frequency value is 1 for heave, 

cos fj, for pitch or sinp for roll, where ji is the heading angle. A frequency by frequency 

determination of the normalised motion can be seen in Figure 124. This Egure shows that 

there is relatively little change in the spreading relationship with frequency except in following 

seas. It should be noted that the values were only shown for the first 15 frequencies of the 

25 evenly spaced frequencies which make up the transfer function, after which the values of 

the transfer function are so small that the spreading relationship begins to deteriorate. Also, 

the transfer function values in following seas are small, such as those in Figure 92. The use 

of a single normalising value based on peak values will not lead to any significant errors. The 

results of the investigation indicate that the use of the ratios of the peak values would provide 

a satisfactory normalising approach. 

6.3 .3 S p r e a d i n g r e l a t i o n s h i p 

The influence of S/L, Fn and hull form on the spreading relationship were investi-

gated using the data generated in Chapters 4 and 5. Three length-displacements, two separa-

tions, six Froude numbers and two hull forms were tested. The results of these investigations 

are presented in Figures 104 to 106, 120 to 122 and 126 to 131. 

6.3.3.1 P roude N u m b e r 

The influence of Froude number on the spreading relationships is presented in Figures 104 

to 106. These figures show that increasing speed results in a reduction in the value of the 

spreading relationship. This is most clear in the Froude number range of 0.2 to 0.4. After 

this point the curves tend to bunch more closely together. This is most obvious for heave 

and roll motion. It is therefore assumed for this study that, for the speeds to be considered. 
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(Fn=0.53,0.65 emd 0.8), the spreading relationship is independent of Fronde number changes. 

The infuences at the lower Proude numbers are retained for possible use at a later stage. 

6.3.3.2 

The influence of on the spreading relationships is presented in Figures 120 to 122. 

The theoretical results show signiGcant inconsistencies, e.g. in Figure 120 a small change in 

heave going from of 7.4 to 8.5 and a large change from 8.5 to 9.5. In Figure 122 the 

changes are similar in inconsistency. The reason for these inconsistencies in the theoretical 

values is not clear. In the example application of the approaches the influence of has 

therefore been set aside. 

6.3.3.3 S/L 

The influence of separation is presented in Figures 126 to 128. These flgures show that there 

is a clear difference between the two separations. The heave motion shows some irregularities 

when the two curves cross over at a heading of 100° but the pitch and roll show more clearly 

defined differences. 

6.3.3.4 Hull shape 

The influence of hull shape on the spreading relationships is presented in Figures 129 to 131. 

It is clear from these graphs that there is almost no difference in the spreading relationships 

for two diflerent hull shapes at the same Proude number, S /L and L/V^/^. It is therefore 

assumed for this study that hull shape has no influence on the spreading relationships. The 

results also suggest that the spreading function might be suitable for a wider range of hull 

shapes having similar speed, and S/L. 

6 .3 .4 G e n e r i c s p r e a d i n g r e l a t i o n s h i p 

The investigations into which parameters may influence the spreading relationships has shown 

that the only parameter of significance is that of separation. It is therefore possible to generate 

a set of generic spreading relationships dependent only on separation-length ratio. 

The question arises as to whether these generic spreading relationships should be fitted with 

a numerical approximation, curve-fltted or using a linear interpolation method. Currently, 

the methodology uses a linear interpolation of the data in a look up table. 
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6.4 Application and validation 

The current spreadmg relationships have been applied to the experimental data for Model 

5s, S/L=0.2 at Fn—0.65, in order to check the accuracy of this method. A polynomial fit 

through the spreading relationship for heave is shown in Figure 132. It would be expected to 

under predict the 160° transfer function and over predict the 130° transfer function. Given 

the limited number of data points, the use of the linear interpolation method provides a 

better 6t to the data and this is also shown in Figure 133. This may be compared with the 

more complicated frequency by frequency determination of the spreading relationship shown 

in Figure 134. The difference in accuracy between the two approaches is small and the more 

complicated approach is considerably more time consuming and therefore less applicable at 

the concept design stage. 

If the simpler approach is used a potential problem is the low frequency section of the curve, 

where the curve for heave would normally run into a value of 1. The scaling of the curve 

results in this section being altered and usually lowered. This is not so much of a problem 

for pitch since this section wiH change with cos/i ajid so reduce with heading chcinge from 

head seas. It is found that for practical purposes, the results can be forced to the correct low 

frequency values without any undue loss in accuracy. 

6.5 Added resistance in waves 

The change of added resistance with heading, would be very useful to designers. Just as the 

use of a spreading function can be used to determine the motions at any heading from head 

sea motions data, added resistance at any heading would be determined from head sea data. 

The resulting forces from the numerical experiments could be used in a simple added resis-

tance formula, Equation 39, such as that proposed by Havelock [55]. This formula is however 

intended for calculating added resistance in head seas and, as a result, would not generate a 

sensible variation of added resistance with heading. 

s i n ^ (39) 

Where HQ and Po are the amplitudes of heave and pitch moments. Co and 9Q are the 

amplitudes of the forced heaving and pitching. and are the phase lags of oscillation. 

It was decided not to continue to investigate a spreading relationship for added resistance for 

two reasons. Firstly in order to obtain the added resistance at different headings, modifica-

tions to the numerical prediction program would have to be made to integrate the pressures 
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on the hull. Secondly, it is anticipated that the added resistance in head seas would be the 

worst case, and that this could be used in the assessment of competing designs. 

6.6 Summary 

The data base of head sea transfer functions may be enhanced by adopting a three-dimensional 

approach applying a "spreading relationship" to the head sea transfer functions and using 

short-crested wave spectra. 

The generic spreading relationships depend only on separation and, for the cases considered 

in this study, are assumed to be independent of Froude number, and hull form. 

The application of these generic spreading relationships requires the transfer functions to be 

a function of encounter frequency, so that all of the transfer functions have the same overall 

shape. 

It has been found to be more satisfactory to use a linear interpolation method rather than a 

curve Et, which may incorrectly represent the spreading relationship in areas of high curva-

ture. Using this approach the spreading relationship produces a good representation of the 

experimental data used to validate the methodology. 

It was not possible to derive a spreading relationship for added resistance from either physical 

or numerical experiments. It is therefore proposed that the head sea values be used as the 

determining values for practical design considerations. 
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Chapter 7 

Motion predict ion 

7.1 Introduction 

The straightforward comparison of trajisfer functions in order to assess the seakeeping per-

formance of competing vessels is not a satisfactory method, since no inSuence of the sea state 

is considered. Similarly, when comparing monohulls and catamarans for the same service, 

diEerent size vessels will normally be required cmd have to be assessed. The experimental 

results in Figures 66 to 68 indicate that the response will increase linearly with increasing 

wave height. However, the eEect of the modal period of the wave spectrum aad the resonant 

period of the transfer function coinciding is not considered. The approach illustrated in Fig-

ure 123 shows how the response spectrum is determined from the following combinations of 

transfer function and wave spectrum: 

Transfer function^ at desired heading angle x long-crested wave spectrum 

or 3D transfer function^ x short-crested wave spectrum 

Relevant statistics can then be derived &om the response spectrum. 

7.2 Representation of the sea state 

The likely sea state that the vessels under consideration will encounter can be determined 

from published data on global wave statistics such as Hogben et al. [56] or from more precise 

data such as local wave measurements. This data is presented in the form of a wave period, 

a signiGcant wave height and a probability of occurrence. These values need to be used to 

generate an irregular seaway. This can be achieved by using a wave spectrum. The wave 

spectrum needs to be selected to represent the real sea state as well as possible, since the 

incorrect spectrum may result in the wrong vessel being selected at the concept design stage. 
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There are a number of wave spectra available varying in complexity from the single-parameter 

Pierson-Moskowitz to the Ochi six-parameter spectrum. Most of the wave energy is located 

in an area aroiind the modal period of the spectrum. The greater the modal period the 

narrower the band that contains most of the energy cis illustrated in Figure 135. This will 

create problems for vessels if the resonant period of their motion is located at or near the 

same period as the modal period of the wave spectrum as the resulting response will be more 

severe. Figure 136 shows the influence on the RMS motions of the resonant period of the 

transfer function and the mean wave period of the wave spectrum coinciding. 

7.2 .1 L o n g - c r e s t e d w a v e s p e c t r u m 

The wave spectrum is representative of a statistical analysis of time histories of irregular 

waves. A time history of length Tg might be represented by a Fourier series of the form 

given in Equation 40 from Lloyd [39]. 

((^) = ( + cos(wnt) 4- sin(wn() [m] (40) 
n=l 

with equally space frequencies given by Equation 41 

2im 

% 

with n=l,2,....oo 

Rewriting Equation 40 as E^quation 42 

Wn = [rod 5 (41) 

((f) = ( -t- ^ (^0 COs(Wn< -I- En) [m] (42) 
n~\ 

This implies that an irregular wave record may be represented by an infinite number of regular 

sine waves of amplitude (nO, frequency Wn and phase 

7.2.2 W a v e e n e r g y s p e c t r u m 

The relative importance of the component sine waves making up an irregular wave time 

history may be quantified in terms of a wave energy spectrum. The energy per square metre 

of the sea surface of the nth wave component is (/)p(^^o)/2 [AJ The wave energy 

spectrum is defined so that the area bounded by a frequency range is proportional to the 
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total energy of all the wave components within that range of frequencies. It follows that the 

total area enclosed by the wave spectrum is proportional to the total energy per square metre 

of the complete wave system. 

There will be only one component frequency Wn in the range Wa — w;, and the wave amplitude 

spectral ordinate corresponding to the frequency is deAned by 

^ (43) 

so the spectral ordinate is 

= i ; (44) 

7.2.2.1 Ideal ised spec t r a 

Suitable wave spectra for open oceans include the I.T.T.C. 2-parajneter spectrum. This uses 

values of Period, T and Mean wave height Hi, as described in Lloyd, [39]. The I.T.T.C. 

2-parameter spectrum is shown: 

= (45) 

Where: 

173M 
A = 4̂ ^ 

T 

This produces an irregular wave spectrum of long-crested waves. A long-crested wave is one 

in which all the crests travel parallel to each other. This rarely happens if at all. There 

will always be some degree of wave spreading caused by Suctuations in the wind direction, 

changes in depth and the presence of coastlines. These factors will all result in a number 

of long-crested wave systems being generated. When these wave systems meet there will 

be interference between the systems which will result in a short-crested wave system, where 

the wave crests are travelling in diSerent directions. There will be a primary wave direction 

usually aligned with the local wind direction. 
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7.2 .3 S h o r t - c r e s t e d w a v e s p e c t r u m 

In order to represent a short-crested wave spectrum, a long-crested spectrum is spread using a 

suitable spreading fmiction, as described in Lloyd [39]. The spreading function used is a cos" 

function, Equation 46. The greater the value of n, the closer the result to a unidirectional 

sea. This can be seen in Figure 137, where at an n value of 8, almost all of the wave energy 

win be at a heading of /̂  = 180, (head seas). The cos^ function has been shown to be quite 

appropriate for many ocean waves and a typical spectrum is illustrated in Figure 138. 

/( / i) = cos" // (46) 

The generalised form of the normalising factor is shown in Equation 47. 

The normalising factor is necessary to insure that, for all values of n. 

f^/2 
/ /(/^) = 1 

J—ttI2 

r-K/2 

-7 r /2 

such that the short-crested sea spectrum has the same total energy cis the long-crested sea 

spectrum. 

To illustrate this, the simplest case is for an n value of 2 when: 

6'((w,/^) = — cog^//.5'((w) (48) 

7.3 Transfer functions 

The transfer functions for the various motions, velocities and accelerations required can be 

determined either experimentally or numerically. Chapters 4 and 5 describe the derivation of 

various two-dimensional transfer functions. In order to use the short-crested wave spectrum 

a three-dimensional transfer function is required. 

7 .3 .1 T h r e e - d i m e n s i o n a l t r a n s f e r f u n c t i o n s 

The generation of a three-dimensional transfer function can be achieved in one of two ways. 

The first is to group together a number of individual transfer functions at different heading 
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angles. This method was used with the oblique experimental data for head seas in order 

to assess the relative merits of the diEerent methods, MoUand and Taunton [57]. The sec-

ond method uses the generic spreading relationships, described in Chapter 6, to generate 

three-dimensional transfer functions from the head sea two-dimensional transfer functions 

described in Chapters 4 and 5. An example of a three-dimensional transfer function for 

vertical accelerations at leg is given in Figure 139. 

7.4 Response spectrum 

The response spectrum is determined by multiplying the square of the transfer function by 

the wave spectral energy. Equation 49. 

M(We,/^)=EA0(De,/2).S^(We,//) (49) 

This 3-D approach allows the motions to be calculated at any heading angle. It also shows 

what inSuence the ship's response to waves at other headings has on the total response of the 

ship. This is most signlGcant when roll motion is considered. There will be no roll in head 

and following seas if the waves are long crested, but if the waves are short crested the roll 

response in the bow quarter will produce some roll in head seas, likewise in the stern quarter. 

Typical examples of 3D response spectra for heave and midship acceleration are shown in 

Figures 140 to 143. It can be seen from Figure 143 that the short crested approach gives the 

peak of the heave response in beam seas at a heading of 110°. This is because the 3D heave 

transfer function is higher towards heaid seas than in following seas which will skew the result 

in beam seas. 

7 .4 .1 R o l l in s h o r t - c r e s t e d h e a d a n d fo l lowing s e a s 

Using the short-crested approach it is possible to predict the roll motion of a ship with 

centreline symmetry in a short-crested head or following sea which has been generated using 

a symmetric spreading function. The wave spectra used to describe the sea state are derived 

from measurements of wave records. These wave records will all have random phasing of 

the wave components. When the spectra are generated this random phasing is part of the 

spectra. Hence when the roll response function is generated for identical port and starboard 

transfer functions and identical wave spectra, then the resulting roll response spectra are 

added to give the total roU energy. 
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7.5 Statistics 

The statistics for both the 2D and 3D prediction methods are determined in a similar way. 

This involves calculating the area under the response spectrum for the 2D case and the volume 

under the response spectrum for the 3D case. The RMS values can then be determined 6:0m 

the areas and volumes. The variance {mn) for the 2D and 3D methods are determined using 

Equations 50 and 51. 

roo 
(50) 

Jo 

fOO 
/ / WgM(wg,^)(iwed/i (51) 

Jo Jo 

where, n=0, for the motion, 2 for the velocity and 4 for the acceleration of the response. 

This has its basis in differentiation, where the motion can be differentiated by dividing by 

the frequency or time. The RMS values are determined using Elquation 52. 

(̂ 0 = (52) 

7.5 .1 C o m p a r i s o n of s h o r t - c r e s t e d a n d l o n g - c r e s t e d s t a t i s t i c s 

The effect of wave spreading on the response of a vessel is illustrated in Figures 144 to 146. 

The effect of wave spreading on heave and pitch is to reduce the response in head and following 

seas and to smooth the change in response with heciding. The effect of wave spreading on 

the roll response results in some roll in head and following seaa, as described earlier in this 

Chapter, and reduced roll motion in beam seeis. The waves were spread using a cos^ spreading 

function. 

7.6 Methods available 

The methods available are determined by the transfer functions available. The current data 

base of experimental and theoretical data allows the following methods to be applied: 

# Long-crested head seas 

# Long-crested oblique seas (180°, 150° &: 120°) 
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# Short-crested (&om head sea data base - no roll) 

# Short-crested (from oblique sea data base - with roll) 

Currently due to the lack of data for monohull roll motion the fourth method, is only appli-

cable to catamarans. 

7.6 .1 S ign i f i cance t o t h e d e s i g n e r 

The Srst approach, which uses long-crested head seas, provides good Insight into the overall 

seakeeping performance of different vessels at the concept design stage. This is likely to be 

the most severe case for vertical motions of heave and pitch, but roll motion is not considered. 

Currently it is the only method which gives the added resistance of the vessel. There is a 

large data base of suitable vessels for a wide range of speeds. 

The second approach, which uses long-crested oblique seas, provides information on the 

performance at different headings. If route information is known at the concept design stage 

then this approach will provide more useful information of the seakeeping performance. This 

approach is limited by the number of suitable vessels and headings. 

The third and fourth approadies use the easily generated or existing large data base of head 

sea transfer functions coupled with a suitable transfer function spreading relationship and a 

short-crested wave spectrum. This approach provides the designer with more accurate infor-

mation of the seakeeping performance at any heading when only head wave transfer function 

are available, as illustrated in Figure 147. This approach will also provide information of the 

roll motion, but only if there are transfer functions for the 150° heading in regular waves. 

7.7 Summary 

The prediction of seakeeping performance requires a suitable wave spectrum and transfer 

function. These can either be a simple long-crested wave spectrum and transfer function 

for the required heading or a three-dimensional transfer function and short-crested wave 

spectrum. 

The most accurate method of predicting the seakeeping performance of a vessel is to use 

a short-crested sea spectrum and three-dimensional transfer functions constructed from a 

number of individual transfer functions at headings from 180° to 0°. 

If individual transfer functions are not available then implementing an appropriate spreading 

relationship to generate a three-dimensional transfer function from an appropriate head sea 

transfer function is an alternative. 
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Some examples of the use of and diSerences between the methods is presented in the next 

Chapter in the form of a number of case studies. 
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Chapter 8 

Example applications 

8.1 Introduction 

A number of example ships are used as case studies in order to demonstrate the use of 

the various approaches and evaluate their eEectiveness. For each case study a number of 

competing ships are used along with suitable and typical sea states from global wave statistics, 

such as those given in Hogben et al [56]. A typical heading is also suggested to show the 

beneSt of the short-crested three-dimensional approach. The performance of these ships is 

assessed based on suitable criteria for the role of the ship, as already discussed in Chapter 3. 

It is deduced from the experimental tests carried out that the transfer functions are linear 

with respect to wave height. The eSect of increasing wave height wiH simply be to increase 

the motions and is therefore not investigated. The influence of wave period is, however, 

investigated for the long-crested head sea approach. It is assumed that the short-crested 

approach will show the same trends with different wave periods as the long-crested approach, 

since the short-crested approach involves applying a spreading function to the long-crested 

wave spectra. 

8.2 Case one: Passenger only ferry 

The first case study is for two competing ships, a monohull (Ml) and catamaran (CI) whose 

details are given in Table 23, operating a passenger only service in the English Channel. The 

results are presented for four of the more typical wave periods and for a single wave height. 

The results in long-crested seas are presented in Tables 24 and 25. Ml hag values of non-

availability which increase with wave period. Added resistance is highest at a wave period 

of 6s and vomiting incidence is highest at a period of 7.1s. CI has values of non-availability 
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which increase with wave period. The added resistajice is highest at a period of 6s and 

vomiting incidence is highest at a period of 8s. The levels of non-availability are similar 

between the two vessels but the catamaran Cl is marginally better. The vomiting incidence 

is also similar with the catamaran being marginally better. The added resistance, however, 

is signiScantly greater for the catamaran. 

The results in short-crested seas are presented in Tables 26 to 29. Tables 26 and 27 show 

the RMS values and probabilities for the seakeeping attributes. Tables 28 and 29 show the 

condensed attributes. It can be seen that the values used in the condensed attributes for 

non-availabihty are those for vertical eiccelerations at the LCG or forward. This is because 

these held the highest probabilities of exceedance. If headings of 135° and 45° are assumed 

in order to illustrate the beneSts of the short-crested approach, then there is little diSerence 

between the two vessels in terms of their non-availability and vomiting incidence. At both 

headings the catamaran's seakeeping performance was better. It should be noted that if the 

added resistance from head seas is considered then the catamaran has considerably greater 

added resistance than the monohull. 

8 .2 .1 R e d u c e d s p e e d o p e r a t i o n 

Ships Ml and Cl were run at a reduced speed as might be required when operating in an 

estuary or in bad weather. The results are presented in Tables 30 to 33. In long-crested seas 

the catamaran Cl performed better than the monohull Ml in the criteria of non-availability 

and vomiting incidence but was again inferior with its higher added resistance. In short-

crested seas the monohull again performed better than the catamaran. Performance polar 

plots for Ml and Cl in short crested seas are shown in Figures 148 to 151. 

Overall, it can be concluded that the monohull Ml has better seakeeping performance. 

8.3 Case two: Passenger/vehicle ferry 

The second case study is for two competing ships a monohull (M2) and a catamaran (C2), 

operating a passenger/car service in the Irish Sea. The typical wave statistics are shown in 

Table 34 and the ships' details are shown in Table 35. The results have been presented for 

long-crested head seas and short-crested seas. 

The results in long-crested seas are presented in Tables 36 and 37. The mean results for 

monohull M2 and catamaran C2 over the four wave periods are that the much longer monohull 

is significantly better in terms of its availability and added resistance, but its mean vomiting 

incidence is only mcirginally better. This is most likely due to a favourable frequency weighting 



59 

of the vertical accelerations for the catamaran. 

The results in short-crested seas are presented in Tables 38 and 39. The shorter catamaran 

has considerably higher non-availability, but only marginally worse vomiting incidence. The 

seakeeping performance polar plots. Figures 152 to 155 show the seakeeping performance 

in short-crested seas at headings from 180° to 0°. The graphs are plotted using the RMS 

motions for each heading. The inner of the two lines in Figure 154 represent the frequency 

weighted acceleration used to determine the vomiting incidence. Figure 152 shows the roH 

motion present in short-crested head and following seas. 

8.4 Case three: Variation of catamaran hull separation 

The third case study is a variation of the second case study and attempts to improve on the 

seakeeping performance of the catamaran C2. Two competing catamarans C3 and C4 are 

considered, C3 is a longer more slender hull than C2. C4 is a shorter hull with a greater 

separation. Again the two vessels are operating a passenger service in the Irish Sea. The 

ships' details are given in Table 40. 

The results in long-crested seas are presented in Tables 41 and 42. The mean results for the 

four wave periods show that the two catamarans C3 and C4 have very similar seakeeping 

performance. The main difference between the two ships is tha t the more slender catamaran 

C3 has a higher added resistance. 

The results in long-crested oblique seas Table 43 show the seakeeping performance of cata-

marans C3 and C4 at headings angles of 180°, 150° and 120°. Catamaran C4 has the overall 

better seakeeping performance, with a slightly worse performance in head seas but increag-

ingly better performance with change of heading. 

The results in short-crested seas are presented in Tables 44 and 45. These results show very 

similar seakeeping performance at the four wave periods. Catamaran 04 is always slightly 

better except at the lowest wave period, where the performance is very close. 

The results in short-crested seas with roll are presented in Tables 46 and 47. The catamaran 

04 performs better than 03 over the four wave periods. The results are again similar to the 

short-crested results without roll. This is because in almost all cases vertical acceleration is 

the deciding factor. 

Performance polar plots for 03 and 04 in short-crested seas are shown in Figures 156 to 158. 
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8.5 Case four: Fast freight service 

The fourth case study is a variation of the third case study but instead of operating a passenger 

service for a voyage duration of 2 hours the ships are operating a freight service for 6 hours. 

This case study uses ships C3 and C4 to illustrate the effect of changing the limiting criteria 

on the seakeeping performance. 

The results in long-crested seas are presented in Tables 48 and 49. These results show the 

same trends aa for the passenger service with catamaj-aa C4 having the better seakeeping 

performance, but the values for the non-availability are reduced. The values of vomiting 

incidence are of the order of 40% but this is based on values for unadapted adults. It is likely 

that the crew of a fast vessel will have a greater tolerance of motion sickness. 

8.6 Case five: Hullform variation 

For this case study the substantially better seakeeping performance of the longer monohull 

M2 over the competing catamaran C2 has lead to different hull forms at the same length 

displELcement ratio being investigated. 

The mean results for the four wave periods are presented in Table 50 and show the second 

variant, M2-c, to have slightly better seakeeping performance than either the original M2 or 

the other variant M2-b. 

8.7 Case six: Variations of peissenger area 

The program used to generate the vessels, written by Williams [4], has the ability to modify 

the seating area and passenger area. The initial values for M l and CI were set to the mean 

values in the appropriate ranges for these types of vessel. The second set of ships designated 

Ml' and M2' had the passenger and seating area set to the maximum values. Both resulting 

ships are considerably longer than their original variations, and their details are presented in 

Table 51. It can be seen that the catamaran is now longer than the monohull rather than 

the other way round for Ml and Cl . 

The mean results for the four wave periods in long-crested head seas are presented in Table 

52 and show that the longer catamaran Cl ' has better seakeeping performance than the 

monohull Ml ' . This is the reverse of the original outcome for Ml and Cl . The results are 

however much closer for the ships Ml ' and C l ' than for the originals Ml and Cl . 
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8.8 Summary 

The long-crested results give an indication of the overall performance of the competing vessels, 

as well as providing information on the added resistance of the vessel. The mmimnm required 

for assessing the seakeepiug performance is a transfer function in regular head waves. The 

short-crested approach requires at least the head wave transfer function. 

The long-crested oblique results give an indication of how the vessels performance changes 

with heading. This approach is probably adequate for assessing the seakeeping performance 

of competing vessels, but at the concept design stage is limited by the data available and the 

time required to generate the transfer functions. 

The two short-crested approaches allow the influence of heading to be fully investigated in 

the absence of experimental or numerical transfer functions for the required heading. The 

short-crested roll requires a roll transfer function at 150°. The simpler approach is probably 

the most useful at the concept design stage. 

When the seakeepiug performance of two vessels is similar it is preferable to keep all seakeep-

ing attributes in order to help with the final selection. 

The case studies show that the longer vessel will have be t te r motions. In most cases a 

monohuU competing with a catamaran will be longer and so have better motions. The 

monohuU will always have better added resistance than the catamaran. 
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Chapter 9 

Conclusions and recommendat ions 

9.1 Two categories of attributes, (seakeeping and derived attributes), have been described. 

The sources of proposed hmiting criteria have been examined for their usefulness in 

assessing the seakeeping performance of high speed paasenger and commercial vessels. 

A method of condensing the relevant attributes has been proposed in order to simplify 

the assessment procedure at the concept design stage. A set of hmiting criteria values 

have been selected from the proposed values to illustrate their use in the assessment 

procedure in a number of case studies. 

9.2 An experimental test programme has been undertaken to extend the data base of mo-

tions for suitable high speed vessels. Model 5s (based on Series 64) hag been tested in 

three configurations, monohull, and catamaran at S/L—0.2 and 0.4, at four speeds in 

regular head waves. This model has also been tested in the same configurations at a 

much wider range of speeds in calm water. The results for Model 5s have been com-

pared with those for Model 5b (based on the NPL Series), a model of the same 

ratio, which had been tested earlier. This allowed the influences of difi'erent hull shapes 

to be assessed but the differences were found to be small. 

4.5m free-running versions of the Models 5b and 5s have been tested in regular head 

and oblique bow waves. The difi'erence between the seakeeping performance of the two 

different hull shapes at headings of 180°, 150° and 120° was found to be small. 

9.3 The differences in the seakeeping performance between a towed model and a free-

running model have been investigated. It has been found that the heave or vertical 

acceleration at LCG of the 4.5m model was higher than that of the 1.6m towed model 

and that the pitch motion of 4.5m model was less than that of the 1.6m model. This 

is most likely due to the following differences in the experiments: The 4.5m model was 

self propelled rather than towed. The tow post for the 1.6m model made up 10% of the 

displacement mass and moved only in the vertical direction and was not free to pitch. 
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The wave probe used for the 1.6m model tests in the Southampton Institute tank was 

mounted on the carriage ajid may have been inEuenced by the presence of the model. 

There may have been some wall effects in the Southampton Institute tank. 

9.4 The direct measurement of added resistance for the 4.5m free running models was not 

possible. As an alternative, speed loss has been determined using a novel approach 

which, uses a modified wave frequency to encounter frequency relationship at different 

headings. The results, particularly in head seas, showed good agreement with the 

towed 1.6m model tests. The influence of variations in heading during the run, were 

investigated and it was found that smaH changes in course at headings of 180° and 150° 

have only a small influence on the determination of speed but at a heading of 120° the 

results are not reliable because of the large error involved. 

9.5 The data base of motion transfer functions in oblique seas is very limited. The oblique 

wave experiments carried out as part of this research make an important contribution to 

the experimental data base. In order to overcome the restrictions on speed and heading 

imposed by testing in test tanks and ocean basins, a successful open water methodology 

has been established. The results to date are limited, but the platform and analysis 

techniques are available for future tests which should facilitate the collection of further 

model seakeeping data for high speed vessels. 

9.6 The limited headings tested in the Ocean Basin at Haslar and the limited data available 

from the open water tests required the use of numerical methods to extend the data base 

of transfer functions to beam and following waves. The numerical code was selected 

based on the accuracy and computation time. The accuracy of the numerical methods 

can be improved by validating the hydrodynamic coefficients with data from a V.P.M.M. 

which is currently under development. 

9.7 The head wave transfer function and long-crested wave spectrum provides most of the 

information required for assessing the relative seakeeping performance at the concept 

design stage. A better approach to predicting seakeeping performance is to use a 

short-crested sea spectrum and to construct a three-dimensional transfer function from 

transfer functions at a number of headings from 180° to 0°. This approach, although 

the most accurate, is not considered to be applicable at the concept design stage. 

9.8 The concept of a spreading relationship for transfer functions relating the change in the 

transfer function to heading angle has been investigated. This is a new concept and, 

such an approach would greatly enhance the use of the existing data base of head sea 

transfer functions. For this purpose, the normalised experimental data in oblique waves 

has been used in conjunction with the normalised data from the numerical investiga-

tion. The influence of Froude number, , S/L and hull shape on the spreading 
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relationship have been investigated. Within the scope of the investigation it was de-

termined that only S/L has a significant influence on the spreading relationships. This 

has led to the development of generic spreading relationships with the potential for 

much wider applications. Two approaches to the generation and use of these spread-

ing relationships have been investigated. The Erst a frequency by frequency approach, 

where a transfer function spreading relationship is determined for each frequency. The 

second, much simpler, approach uses a transfer function spreading relationship deter-

mined from the values at resonance. The small increase in accuracy given by the 6rst 

approach is not considered to be worth the Increase in time required to apply it, and 

the simpler approach is therefore used. The use of mathematical functions to represent 

the spreading relationships has also been investigated. With only a limited number of 

headings for each relationship there was not enough da t a to enable a good mathemati-

cal representation to be fitted to the data. Instead, a much simpler look-up table and 

linear interpolation method was successfully applied. 

In order to detect relative difi'erence in the seakeeping performance, other than those 

shown by the head wave long-crested approach, there must be a significant difference in 

the spreading relationships used. At present for a given displacement the only variable 

for the spreading relationship is the hull separation. At present therefore, the spread 

transfer function is not able to distinguish between competing monohulls or catamarans 

of the same separation. 

9.9 The possibility of applying a spreading relationship to added resistance has been con-

sidered. The numerical code used does not calculate added resistance and attempts 

to calculate added resistance from the generated hydrodynamic coe@cients have been 

unsuccessful. 

9.10 A number of case studies have been used to illustrate the methods available at the con-

cept design stage. The simplest method involves using transfer functions for the desired 

heading and a long-crested wave spectrum for the appropriate sea state. Alternatively, 

the head sea data can be used in conjunction with a transfer function spreading relation-

ship. This is then used in conjunction with a short-crested wave spectrum, created by 

spreading a long-crested wave spectrum. This method has been found to produce more 

realistic motions and allows for roll motions. It is suitable for application at the con-

cept design stage and therefore provides a powerful tool for comparing the secikeeping 

attributes early in the design process. 

9.11 The parameters which influence the transfer function spreading relationships have only 
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been investigated for certain vessel types, namely semi-displacement round bilge cata-

marans with transom sterns. A more diverse range of model transfer functions is re-

quired. Transfer functions for head to following waves will be needed for these vessels 

in order to validate existing spreading relationships or determine new ones. 

9.12 The vertical planar motion mechanism needs to be commissioned and a suitable exper-

imental procedure developed. Once this has been carried out it is expected that useful 

data for high speed craft will be gathered and improvements to the numerical model 

can be made where necessary. 

9.13 Modifications to the numerical model will allow the added resistance to be determined 

at different headings. This will allow a spreading relationship for added resistance to 

be developed in a similar manner to those for transfer functions. This would enhance 

the investigation process when comparing the added resistance/ speed loss for diSerent 

high speed vessels. 

9.14 Increasing the number of headings used to de6ne the spreading relationship would allow 

a mathematical fit to be applied to the data. This might allow a mathematical function 

similar to that used to spread long-crested wave spectra to be developed. 
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Appendix A 

Details of 4.5m model 

Principal dimensions of the 4.5m are given in liable 17. 

A.l Construction 

The hulls were constructed from GRP. Each hull has a wooden gunwale glassed in and is 

fitted with three 6mm plywood bulkheads. Platforms carrying the engines, shaft bearings 

and rudder bearings were made of 18mm plywood and glassed into the hulls. The two cross 

beams joining/separating the hulls were of continuous section aluminium alloy mast material 

(kindly provided free of charge by Kemps Masts). These spajrs were bolted to each hull via, 

a GRP fitting which was glassed to the hull and an adjacent bulkhead. This set-up allowed 

adjustment of the separation of the hulls, and removal of the spars for transportation of the 

models to test sites. The GRP hulls were constructed outside the University and fitted out 

in the University Engineering Faculty Workshops. The model was weighed prior to testing, 

including fuel and necessary ballast, leading to an all-up weight of 324kg. 

A.2 Pitch, roll and yaw inertias 

Model 5b was swung in its test condition in pitch and roll to obtain the relevant radii of 

gyration. The radius of gyration in yaw was estimated from the inertia in pitch assuming the 

demi-hull inertias in pitch and yaw to be the same. A summary of the radii of gyration for 

Model 5b is given in Table 18. 



A.3 Engines, transmission and propellers 

Engines: One per hull. Honda GX160QX4. Maximum power output: 4.1kW @ 3600 rpm. 

Continuous power output: 3.5 kW @ 3600 rpm. Capable of operation on petrol or propane 

gag (gas used when operating under cover in the Haslar Model Basin). 

Shafting: Stainless steel 19mm (3/4") diameter. 

Propellers: Brass. Diameter 152mm, Pitch 178mm. One right handed, one left handed. 

Propellers, shafting, brass stern tubes and stuSng boxes supplied by Norris Marine Equip-

ment Ltd. 

Gear Ratios: Transmission from engine to shaft is achieved using a pulley-belt system. Vee 

belts and pulleys are used with three gear ratios as shown in Table 53. 

All tests to date have been carried out using the mid gear ratio (1:1.695), leading to a speed 

in calm water of the order of 4.40 m/s (Fn=0.67) at fuU engine throttle setting. 

An electric clutch was originally Stted but proved to be unsuccessful, due mainly to misahgn-

ment problems. It was subsequently removed at an early stage of model commissioning and 

replaced with a direct drive Rtting. 

A.4 Electrical power/remote control 

Electrical power for instrumentation and data acquisition equipment is provided by a 12v 

battery. Power for all on-board radio controlled equipment is provided by a 6v battery. The 

following operations are controlled by radio: Rudder winches; Throttle servos; Engine hold; 

Engine oS, together with channels for data acquisition trigger etc as required. The rudder 

winches (one in each hull) are controlled simultaneously from a single rudder control signal. 

Similarly, the throttle servos (one in each hull) are controlled simultaneously. 
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Appendix B 

Wave buoy analysis 

B.l Calibration of the buoy 

Prior to the construction of the buoy some theoretical responses were investigated for a 

number of possible buoy geometries, seeking a confguration that would have a Sat, unit 

response operator in both pitch and heave over the range of wave frequencies of interest. The 

ring conGguration appeared to satisfy this requirement. It should be pointed out, however, 

that neither the Suxgate compaas nor the umbihcal cable was modelled in the theoretical 

calculations. 

The buoy as Snally constructed waa calibrated in the Lamont tank at the University of 

Southampton, moored in its intended orientation to the dominant wave direction (along the 

tank centreline in this case) and also at a heading of 90 degrees to this direction. The first 

orientation provided heave and pitch calibration data and the second provided additional 

roll calibration data. Because of the restricted water depth in the towing tank and also 

its short length, the maximum wavelength that could sensibly be generated was only 5m 

(corresponding to a wave frequency of 0.55 hz). The shortest wavelength was 1.5m, or about 

twice the outer diameter of the buoy (corresponding to a wave frequency of 1.1 hz). 

Measured catamaran model responses indicate the desirability of measuring wave data for 

wavelengths up to about 4 times model length, or about 20m (corresponding to a wave 

frequency of 0.3 hz). To date it has not been possible to calibrate the buoy in a facility 

permitting the generation of such waves. However, the buoy heave response operator clearly 

tends towards unity in long waves and this is readily apparent in the wave lengths actually 

tested. 

Table 54 gives transfer functions for buoy responses in regular waves, based on RMS values 

of buoy accelerations, as tested in the Lamont tank. These results are shown graphically 
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in Figures 159 to 161. The heave response of the buoy is more or less as expected, being 

a Sat response at a few percent above wave amplitude at low frequencies and falling oE 

at frequencies above 1.0 hz. The roll and pitch responses appear to be quite large at low 

frequencies and to faU to values comparable with wave slope as frequency increases. This 

was not expected from the preliminary theoretical studies and seems to indicate larger rotary 

motions than were apparent from visual observation. However, the indicated pitch and roH 

responses seem qualitatively to match measurements made in open water in irregular waves. 

At present there is no obvious explanation for these calibration characteristics. 

Qualitatively the roll and pitch results are similar. If the pitch transfer function results are 

shifted by 0.1 hz to lower frequencies the ratio of roll transfer function to pitch transfer 

function is reasonably constant over the range of frequencies tested. The roll T.F. being, on 

average, about 90% of the pitch T.F. This is shown in Figure 162. The calibration analysis 

assumed that the accelerometers were placed exactly at 120 degree intervals round the buoy. 

In fact measurement of the actual positions of the accelerometers shows the precise locations 

to diEer slightly &om this requirement in such a way cis to reduce the roU signal and increase 

the pitch signal from the buoy. The true roll and pitch responses could in fact be equal or 

nearly so. This possibility is made use of in estimating the directional properties of a wave 

spectrum. 

Ideally, it would be desirable to have phaae information for the buoy motions relative to the 

wave passage. Unfortunately the calibration data was not of suSciently good quality to allow 

the estimation of phase. 

B.2 Analysis of buoy data from tests in open water 

The elevation of the sea surface can be represented by an equation of the form: 

Tj — ^ ^ ] Oln,m \kn^ COS 6^x1 + SIN ( ^ 3 ) 

n m 

where: 

Wn = Component wave frequency (rad/s) 

Kn = Component wave number (1/m) 

&m = Component wave direction 

Cinm = Component wave amplitude (m) 

= Random component phase angle (rad) 
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In this equation the x-axis is along the reference wave direction = 0, which will be taken 

to be the mean direction of the buoy longitudinal axis. 

The directional spectral density for the wave elevation, ^m), can be defined in terms of 

the component wave amplitudes by the equation: 

— l/2(ctn,m) (54) 

Because the wave buoy provides rather limited information about the sea surface, in particular 

because the buoy measures data at only one point in space, the directional spectrum will be 

simplified to the form: 

S{uJri)Qm) — S{LOri).Dnidm l-̂ n} (55) 

Here is a spreading function assumed to be symmetric about a given mean wave 

direction and having the property that 

7r/2 
= 1.0 (56) 

-7T/2 

The choice of spreading function is somewhat arbitrary. A convenient and common choice is 

to use the form given in Equation 57: 

D(^) = ocos^P(@') : ^ ^ ^ (57) 

The objective of the buoy analysis procedure is to determine S'(wn), and Dn(^) for each 

wave frequency present in the spectrum. This is accomplished by examining the auto- and 

cross-correlations of wave elevation and the wave slopes along the reference wave direction 

and across it. The wave elevation and slopes are determined from the buoy heave, pitch and 

roll responses via the buoy calibrations. The auto- and cross- correlations are determined 

from fast Fourier transforms of the time histories of the buoy motions. The details of the 

identification of wave spectral information are set out in A.3. 

Because of changes of buoy heading (due to yaw eEects), the instantaneous accelerometer 

records do not directly give pitch and roll data about the reference buoy direction. It is 

necessary to convert the acceleration data into vertical displacements at the accelerometers 

and subsequently, by a suitable co-ordinate rotation allowing for the instantaneous buoy 
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heading, to compute the buoy pitch and roU about the reference axes. This process is detailed 

in Section A.4. 

The use of a Suxgate compass to monitor buoy heading is not ideal. The output voltage &om 

the compass is somewhat unsteady, does not react correctly to rapid changes of heading and 

is sensitive to buoy motions (particularly pitch and roU). In order to obtain a useable output 

from the compass, the raw signal was heavily smoothed digitally by performing an FFT and 

retaining only those frequency components below that of the longest wave of interest from 

the viewpoint of model motions. The inversion of the t runcated F F T yields a slowly varying 

yaw motion similar to that observed visually, as shown in Figure 169. 

In converting accelerometer data into vertical displacements the method adopted is to per-

form an FFT of the accelerometer data, to remove any slow drift by deleting frequency 

components below the minimum frequency of interest from the point of view of catamaran 

model responses, to remove high frequency components associated with signal noise and to di-

vide the remaining components by frequency squared. Predicted vertical displacements were 

found by inverting the truncated FFT. If the low frequency components are not removed 

the buoy can appear to be displaced several meters from the mean sea level. Once they are 

removed the buoy appears to osciUate, correctly, about a zero mean level. 

Analysis of wave buoy data has been carried out in three different ways: 

a) Buoy accelerometer data was used directly to calculate the power spectral density of buoy 

heave acceleration as a route to estimating 5'(wn) by itself. 

b) Smoothed time series data of accelerometer displacements and compass heading, as out-

lined above, were converted to time series data for buoy heave, pitch and roll referred to the 

compass zero direction, as set out in Section A.4. The FFT of auto- and cross-correlations 

of the motions required for the estimation of wave spectral density, mean wave direction and 

spreading function (as set out in A.3.) were found from these time series. 

c) An analysis using the meein value of compass heading as a constant heading angle replaced 

the co-ordinate transformation on a point by point basis of method b). In this case, since 

the effects of yaw rate and yaw acceleration are suppressed, the coefficients of the auto- and 

cross-correlations can be obtained directly from the accelerometer acceleration data without 

the need to construct time series of accelerometer displacements. 

The analysis procedures outlined above can be carried out using the mathematical routines 

available within the DASYLab software used for all data acquisition purposes. 
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B.3 Measurements of wave spectra 

Figures 163 to 172 show a sample of a wave spectral estimates from data obtained in 

Southampton Water. This particular set of data has been used as illustration of each of 

the analysis methods mentioned in the previous section of this report. 

B . 3 . 1 F r e q u e n c y s p e c t r a f r o m p o w e r s p e c t r a l d e n s i t y of a c c e l e r a t i o n d a t a 

( m e t h o d (a ) ) 

Figures 163 and 164 shows the result of estimating the power spectral density of the buoy 

vertical acceleration and its subsequent transformation to a displacement spectral density 

(method (a) of the previous section). For comparison purposes, a standard ITTC two pa-

rameter wave spectrum has been superimposed on both spectral density distributions. The 

parameters for the ITTC spectrum were chosen to match the zero crossing period and signif-

icant height of the measured spectrum. In comparison to the ITTC spectrum, the measured 

amplitude spectrum lacks the energy peak at the modal frequency and is substantially Sat 

up to 0.5 hz. Beyond this frequency there is slightly more energy than expected from the 

ITTC spectrum. This characteristic of the amplitude spectrum is less evident in the acceler-

ation spectrum, which seems to follow fairly well the form of the ITTC spectrum. It should 

be born in mind that it is the acceleration spectrum that is derived directly from the buoy 

measurements and that conversion to the amplitude spectrum involves division by At the 

low frequencies there is only a small acceleration to measure and scatter in the experiment 

data can eaaily dominate the estimated amplitude spectrum. With this in mind the measured 

wave spectra look very plausible. It should be noted that the buoy acceleration spectrum 

and the wave slope spectrum have similar forms. 

For the record, the wave spectra have been derived from a record of 2048 points digitised at a 

sample rate of 10 hz. In order to smooth the data, the calculated power spectral components 

were aggregated into frequency bands of 0.05 hz each containing the sum of approximately 

10 components. 

B . 3 . 2 T h e e s t i m a t i o n of s p e c t r a l d i r e c t i o n a l p r o p e r t i e s ( m e t h o d s (b) a n d 

(c)) 

Attempts to obtain further details of the wave, including directional properties, have been 

based on FFT of the of the auto- and cross-correlations of buoy heave, pitch and roll signals. 

For the wave record used in this report the auto-correlations are shown in Figures 165 to 167. 

The cross-correlations are complex and have not been plotted. 
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Frequency Spectra estimated by analysis methods (b) and (c), from the auto-correlation of 

buoy heave via Elquation 60, produced results identical to those shown in Figures 163 and 

164 based on the power spectrum of heave acceleration. 

Satisfactory identiGcation of the mean wave direction cind the directional spreading function 

from Equations 58 and 59 depend on the phaae relations between heave, pitch and roll. 

Identification of these relations from buoy calibration data has proved unobtainable and 

reliance had to be placed on the assumption that wave slope/pitch and wave slope/roll phase 

relationships were likely to be the same. 

The cross-correlations of pitch/heave and roll/heave are given by Equations 58 and 59 re-

spectively: 

r7i 
^l,0,n = 2-PWn)-8'(Wn)A;n5'(wn)cOS;Uny (58) 

and 

TT 

Dividing Equation 59 by Equation 58 gives 

Since jR(wn) and f (w^) are complex transfer functions for roll and pitch, respectively, the 

result of this division is complex and the argument is the phase difference between pitch and 

roll. Figure 168 shows this phase difference as a function of component wave frequency. Up 

to about 1.0 hz the diEerence is small (up to about 10 degrees), above 1.0 hz the diEerence 

becomes rather erratic. The smallness of this phase difference justifies the use of a working 

assumption that wave slope/pitch and wave slope/roll responses have the same phase. 

Assuming, further, that the amplitudes of R{u>n) and P(a;„) should be identical, tan(yun) can 

be estimated from the modulus of j42,o,nMi,o,n' Figure 169 shows values of estimated by 

this method. For the particular wave data analysed in this report the mean wave direction 

appears to be between 50 and 70 degrees to the buoy axis for component waves up to 1.0 

hz and to vary erratically above that frequency. Visual observation at the time indicated a 

mean wave direction close to the buoy axis. A 60 degree error in estimation of wave heading 

could arise if the accelerometer channels had been miss-identified when recording the wave 

data. ESbrts to investigate this possibility by cyclically interchanging the accelerometer data 

channels were not successful. 

The auto-correlations for heave, pitch and roll are given by Equations 60 to 62 respectively: 
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•̂ 0,0,n — ̂ H{Wn)H(^Uri)S{u}^^5u}^ (60) 

1̂,1,M (u;n)f(wn)A;n'S'(^n) + cos(2//n) ^ Dn(g') cos(2g')d^'j (61) 

^2,2,n = ^ (̂Wn).R(Wn)A;n5'(Wn) - C0s(2/^n) ^ ^n(^') C0s(2g')dg'j (62) 

If it is assumed that \H{ujn)\ and that fin and the spreading function integrals J„ = 

JZ;r-^"(^')cos(2g')dg' are constants, the values of and \/A2,2,n/t^^o,o,n 

are proportional to pitch and roll amplitude tremsfer functions. The similarity between these 

quantities and the buoy calibration data is shown in Figures 170 and 171. Figure 170 com-

pares >/^i,i,n/^n-^o,o,n with the pitch calibration data including the raw calibration data and 

smoothed calibration data frequency shifted by 0.1 hz to a lower frequency range. Figure 171 

compares \/v42,2,n/tn-^o,o,n with the raw roll calibration data. Qualitatively the comparison 

is quite good. It serves to show that the buoy calibration data for pitch and roU, although 

varying with frequency in a totally unexpected way, is probably correct. 

The final step in the analysis of directional properties is to take the estimate of and to 

estimate the value of the spreading function integral 7^ from Equations 61 and 62. the result 

is shown in Figure 172. According to A.3., a spreading function of the form D(0') = ocog^P(0') 

leads to the conclusion that 7^ = From this result 7^ has a value 0.5 for p = l and increases 

towards 1.0 as p becomes larger, or as the wave system becomes unidirectional. In Figure 172 

In is approximately 1.0 at low frequencies, but above 1.0 hz the values erratic and not very 

plausible. On the face of it, this suggests a long crested wave system. However, this conflicts 

with visual impressions at the time of recording the wave data. It is possible that, although 

each wave frequency is long crested, individual frequencies vary in direction (since varies) 

and that this produced the short crested appearance of the wave system. This interpretation 

is not totally convincing. The analysis presented here assumed that the transfer functions 

for buoy roll and pitch have the same amplitude. Attempts to improve results by assuming 

a ratio of roll response to pitch response less than 1.0 did not significantly change the result. 

Neither did the use of a mean value of for all frequencies, nor did the reanalysis of the 

data using a Gxed mean buoy heading rather them allowing for the modulation due to buoy 

yaw motion. 

As noted earlier for the wave spectra, the FFT's of the auto- and cross-correlation functions 

have been derived from a record of 2048 points digitised at a sample rate of 10 hz. In order to 
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smooth the data, the calculated power spectral components were aggregated into frequency 

bands of 0.05 hz each containing the sum of approximately 10 components. 

B.4 Estimation of buoy motions relative to datum directions 

based on compass zero heading 

zl, z2, z3 Accelerometer vertical displacements 

X, y Reference axes for wave buoy defining the roll and pitch axes 

^ Wave buoy yaw angle from compass zero heading 

r Radius of accelerometers from buoy centre 

In terms of the heave displacement at the centre of the buoy (z), the roll angle about the x axis 

{4>) and the pitch angle about the y axis {9) , the vertical displacements of the accelerometers 

are given by: 

—rOcos^ + r^s in^ (63) 

Z2 = -z — cos(^ 4-120) + r^sin(i/; + 120) (64) 

and 

zg = z — r^cos(^ — 120) + n^sin(i/' — 120) (65) 

From these equations : 

Z2 + = 2z + cos i/; — r sin i/) 

aad 

— -2:3 = \/3r^ cos ^ + \ /3r^ sin ̂  

It follows that the buoy attitude is given by: 

Heave displacement 

z = (zi + Zg + ;z3)/3 (66) 

Roll displacement 

(̂  = B cos ^ sin ̂  (67) 
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and Pitch displacement 

^ B sin ^ ^ cos ̂  (68) 

where A = and B = and Equation (Al. l) can be diSerentiated to give 

z'l = z — cos ^ sin i/; + sini/i + cos i/; j-
r - " 9 1 + n^sim/; + ^ 2r(^^cos^ + r i ^ c o s ^ — r(̂ (pg2)'̂  s in^ > 

The terms in breickets {} represent the eEects of yaw rate and yaw acceleration on accelerom-

eter acceleration data. If the yaw rate ^ and yaw acceleration are su&ciently small, these 

terms may be neglected. In this case: 

z i = z —r^cos^ + r^sin^ (70) 

Similar equations can be found for zg and zg. It follows that: 

Z = ( z i + Z 2 + Z 3 ) / 3 (71) 

= .8 cos '̂  + A sin ̂  (72) 

emd 

6 = B sin ip — A cos ip (73) 

where A and A follow directly from the earlier de&nitions of A and B. 

This makes it possible to estimate buoy heave, pitch and roll da t a directly from accelerometer 

acceleration data without the need to estimate accelerometer displacement data first. 

B.5 Summary 

A wave buoy has been built and calibrated in heave, pitch and roll over a limited range of 

frequencies. The heave transfer function is close to unity at low frequencies and falls off at 

frequencies above 1.0 Hz. The pitch and roll calibrations show unexpectedly high output at 

low frequencies in a manner similar to the output of pitch and roll in random waves in open 
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water. Clearly the transfer functions for pitch and roll motions relative to wave slope must 

approach unity as wave frequency approaches zero. The failure of the buoy output to behave 

in this manner requires further investigation. 

One dimensional frequency spectra for the measured waves derived from records taken over 

a 200 second period proved to be satisfactory. The estimated spectra compared well with 

standard ITTC two parameter spectra and gave significant wave heights in line with visual 

estimates made during measurement. 

Estimates of mean wave direction and directional spread have been made based on PFT 

of auto- and cross-correlations of wave buoy heave, pitch and roll output. These estimates 

rely on assumptions regarding the phase relationships between buoy pitch and roll and the 

assumption of unity heave response. Results are encouraging but not yet satisfactory and 

further work is needed in this area. 



79 

Appendix C 

T h e design of a vert ical p lanar 

mot ion mechanism 

C.l Background 

The Grst Planar Motion Mechanism was developed in the USA by Gertler and Goodman 

in 1960, as a means of measmring the hydrodynamic forces and derivatives involved in ship 

motions. The first PMMs were the vertical type designed to test submarine models. Both 

vertical and horizontal manoeuvres were carried out. The horizontal manoeuvres by turn-

ing the model on its side. The earher PMMs were mechanically driven and only produced 

sinusoidal motions. 

Considerable work has been done on the horizontal motions of the "Mariner" hull form at 

Delft University, using a horizontal planai motion mechanism [58]. 

The Department has a horizontal PMM. It has computer controlled motors which will allow 

both sinusoidal and non-sinusoidal motions to be produced. These motors allow tests to be 

carried out at a wide range of frequencies. This HPMM has been used to validate manoeuvring 

models for slow speed monohulls such as the "Mariner". A vertical PMM is also currently 

under development in the Department of Ship Science. 

C.2 Specifications 

A vertical planar motion mechanism [VPMM] is used to measure the hydrodynamic deriva-

tives of surface ship models in order to determine their seakeeping and manoeuvring charac-

teristics. 

The performance requirements of the VPMM were defined as follows: 
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1. The device is to be capable of carrying out experiments in pure heave, pure pitch and 

pure roll modes and in any combination thereof. 

2. Software is to be designed or adapted to control the mechanism and analyse experi-

mental results from a PC. 

3. The mechanism must be suitable for use with conventional ship models, yachts and 

high-speed catamarans. 

4. Motions must be performed to amplitudes large enough to induce hydrodynamic non-

linearity in pitch and heave. 

5. The mechanism should be capable of oscillating the model about a prescribed mean 

heel angle. 

6. Target speciEcations for the VPMM are: 

Model lengths 1.5 - 2.5 m 

Model displacement mass 10 - 75 kg 

Model support separation 0.6 - 1.0 m 

Motion frequencies 0 - 3.0 Hz 

Heave motion maximum 0 - 100mm 

Pitch angle maximum 7.5° 

Roll amplitude 0 - 1 5 ° 

C.3 Design requirements 

C . 3 . 1 C o m p o n e n t s 

The original design was carried out by a group of M.Eng. students [59] when it was decided 

that the V.P.M.M. should measure two force components and one moment (heave/pitch, 

drag and roll). It was later decided that it should measure three force components and one 

moment. This additional force was the sideforce component on the model for use when testing 

yacht models or when rolling the model. 

C.3 .2 F o r c e s 

The magnitudes of the forces were determined in the original report using the WoUson Unit's 

Ship Motions software. An NPL Round Bilge (NPL-RB) hullform and a General Purpose 

Cargo Carrier were used to determine suitable forces these are given in Table 55. 
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When these forces were reviewed with high-speed catamarans and yacht models in mind it 

was decided that the sideforce acting on the model would be required. Calculations in order 

to determine the maximum force that a model might experience were carried out and it was 

determined that a yacht hull with keel at a maximum heel angle of 20° would experience the 

greatest sideforce and that this force would be of the order of lOON. It was also decided that 

the drag force could be equal in magnitude to the sideforce. 

C.3 .3 A c c u r a c y 

The frame of the V.P.M.M. was built to give a maximum deflection of 0.1mm in order to 

transmit the required motion to the model. The dynamometers measure the deflection due to 

an imposed force. It was decided that the dynamometers should have a maximum deflection 

of 0.2mm in normal operation. The output signal &om the measuring device (Linear Variable 

Differential Transformers) would determine the accuracy of the force measurements. 

C . 3 . 4 D i m e n s i o n a l cons tra in t s 

The space into which the dynamometers have to flt is limited by the height above the water to 

the bottom of the frame. For the case of a conventional monohull form the height restriction 

is not a problem since the baseplate is mounted inside the model and could be mounted 

below the waterline. A problem arises when a catamaran model is to be fltted, because the 

baseplate hag to be mounted on the crossbeams rather than inside the model. 

The Srame of the VPMM was designed to allow models of various sizes to be used. This is 

achieved by having the frame built in two modules separated by channel beams. The spacing 

of the two heave posts can increase from a minimum of 600mm to 1000mm. This means that 

the entire baseplate should fit into the 600mm space. Because the V.P.M.M. is built in two 

modules any length of channel section could be used to separate the modules allowing much 

larger models to be used. The only consideration then is the forces involved. 
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Appendix D 

Design and calibration of t h e force 

blocks for a vertical p l ana r motion 

mechanism 

D.l Force block arrangement 

The ideal arrangement for the force blocks would be a stack cis used in the PMM at the 

Admiralty Experimental Works, Haslar [60]. Here three identical force blocks were stacked 

horizontally at either end of the baseplate. This arrangement is only really possible if the 

forces being measured are similar in magnitude. In the case of the Southampton University 

VP MM, the vertical heave force was two and a half times greater than the drag or side force. 

So this arrangement was not possible. 

As a result of the height restriction and the height of the baseplate when using catamaran 

models, it is not possible to stack the force block vertically as three separate blocks. This 

meant that some sort of nested arrangement would have to be used. 

It was possible to separate the force blocks into two planes; the vertical plane and the horizon-

tal plane. By combining the two horizontal forces a force block was designed which measures 

both drag and side forces. 

D.2 Block dimensions and material 

An iterative process using the space constraints as a maximum determined the dimensions of 

the force blocks. The forces and the limiting deflection of 0.2mm determined the dimensions 

of the Sexures, Table 56. The material selected for the force blocks was Aluminium alloy 
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and it was decided that the blocks should be machined from a solid block instead of being 

fabricated. 

The final dimensions are: 

Heave block: Block = 72.0mm x 63.0mm x 40.0mm Flexures = 47.0mm x 10.0mm x 3.5mm 

Drag/sway block: Block = 60.5mm x 63.0mm x 63.0mm Flexures = 42.0mm x 3.25mm x 

3.25mm 

The general arrangement of the baseplate and the dynamometers are shown in Figures 173 

and 174. The scale drawings of the heave and combined drag/sideforce dynamometers are 

shown in Figures 175 and 176. 

D.3 Force measurement 

The forces on the model are determined by either measuring the defection of the force block 

dynamometers or the strain in the four flexures. The deflection is measured using linear 

variable differential transformers [LVDT's]. These devices are mounted as close to the centre 

of the force block to reduce the eGect of moments on the reading. The strain in the Gexures 

is measured by siting foil strain gauges on the dexures. 

The dimensions of the flexures determine the strain levels or the amount of deflection. For 

accurate measurement of strain a maximum of lOOO^e is required with acceptable levels 

greater than 700/ie. The strain levels in the flexure are calculated using Equation 74. The 

maximum deflection of the force blocks was decided to be 0.2mm in order not to alter the 

imposed motion of the model. The deflection of the force blocks was calculated using Equation 

75. 

= 2 l ( J 7 F ) 

_ p / 3 

degection = (75) 

where: F is the force applied to each flexure in [N], 

1 is the length of the flexure in [m], 

E is the Young's Modulus in [N m"^], 

IjY = where; t is the thickness and b is the breadth of the flexure in [mj. 

LVDT's operate by providing a primary winding with an a.c. excitation voltage, typically 

of 5V RMS at 5KHz. Two secondary windings are connected so that their combined output 



represents the difference in the voltage induced into them. With the armature in the central 

position, the output is zero. Movement of the armature from this position produces an output 

which is proportional in phase emd magnitude to the armature displax:ement. 

D.4 Strain gauges or LVDT S 

The decision as to which measuring device to use was dependent on the following: 

# Dimensions of Sexures 

# accuracy 

# repeatability 

The dimensions of the Sexures were important because it would be diScult to mount the 

strain gauges on square or narrow Eexures. The accuracy and repeatability of the measuring 

device waa also important as this determined that accuracy of the whole system, especially 

at high frequencies. 

It was decided to use L.V.D.T.s to measure the defection of the force blocks as they provided 

better repeatability and the siting of the strain gauges might be difBcult on the square Eexures. 

D . 4 . 1 A c or D c e n e r g i s e d L V D T ' S 

The type of L.V.D.T. to be used needed to be considered. The Department has had some 

problems with the a.c. L.V.D.T.s used on the dynamometer in the Lamont Test Tank. The 

problem being that of the slight difference in the oscillating frequencies used to energise the 

L.V.D.T.s causing cross talk resulting in the L.V.D.T.s oscillating. This could partly be due 

to the length of cable to the l.v.d.ts and the cable movement as the carriage moves down the 

tank. 

One possibility would be to use D.C. energised L.V.D.T.s, where the supply voltage is d.c. 

and the L.V.D.T. has a built in modulator/demodulator. 

It was decided that the space limitations on the force blocks might make the d.c.-L.V.D.T.s 

a problem, as the d.c. type are considerably larger than the a.c. type. The manufacturer 

of the L.V.D.T.s [R.D.P. Electronics] have said that there should be no problems using a.c 

energised L.V.D.T.s as the cable is screened cind this wiU eliminate cross talk when several 

cables are run next to each other. Also, the short cable length, 3 metres, required for use on 

the Southampton Institute carriage would not cause a problem. 
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D.5 Instrumentation 

The L.V.D.T.s have to be provided with an excitation voltage, which is a.c. and sinusoidal 

and the a.c. sinusoidal voltage output has to be conditioned. The conditioning module 

compares the phage and magnitude of the output voltage with the phase and magnitude of 

the input voltage. The output from the conditioning module is then amplified and sent to 

the computer through an Analogue to Digital board, (A to D). 

There are two methods of achieving this one is to have individual conditioning units for each 

L.V.D.T. and then put the output of these in to the A to D board in the computer. The 

other method is to have a combined conditioning/excitation module and A to D card and 

have the whole system inside the computer. 

There are advantages and disadvantages to both systems. The meiin advantage of the Com-

bined system is that it can be software controlled. 

D.6 Position of LVDT'S 

In order that the L.V.D.T. measures the displacement of the flexures as accurately as possible 

it is important to mount the sensor of the L.V.D.T. as close to the geometric centre of the 

four flexures. Unfortunately for both the drag/sway block and the heave block it was not 

possible to position the sensor at the exact centre of the block. 

The position of the sensors for the drag/sway block is vertically at the centre of the block 

but because both the drag and the sway sensor read relative to the same central pillar they 

could not be positioned on the horizontal centreline. 

In order to reduce the amount of the L.V.D.T.'s body exposed below the heave block it was 

necessary to move the position of the sensor above the vertical centre of the block. The sensor 

is positioned on the horizontal centre of the block. 

D.7 Calibration 

The two pairs of dynamometers, (two heave and two combined drag/sideforce), were cal-

ibrated individually. Each dynamometer was bolted to an aluminium plate, which was 

clamped to a heavy calibration &ame. A steel wire was attached to the dynamometer, run-

ning over a pulley to a weight carrier. The pulley could be adjusted vertically to ensure that 

the wire was always parallel to the frame. The dynamometer was then incrementally load to 

its maximum design load and then unloaded to determine any hysteresis. A digital voltmeter 

was used to measure the conditioned output voltage from the l.v.d.t.s and a dial gauge was 
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used to measure the deSection of the Eexures. The results for the four dynamometers show 

a hnear relationship for voltage against mass and voltage against defection. The results are 

shown in Figures 177 to 182. All four dynamometers achieved their designed deGection of 

0.2mm for the full load. 

D.8 Summary 

The successful calibration of the force blocks has completed the hardware aspects of the 

V.P.M.M. . 

Development of the controllers for the forced vertical motions is being carried out as a sep-

arated project. When this part of the work has been completed, the overall VPMM will be 

tested and commissioned. 
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TABLES 



Type Number Growth % of total Geet 

1990 1995 % 1990 1995 

Catamaran 312 500 60.3 34.4 41.9 

Hovercraft 45 52 15.6 5.0 4.3 

Hydrofoil 368 408 10.9 40.6 33.4 

Monohull 118 165 39.8 13.0 13.7 

SES 61 81 28.6 7.0 6.6 

TOTAL 906 1206 32.6 100 100 

Table 1; Fast ferry fleet growth by type 1990-1995, Shipping 

World and Shipbuilding 1996 [61] 

[m] Monohulls % Catamarans % 

< 20 12 5 22 7 

20-30 95 37 48 15 

30-40 84 33 149 46 

40-50 22 9 49 15 

50-60 15 6 5 2 

60-80 6 2 26 8 

80-100 9 4 17 5 

> 100 12 5 6 2 

Total 255 100 322 100 

Table 2: Worldwide fleet compiled by Bertorello 

[62] 

Motion Direct ion Uni ts Pos i t ive Direct ion 

Surge X Metres Forward 

Sway Y Metres To Starboard 

Heave Z Metres Down 

RoH X Radians Starboard Side Down 

Pitch Y Radians Bow Up 

Yaw Z Radians Bow to Starboard 

Table 3: Motions and their positive directions in the body axis system 
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Attributes 

Seakeeping Derived Condensed 

Motions Motion Sickness 

SM Comfort 

Mil 

Velocities Power Increase/ Added Res. Speed Loss/Power Increase 

Slamming 

Accelerations Deck wetness Availability 

Safety 

Structural Loading 

Table 4: Seakeeping performance attributes 

E F F E C T C R I T E R I A N O T T O 

B E E X C E E D E D 

C O M M E N T S 

Type of load Vcilue 

Level 1 Maximum 0 . 2 0 g 0.08g and 0.20g/s^: Elderly persons 

Minor Effect acceleration will keep balance when holding 

M o d e r a t e d e g r a d a t i o n measured 0.15g and O.ZOp/s: Mean person will 

of safety horizontally keep balance when holding 

O.lSg and 0.80g/s: Sitting person will 

start holding 

Level 2 Maximum 0 . 3 5 g 0.25g and 2.0g/s: Maximum load for 

M a j o r E f f e c t acceleration mean person keeping balance when holding 

Significant measured 0.45g and lOg/s: Mean person falls 

degradation of safety horizontally out of seat when not wearing seat belts 

Level 3 Collision design Risk of injury to passengers; 

Hazardous condition s a f e t y e m e r g e n c y 

Effect calculated. operation af ter collision. 

Major degradation of Maximum l.Og: Degradat ion of passenger safety 

safety structural 

design load, 

based on 

vertical 

a c c e l e r a t i o n a t 

centre of gravity 

Level 4 Loss of craft o r / and fatalities 

Catastrophic 

Effect 

Table 5: Criteria not to be exceeded -HSC code [33] 
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V e r t . A c c . L a t . A c c . R o l l D e s c r i p t i o n 

0 . 2 7 5 g 

Simple light work. Most of t h e attention must be devoted 

to keeping balance. Tolerable only for short periods on high 

speed craft. 

0 . 2 0 g O l O g 6.0 deg 

Light manual work to be carried out by people adapted 

to ship motions. Not tolerable for long 

periods. Causes fatigue quickly. 

C U 5 g & 0 7 g 4.0 deg Heavy manual work, carried out on work ships. 

C U O g 0.04 g 3 . 0 d e g 

Intellectual work by people not so well adapted to ship motions. 

Long-term tolerable for the crew. Tolerable for half an hour 

exposure period for people unused to ship motions 

(ISO standard 2631/3) 

& 0 3 g 2.5 deg 

Passengers on a ferry. Tolerable for two hours exposure period 

for people unused to ship motions. Causes symptoms of motion 

sickness in approximately 10% of unacclimatized adults. 

0 0 3 g Z 0 & % 

Passengers on a cruise liner, threshold 

Older people. Close to lower below which 

vomiting is unlikely to take place. 

"Table 6: Human eEectiveness limit values , Kajrppineu [63] 
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Vessel Naval Monohull Gen Cargo Cross-Channel 

Source Olson Comstock Aertssen 

RMS RoH [deg] 9.6 4.0 - -

RMS Pitch [deg] - 1.5 - -

RMS Vert Acc g - 0.2 0.9 1.0 

RMS Lat Acc g - 0.1 - -

MSI 20% in 2brs - - -

Slam Acc g 0.2 - 0.2 0.4 

slam &eq 3/100 20/lir 4/100 5/100 

Deck wetness freq 30/hr 30/lir 5/100 -

Table 7: Suggested typical limiting criteria I, Lewis [64] 

Vessel Swath Planing Craft Hydrofoil SES 

Source Olson Allen et al Stark Mandel 

RMS Roll [deg] 9.6 - 1.25 1.5 

RMS Pitch [deg] - - 1.5 1.5 

RMS Vert Acc g - - 0.11 0.1 

RMS Lat Acc g - - 0.06 0.1 

MSI 20% in 2hrs - 10% in 4hrs 10% in 2hrs 

Slam Acc g - 4* 0.5* 0.6* 

Deck wetness freq - - - -

Table 8: Suggested typical limiting criteria II, Lewis [64] 
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Location Criterion Duration Significant Value 

P . P . Vertical acceleration Continuous 0.55 g 

Bridge Lateral acceleration Continuous 0 . 2 0 g 

V e r t i c a l a c c e l e r a t i o n 0 . 4 0 g 

GLFE 0 . 2 8 g 

M S I 2 0 % 

S M I 5 

Helicopter Roll amplitude Limited periods 5 .0 d e g 

Deck Pitch amplitude 3 .0 deg 

Vertical velocity 2.0 m / s 

Global Roll amplitude 8.0 deg 

Vessel Pitch amplitude 3.0 deg 

Motion Occurrence of slams 20/hour 

Occurrence of deck wetness 30/hour 

Table 9: Limiting criteria for the operability of a trimaran vessel, Chan 

et al. [42] 

RESPONSE MERCHANT SHIPS 

Vertical acceleration at fwd perpendicular (rms) 

Vertical acceleration at bridge (rms) 

Lateral acceleration at bridge (rms) 

Roll (rms) 

Slamming criteria (probability) 

0.275 g (L<100m) 

0.05 g (L>330m)* 

0.15 g 

0.12 g 

6.0° 

0.03 (L<100m) 

0.01 (L>330m)* 

Table 10: NORDFORSK, 1987, comfort criteria concerning merchant 

ships, [65] 

A p p l i c a t i o n P e r f o r m a n c e L i m i t a t i o n s 

M o t i o n L i m i t L o c a t i o n 

G e n e r a l R o l l 8 ° C G 

Pitch 3° C G 

Vertical Acceleration 0 . 4 g Bridge 

Lateral Acceleration 0 . 2 g Bridge 

S p e c i f i c T a s k Motion Sickness Index (MSI) 20% of Crew Task Location 

Motion Induced Interruption (Mil) l / m i n Task Location 

Relative Wind 3 5 K t s Fl igh t Deck 

Table 11: ABCD suggested typical hmiting criteria for per-

sonnel performance [7] 
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Response Mobility Helicopter Operation 

Roll [deg] 8 5 

Pitch [deg] 3 2 

Vertical Acceleration at CIC [g] 0.4 -

Vertical Vel. at Helo. Deck [m/s] - 2 

Deck Wetness [/hour] 30 -

Bow slamming [/hour] 20 -

Table 12: Selected responses and seakeeping criteria for high 

speed warships, Sarioz and Narli [66] 
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Criteria Returning Non-returning Pass /Fre ight Freight 

Passengers Passengers 

Pitch [deg] 1.5 2.0 3 3 

Roll [deg] 2 2.5 3 6-8 

Mid Oz [g] 0.1 0.1 0.2 0.4 

Fwd Oz [g] 0.2 0.2 0.4 0.6 

Mid Oy [g] 0.1 0.1 0.2 0.2 

Availability 90% 80% 60% 80% 

MSI 10% 10-30% 20-40% 50% 

Mil 0.3 0.5 < 1 1 

Table 13: Role specific limiting criteria values. 

I tem Dimens ion 

Length 60m 

Breadth 3.7m 

Depth 1.8m 

Carriage Speed 4.2m/s 

Table 14: SIHB: Tknk Dimensions 

Model 4b 5b 5s 6b 

Length [m] 1.6 1.6 1.6 2.1 
L 

vi/3 7.4 8.5 8.5 9.5 

L / B 9.0 11.0 12.8 13.1 

B / T 2.0 2.0 2.0 2.0 

C s 0.397 0.397 0.537 0.397 

Cp 0.693 0.693 0.633 0.693 

Cm 0.565 0.565 0.848 0.565 

W S A [m^] 0.338 0.276 0.261 0.401 

LCB [%] -6.4 -6.4 -6.4 -6.4 

Table 15: Hullform principal particulars (demi-

hull) 
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M o d e l F n S / L R e g u l a r 

H e a d W a v e s 

R e g u l a r 

O b l i q u e w a v e s 

O p e n 

W a t e r 

T h e o r e t i c a l 

O b l i q u e W a v e s 

4 b 

0 .2 

0 . 5 3 

d e m i 

0 .2 

0 . 4 

s # 

5 b 

0 . 2 

0 . 5 3 

0 . 8 

d e m i 

0 .2 

0 . 4 

» # # # 

5s 

0 .2 

0 . 5 3 

0 .65 , 0 . 8 

d e m i 

0 .2 

0 .4 

# # # # 

6 b 

0 .2 

0 . 5 3 

0 . 8 

d e m i 

0 .2 

0 . 4 

# # 

Table 16: Data base of models tested in the experimental 

and theoretical programmes. 

DESIGN AS TESTED 

5b 5s 5b 5s 

L/B 11.0 12.8 11.0 12.8 

B / T 2.0 2.0 1.9 1.9 
L 8.5 8.5 8.3 8.3 

Cg 0.397 0.537 0.4 0.540 

0.693 0.633 0.698 0.637 

CM 0.573 0.848 0.573 0.848 

0.1078 0.1095 0.1131 0.1149 

LCB[%x] -6.4% -6.4% -6.4% -6.4% 

Table 17: Principal particulars of the two 4.5m models 

in the design and as tested condition 

S/L Pitch Yaw Roll 

0.2 

0.4 

0.26L 

0.26L 

0.28L 

0.32L 

O.llL 

0.20L 

Table 18: Radii of inertia for both 4.5m Models 5b 

and 5s (catamaran configurations) 
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Heading 1 7 8 1 6 0 1 2 4 1 2 1 8 8 19 

R o l l d e g 1 . 1 1 4 0 . 8 0 3 1 . 4 9 9 1 .841 1 . 9 2 6 5 1 . 5 6 9 

P i t c h d e g 2 . 0 4 0 1 . 2 6 4 1 . 5 9 8 1 .684 2 0 2 6 2 . 1 7 2 

Acc.p g 0 . 0 2 3 0 . 0 1 1 0 . 0 2 0 0 . 0 2 6 0 . 0 2 4 c r o i 2 

Acc-s g 0 . 6 1 4 0 . 7 2 4 0 . 5 2 3 0 . 4 2 5 0 . 6 2 9 0 . 6 4 1 

Table 19; RMS Motions and Accelerations for Model 5b, 

SjL = 0.4, approx. Sea State: To = 2.6s, i ? i / 3 = 0.2m 

Heading 160 1 4 5 9 6 41 3 7 

Roll d e g 1 . 7 4 7 3 0 . 9 1 8 7 1 . 8 2 7 1 . 6 0 8 9 0 . 6 2 7 5 

Pitch. d e g 2 . 4 9 1 5 1 . 3 5 6 5 1 . 9 7 2 1 . 5 8 2 4 L 1 8 3 

Acc-p g 0 . 1 4 3 6 0 . 0 9 2 3 c r i 2 3 0 . 0 8 5 4 0 . 0 5 0 

Acc.^ g 0 . 6 0 4 8 0 . 6 0 4 1 0 . 6 3 4 0 . 6 4 3 8 0 . 5 7 5 

Table 20: RMS Motions and Accelerations for Model 5b, 

S/L = 0.2, approx. sea state: To = 2.6s, H — 1/3 = 0.2m 

A [deg] 90 1 2 0 150 1 8 0 2 1 0 2 4 0 2 7 0 

[ rad] 1 ^ ^ 2 . 0 9 4 2 . 6 1 8 3 . 1 4 2 3 . 6 6 5 4 . 1 8 9 4 . 7 1 2 

c o s * E I 
2 0 O J ^ 0 . 4 8 0 . 6 4 0 . 4 8 O J ^ 0 1 .91 1 

4 0 0 . 0 5 0 . 4 8 0 . 8 5 0 . 4 8 0 . 0 5 0 1 . 9 1 1 

6 0 O^W 0 . 4 3 1 .02 0 . 4 3 0 0 2 0 1 . 9 1 1 

8 0 0 . 0 0 0 37 1 J 6 0 . 3 7 & 0 0 0 1 . 9 1 1 

Table 21: cos" spreading function, for d/j, = 0.524 r a d or 30° 
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H 1/3 

Total - 12 7 8 2 1 1 2 8 3 2 2 4 1 2 1 4 9 16 5 1000 

9 - 1 0 - - - - - - - - - - 0 

8 - 9 - - - - - 1 - - - - 1 

7 - 8 - - - - 1 1 1 - - - 3 

6 - 7 - - - 1 2 2 1 1 - - 6 

5 - 6 - - 1 2 3 3 3 2 1 - 12 

4 - 5 - - 1 8 21 2 6 19 9 3 1 88 

3 - 4 - - 3 21 4 6 4 7 2 8 11 3 1 160 

2 - 3 - - 11 4 9 8 2 6 6 31 10 3 1 252 

1-2 - 2 2 9 8 5 9 3 52 1 8 5 1 - 285 

0-1 1 9 34 4 3 2 5 8 2 - - - 121 

< 4 4 - 5 5 - 6 6 - 7 7 - 8 8 - 9 9 - 1 0 1 0 - 1 1 1 1 - 1 2 1 2 - 1 3 Total 

T [ s ] 

Table 22; Wave statistics for the English Channel in all seasons and all 

directions, Hogben et al. [56] 

Ml CI 

Np 400 400 

Nv 0 0 

V [Knots] 33 33 

L/Vi/3 7.0 8.0 

B / T 4.5 2.0 

CB 0.4 0.6 

S/L 0 0.22 

L [m] 39.9 37.0 

B [m] 7.22 11.41 

b [m] 3.27 

T[m] 1.60 1.63 

S [m] 3.27 

A l [Tonnes] 188 202 

Pi [kW] 4600 5200 

Table 23: Ship details for Ml and CI 
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^1/3 M Non-availability Added 

Resistance 

Vomiting 

Incidence 

4.9 1.5 27.12 3.56 14.94 

6 1.5 45.05 5.38 20.05 

7.1 1.5 48.62 5.24 21.11 

8 1.5 49.85 4.40 20.77 

Mean Values 42.66 4.64 19.22 

Table 24: Ml in long-crested head seas, Fn=0.8 

^1/3 W Non-availability Added 

Resistance 

Vomiting 

Incidence 

4.9 1.5 28.25 100.00 13.58 

6 1.5 38.93 103.99 16.76 

7.1 1.5 37.57 85.90 17.48 

8 1.5 42.19 72.15 17.51 

Mean Value 36.74 90.51 16.33 

Table 25: Cl in long-crested head seas, Fn=0.8 
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Heave Heave Pitch Pitch ^ ^ k g Az fwd Az- fwd 

n M Prob. [deg] Prob. [g] Prob. [g] Prob. 

180 O j ^ 0 .00 0 J 4 0 . 0 0 0 J 2 2 6 4 3 0 .21 1 6 . 4 2 

1 6 5 0 3 6 OIW O J ^ 0 . 0 0 0 .12 2 & 6 6 0 2 1 1 6 . 1 8 

1 5 0 0 . 3 5 OIW O J ^ 0 . 0 0 O J ^ 2 4 . 4 5 0 2 0 1 4 . 3 7 

1 3 5 0 3 3 OIW 0 J 2 0 . 0 0 0 . 1 1 2 & 1 4 0 1 9 1 1 . 0 0 

1 2 0 OjW OIW O J ^ 0 . 0 0 c u o 1 4 . 2 1 0 1 7 6 j W 

1 0 5 0 . 2 6 0 . 0 0 0 1 ^ 0 . 0 0 0 4 9 7 . 8 2 0 1 5 2 4 9 

90 0 .22 0 0 0 0 . 0 5 0 . 0 0 0 4 7 2 7 9 0 13 0 . 7 2 

7 5 0 .26 0 0 0 & 0 7 0 00 0 4 9 7 j # 0 A 5 2 4 9 

60 0 . 3 0 0 . 0 0 O J ^ & 0 0 0 . 1 0 1 4 . 2 1 CU7 6 ^ 0 

4 5 0 . 3 2 0 . 0 0 O J l 0 . 0 0 O J l 1 7 ^ 2 CUB 8 4 4 

30 0 . 3 4 OIW O J ^ 0 . 0 0 0 A 2 2 2 . 5 4 CUO 1 2 ^ 5 

15 0 . 3 6 OIW 0 J 4 0 0 0 O J ^ 2 5 . 8 3 0 2 1 1 5 . 4 9 

0 0 . 0 7 OIW 0 0 3 0 4 0 0 4 2 0 4 0 0 4 4 0 4 0 

Table 26: RMS values and probabilities of exceedance for monoliull M l 

Heave Heave Pitch P i t c h y l z l c g A ; k g Az fwd 

n [m] Prob. [deg] Prob. [g] Prob. [g] Prob. 

1 8 0 0 . 4 2 0 .00 O j # OjW O J ^ 2 4 4 0 0 ^ 4 2 5 4 6 

1 6 5 0 . 4 2 0 . 0 0 O j ^ 0 . 0 0 0 1 2 2 4 ^ 6 0 ^ 4 2 4 ^ 2 

1 5 0 O J ^ 0 .00 OjW 0 . 0 0 0 A 2 22 4 8 0 ^ 3 2 2 4 2 

1 3 5 OjW 0 .00 o j a 0 4 0 OJA 1 & 7 0 CUC 1 & 1 2 

1 2 0 0 . 0 0 O J ^ 0 4 0 0 J 4 1 3 j # 0 ^ 4 1 3 4 4 

1 0 5 0 . 3 1 OIW 0 . 1 2 0 4 0 0 4 9 7 J ^ C U 8 7 . 4 1 

9 0 O J K 0 00 0 . 0 9 0 4 0 0 4 7 2 ^ 6 CU5 5 U 8 

75 0 . 3 1 0 .00 O J j 0 4 0 0 4 9 7 J 6 [ U 8 7 . 4 1 

6 0 0 ^ ^ 0 . 0 0 O J ^ 0 4 0 CU4 1 3 j # CUO 1 3 4 4 

4 5 0 . 3 7 0 .00 O J J 0 4 0 CUO 1 6 J ^ 0 . 2 1 1 6 ^ 6 

3 0 OJW 0 .00 O J ^ 0 4 0 O J l 2 & 8 2 C U 3 2 L 2 6 

15 0 . 4 2 & 0 0 OJU 0 4 0 O J ^ 2 3 . 6 6 0 ^ 4 2 4 ^ 1 

0 0 . 0 7 OIW 0 . 0 3 0 4 0 0 4 2 0 4 0 0 . 0 4 0 4 0 

Table 27: RMS values and probabilities of exceedance for catamaran CI 



100 

Non-availability Vomiting Incidence 

180 26.93 15.65 

165 26.66 15.59 

150 24.45 15.11 

135 20.14 14.16 

120 14.21 12.83 

105 7.82 11.23 

90 2.79 9.48 

75 7.82 11.23 

60 14.21 12.83 

45 17.32 13.54 

30 22.54 14.69 

15 25.83 15.41 

0 0.00 2.81 

Mean Value 16.21 12.66 

Table 28: Ml in short-crested oblique seas, 

Fn=0.8, T = 7.1s, = 1.5m 

fJ- Non-availability Vomiting Incidence 

180 25.06 14.70 

165 24.82 14.65 

150 22.92 14.24 

135 19.12 13.44 

120 13.64 12.25 

105 7.41 10.72 

90 2.38 8.94 

75 7.41 10.72 

60 13.64 12.25 

45 16.56 12.89 

30 21.26 13.89 

15 24.11 14.50 

0 0.00 2.29 

Mean value 15.26 11.96 

Table 29: Cl in short-crested oblique seas, 

Fn—0.8, T = 7.1s, i f i / s = 1.5m 
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^1/3 W Non-availability Added Vomiting 

Resistance Incidence 

4.9 1.5 37.72 4.67 15.48 

6 1.5 40.11 8.00 17.14 

7.1 1.5 33.20 8.30 16.65 

8 1.5 29.72 7.40 15.54 

Mean Valne 35.19 7.09 16.20 

Table 30: Ml in long-crested head seas, Fn=0.5 

^1/3 W Non-availability Added Vomiting 

Resistance Incidence 

4.9 1.5 42.62 45.47 15.92 

6 1.5 40.69 55.34 17.73 

7.1 1.5 44.10 52.57 18.39 

8 1.5 48.76 46.93 18.19 

Mean Value 44.04 50.08 17.56 

Table 31: CI in long-crested head seas, Fn=0.5 
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A Non-availability Vomiting Incidence 

180 14.95 12.67 

165 14.73 12.62 

150 13.00 12.23 

135 9.81 11.47 

120 5.92 10.39 

105 2.49 9.09 

90 0.56 7.67 

75 2.49 9.09 

60 5.92 10.39 

45 7.89 10.96 

30 11.55 11.89 

15 14.07 12.48 

0 0.00 2.27 

Mean Value 7.95 10.25 

i2: Ml in short-crested seas, Fn= 0.5, T = 7.1a, g i / 3 = 

Non-availability Vomiting Incidence 

180 31.09 15.39 

165 30.84 15.34 

150 28.83 14.92 

135 24.74 14.08 

120 18.60 12.83 

105 11.11 11.22 

90 4.26 9.36 

75 11.11 11.22 

60 18.60 12.83 

45 21.91 13.50 

30 27.05 14.55 

15 30.09 15.18 

0 0.00 2.40 

Mean Value 19.86 12.52 

TCable 33: CI in short-crested seas, Fn=0.5, T = 7.1g, ^ 1/3 1.5m 
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H 1/3 

Total 7 7 5 2 3 4 3 1 4 2 2 5 1 0 3 3 5 9 2 - 1000 

9 - 1 0 - - - - 1 1 - - - - 2 

8 - 9 - - - 1 1 1 1 - - - 3 

7 - 8 - - - 1 2 2 1 - - - 6 

6 - 7 - - 1 3 4 3 2 1 ~ - 13 

5 - 6 - - 2 7 9 7 3 1 - - 29 

4 - 5 - 1 6 18 2 1 13 6 2 - - 66 

3 - 4 - 2 17 4 2 4 2 2 3 8 2 - - 136 

2 - 3 - 7 4 6 8 5 67 3 0 9 2 ~ - 246 

1-2 1 22 9 1 1 1 4 6 4 21 5 1 - - 319 

0-1 6 4 4 7 1 4 4 14 3 - - - - 181 

< 4 4 - 5 5 - 6 6 - 7 7 - 8 8 - 9 9 - 1 0 10-11 1 1 - 1 2 1 2 - 1 3 Total 

T[s] 

Table 34: Wave statistics for the Irish Sea in all seasons and all direc-

tions, Hogben et al. [56] 

M2 C2 

Np 650 650 

Nv 150 150 

V [Knots] 36 36 

L/Vi/3 8.5 8.0 

B /T 6.0 2.2 

CB 0.35 0.5 

S/L 0 0.24 

L [m] 89.3 68.0 

B [m] 14.9 22.7 

b [m] 6.31 

T[m] 2.49 2.87 

S [m] 16.32 

Al [Tonnes] 1189 1264 

Pi [kW] 22000 26000 

Table 35: Ship details for M2 and C2 
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^1/3 W Non-availability Added 

Resistance 

Vomiting 

Incidence 

4.9 1.5 0.00 0.15 5.96 

6 1.5 3.20 1.25 19.92 

7.1 1.5 23.94 3.45 31.54 

8 1.5 35.24 5.30 36.59 

Mean Value 15.60 2.54 23.50 

Table 36: M2 in long-crested head seaa, Fn=0.8 

^1/3 M Non- availability Added 

Resistance 

Vomiting 

Incidence 

4.9 1.5 0.02 6.02 10.60 

6.0 1.5 15.48 18.89 24.71 

7.1 1.5 33.92 25.55 32.86 

8.0 1.5 38.71 25.20 35.07 

Mean Value 22.03 18.92 25.81 

Table 37: C2 in long-crested head seas, Fn=0.8 
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Non-availability Vomiting Incidence 

180 2.59 19.73 

165 2.52 19.65 

150 1.98 19.04 

135 1.16 17.85 

120 0.44 16.17 

105 0.08 14.15 

90 0.00 11.94 

75 0.08 14.15 

60 0.44 16.17 

45 0.76 17.06 

30 1.58 18.51 

15 2.31 19.42 

0 0.00 3.54 

Mean Value 1.07 15.95 

18: M2 in short-crested seas, Fn= 0.68, T = 7.1s, Hi/3 = 

Non-availability Vomiting Incidence 

180 12.54 23.71 

165 12.36 23.63 

150 10.97 22.99 

135 8.36 21.69 

120 5.03 19.76 

105 2.02 17.29 

90 0.37 14.43 

75 2.02 17.29 

60 5.03 19.76 

45 6.73 20.80 

30 9.80 22.42 

15 11.83 23.39 

0 0.00 3.69 

Mean Value 6.70 19.30 

1.5m 

Ikble 39: C2 in short-crested seas, Fn=0.8, T = 7.1s, Hi/g = 1.5m 



106 

C3 1 C4 

Np 650 650 

Nv 150 150 

V [Knots] 36 36 

L/V^/3 8.5 7.3 

B / T 2.4 2.0 

CB 0.44 0.53 

S/L 0.2 0.3 

L [m] 72.4 62.2 

B [m] 21.3 24.8 

b [m] 6.8 6.13 

T M 2.85 3.06 

S[m] 14.48 18.66 

A i [Tonnes] 1266 1268 

Pi [kW] 24800 27700 

Ikble 40: Ship details for C3 and C4 

T[a] -^1/3 W Non-avEiilability Added 

Resistance 

Vomiting 

Incidence 

4.9 1.5 0.34 2.00 14.49 

6 1.5 30.04 9.03 33.32 

7.1 1.5 48.82 17.82 43.88 

8 1.5 54.32 22.36 47.02 

Mean Value 33.38 12.80 34.68 

Ikble 41: C3 in long-crested seas 

T[6] a'i/3[m] Non-availability Added 

Resistance 

Vomiting 

Incidence 

4.9 1.5 1.22 3.00 16.79 

6 1.5 32.17 7.45 34.88 

7.1 1.5 48.14 9.27 43.90 

8 1.5 51.63 9.07 45.61 

Mean Value 33.29 7.20 35.30 

Table 42: C4 in long-crested seas 
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T ^1/3 C3 C4 

w Non-availability VI Non-availability VI 

180° 

4.9 1.5 0.10 9.30 9.24 21.69 

6 1.5 19.56 27.38 49.50 41.17 

7.1 1.5 48.65 44.74 58.27 47.97 

8 1.5 59.30 53.07 58.03 48.47 

Mean Value 31.90 33.62 43.76 39.83 

150° 

4.9 1.5 2.30 14.84 7.76 19.83 

6 1.5 36.05 35.24 42.95 37.19 

7.1 1.5 57.70 49.78 54.42 45.59 

8 1.5 63.04 55.16 55.32 47.09 

Mean Value 39.77 38.75 40.11 37.43 

120° 

4.9 1.5 35.50 24.69 4.46 15.71 

6 1.5 54.85 35.33 17.43 23.62 

7.1 1.5 57.12 38.96 27.34 30.26 

8 1.5 54.64 39.38 35.89 35.74 

Mean Value 50.53 34.59 21.28 26.33 

Table 43: Ships C3 and C4 in long-crested oblique waves, Fn=0.65 
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Non-availability Vomiting Incidence 

180 24^5 31.12 

165 23.82 31.02 

150 2L95 30.17 

135 1&21 28.47 

120 1286 25.94 

105 6.86 22.70 

90 2 J j 18.94 

75 6 j # 22.70 

60 12.86 25.94 

45 15J0 27.30 

30 2&31 29.42 

15 23.12 30.70 

0 0.00 4.85 

Mean Value 14.52 25.33 

Table 44: C3 in short-crested seas. 

T = 7.1s, Hi/3 = 1.5m 

y" Non-availability Vomiting Incidence 

180 21.07 30.07 

165 20.81 29.95 

150 18.78 29.02 

135 14.92 27.21 

120 9.86 24.66 

105 4.85 21.57 

90 1.43 18.20 

75 4.85 21.57 

60 9.86 24.66 

45 12.48 26.01 

30 17.05 28.22 

15 20.04 29.60 

0 0.00 5.39 

Mean Value 12.00 24.32 

Table 45: C4 in short-crested seas, 

T = 7.1s, Hi/3 = 1.5m 
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y" Non-availability Vomiting Incidence 

180 36.42 34.46 

165 36.17 34.34 

150 34.13 33.40 

135 29.90 31.52 

120 23.37 28.72 

105 14.97 25.13 

90 6.53 20.97 

75 14.97 25.13 

60 23.37 28.72 

45 26.91 30.23 

30 32.30 32.58 

15 35.41 33.99 

0 0.00 5.37 

Mean Value 24.19 28.04 

Table 46: C3 in short-crested seas with 

roU, Fn=0.65, T = 7.1s, Hi/g = 1.5m 

Non-availability Vomiting Incidence 

180 12.10 24.36 

165 11.90 24.26 

150 10.35 23.51 

135 7.58 22.04 

120 4.32 19.97 

105 1.65 17.47 

90 0.31 14.75 

75 1.65 17.47 

60 4.32 19.97 

45 5.94 21.07 

30 9.08 22.86 

15 11.31 23.98 

0 0.00 4.37 

Mean Value 6.19 19.70 

Table 47: C4 in short-crested seaa with 

roll, Fn=0.65, T = 7.1s, = 1.5m 
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T ^1/3 Non-availability Added Resistance Vomiting Incidence 

4.9 1.5 0.00 2.00 14.49 

6 1.5 0.82 9.03 33.32 

7.1 1.5 5.68 17.82 43.88 

8 1.5 8.70 22.36 47.02 

Mean Value 3.80 12.80 34.68 

Table 48: Catcimaran C3 operating as a fast freight vessel in long-crested 

seas. 

T a-i/s Non-availability Added Resistance Vomiting Incidence 

4.9 1.5 0.00 3.00 16.79 

6 1.5 1.07 7.45 34.88 

7.1 1.5 5.37 9.27 43.90 

8 1.5 7.10 9.07 45.61 

Mean Value 3.38 7.20 35.30 

Table 49: Catamaran C4 operating as a fast freight vessel in long-crested 

seas. 

M2 M2-b M2-C 

AR UnA VI AR UnA VI AR UnA VI 

4.9 0.15 0 5.94 - 0 8.71 0.22 0 5.67 

6.0 1.25 3.20 19.92 - 15.87 27.51 1.49 3.74 18.65 

7.1 3.45 23.94 31.54 - 52.39 46.78 3.13 21.72 29.23 

8.0 5.30 35.24 36.59 - 66.30 57.40 3.88 29.37 33.56 

Mean 2.54 15.60 23.50 - 43.29 35.10 2.18 13.71 21.78 

Table 50: M2 hullform variations 
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Ml' Cl' 

Np 400 400 

Nv 0 0 

V [Knots] 33 33 

L/Vi/3 7.75 8.98 

B / T 4.5 2.0 

Cs 0.3 0.42 

S/L 0 0.22 

L [m] 48.66 57.79 

B [m] 8.81 17.38 

b [m] - 4.66 

T [m] 1.96 2.33 

Ai [Tonnes] 253 546.45 

Pi [kW] 7254 13608 

Table 51: Ship details for Ml' and Cl ' 

Ml' Cl' 

T[s] UnA VI UnA VI 

4.9 1.10 8.75 17.12 12.35 

6.0 26.76 16.05 34.97 16.96 

7.1 50.94 20.95 36.99 17.90 

8.0 61.34 22.82 34.01 17.21 

Mean 35.04 17.14 30.77 16.08 

Table 52: Ml ' and C l ' in long-crested head seas. 
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Rat io Engine pulley diameter Prop, s h a f t pulley diameter 

1:2.5 80mm 200mm 

1:1.695 118mm 200mm 

1:1 200mm 200mm 

Table 53: The available gear ratios for the 4.5m model. 

freq heave pitch Ereq. roll 

Hz TF TF Hz TP 

0.565 0.9132 3.728 0.391 7.712 

0.599 0.866 2.663 0.469 3.645 

0.625 1.155 3.277 0.547 2.325 

0.667 1.017 2.213 0.625 1.625 

0.676 0.986 2.075 0.703 1.163 

0.719 1.041 1.631 0.780 0.747 

0.833 1.026 1.160 0.859 1.160 

0.909 1.006 1.153 0.938 1.153 

0.990 0.962 1.135 1.016 1.135 

1.110 0.866 0.950 1.094 0.950 

Table 54: Buoy calibration data 

Heave 250 N 

Drag 100 N 

Sideforce 100 N 

Roll moment 13 Nm 

Table 55: V.P.M.M. Forces 

E P 1 b t i / y I d e f . s t r a i n s t r e s s P c r i t 

N / m ^ N m m m m m m m m ^ m m fxe M P a N 

F x 6 8 9 0 0 2 5 3 8 3 . 2 5 3 . 2 5 5 . 7 9 . 3 0 . 1 8 1 2 0 5 8 3 4 3 7 8 

F y 6 8 9 0 0 2 5 3 8 3 . 2 5 3 . 2 5 5 . 7 9 . 3 0 . 1 8 1 2 0 5 8 3 4 3 7 8 

F z 6 8 9 0 0 6 2 . 5 4 4 10 3 . 5 2 0 . 4 3 5 . 7 0 . 1 8 9 7 8 6 7 1 2 5 5 0 

Table 56: Force block flexure properties 
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F I G U R E S 
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SEAKEEPING 

CHOICE 

DIMENSIONS 

STABILITY 

MASSES 

MANOEUVRING 

SAFETY/RELIABILITY ASSESSMENT 

FEASIBLE TECHNICAL DESIGN 
Summary of attributes 

SEAKEEPING ATTRIBUTES 
(Such as availability) 

PRIORITIES/WEIGHTINGS 
MUTIPLE CRITERIA 
EVALUATION 

DIMENSIONS 
BUILD COSTS 
FUEL CONSUMPTION 
SEAKEEPING 

MEASURE OF MERIT 
TECHNO-ECONOMIG EVALUATION 

OPERATING PATTERNS 
COSTS 
REVENUE 

Speed 

Range/Operational Patterns 

Environment 

REQUIREMENTS: 
Passenger/vehicle numbers 

Figure 1: Conceptual Exploration of High Speed 

Ferry Types, Wright [13] 
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Figure 6: Relationship between acceleration 
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Figure 7; Frequency weighting wf of vertical ac-

celeration for motion sickness, from ISO 2631-

1997 [381 
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Figure 8: Bodyplan for Model 5s demihulls 

Figure 9: Bodyplan for Model 4b,5b and 6b demihills 



119 

Time [s 

Pyrwm 10: Exazqpb oflwave nxard Gom amckd test at 
Southampton Institute on model 5s, S/L=0.2, Fn=0.65 

a 2.5 

2 3 

Time [s] 

Fi&w* 11: IbHuapk of p%ch raard &om nxxid test at 
Southampton Institute on model 5s, S/L=0.2, Fn=0.65 



120 

Time [s] 

Figure 12: Example of wave record from model test at 

Southampton Institute on model 5s, S/L=0.2, Pn=0.65 
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Figure 13: Example of vertical acceleration at the bow 

record &om model test at Southampton Institute on model 

5s, S/L=0.2, Fn=0.65 
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Figure 17: Acceleration at Bow transfer function, Model 5s, 

monohull, in head seas. 
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Figure 24: Acceleration at LCG transfer function, Model 5s, 

S/L=0.4, in head seas. 
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Figure 25; Acceleration at Bow transfer function, Model 5s, 

S/L=0.4, in head seas. 
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Figure 26: Trim angles for Model 5s in calm water. 

100 

- S 70 

1 8 60 
8 
m so 
B 
(0 
» 40 

% 
S 30 < 

20 

10 

Fn=0.2 
90 - Fn=0.5 

Fn=0.65 

80 - Fn=0.8 

H=1B0° 

10 

Figure 27: Added resistance, Model 5s, monohull, in head 

seas. 
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Figure 28: Added resistance, Model 5s, S/L=0.2, in head 

sects. 
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Figure 29: Added resistance, Model 5s, S/L=0.4, in head 

seas. 
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Figure 30: Heave transfer function, Model 5b, monohull, in 

head seas, Couser [19]. 
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Figure 31: Pitch transfer function, Model 5b, monohull, in 

head seas, Couser [19]. 
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Figure 32: Acceleration at LCG transfer function, Model 

5b, monohull, in head seas, Couser [19]. 
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Figure 33: Acceleration at Bow transfer function. Model 5b, 

monohull, in bead seas, Couser [19]. 
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Figure 42: Added resistance, Model 5b, monohull, in head 

seas, Couser [19]. 
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Figure 43: Added resistance, Model 5b, S/L=0.2, in head 

seas, Couser [19]. 
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Figure 44: Added resistance, Model 5b, S/L=0.4, in head 

seas, Couser [19]. 
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Figure 45: Schematic layout of basin and head-

ings of test runs. 
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Figure 46: Catamaran 5b, S/L=0.2 in the Ocean Basin at DERA Haglar 

at a heading of /̂  = 180°. 

Figure 47: Catamaran 5b, S/L=0.4 in the Ocean Basin at DERA Haslar 

at a heading oi fi = 150°. 
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Figure 48: Example vertical acceleration at 

LCG, record for Catamaran 5s in the Ocean 

Basin at DERA Haslar 
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Figure 49: Example vertical acceleration at bow, 

record for Catamaran 5s in the Ocean Basin at 

DERA Haglar 
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Figure 50: Example pitch record for Catamaran 

5s in the Ocean Basin at DERA Haslar 
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Figure 51: Example roll record for Catamaran 

5s in the Ocean Basin at DERA Haslar 
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Figure 52: Heave transfer function, Model 5b, S/L=0.2, in 

oblique seas. 
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Figure 53: Pitch transfer function, Model 5b, S/L=0.2, in 

oblique seas. 
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Figure 60: Roll transfer function, Model 5s, S/L=0.2, in 

oblique seas. 
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Figure 61: Acceleration at Bow transfer function, Model 5s, 

S/L=0.2, in oblique seas. 
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Figure 66: Heave transfer ftmction, Model 5s, S/L=0.4, = 

180° showing the infuence of reducing the wave height on 

the transfer function 
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Figure 67; Pitch transfer function. Model 5s, S/L=0.4, ^ = 

180° showing the influence of reducing the wave height on 

the transfer function 
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Figure 68: Pwd Accel. transfer function, Model 5s, 

S/L=0.4, fx — 180° showing the influence of reducing the 

wave height on the transfer function 
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Figure 69: Model 5b, S/L=0.2 Speed Loss 
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Figure 70: Model 5b, S/L=0.4 Speed Loss 
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Figure 71: Model 5s, S/L=0.2 Speed Loss 
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Figure 72: Model 5s, S/L=0.4 Speed Loss 
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Figure 73: Model 5s, S/L=0.2, fi = 180°, Effect of 5° change 

in heading on speed loss 
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Figure 74: Model 5s, S/L=0.2, = 150°, EEect of 5° change 
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Figure 75: Model 5s, S/L=0.2 fj, = 120°, Effect of 5° change 

in heading on speed loss. Dotted lines show du/d/j,. 
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Figure 76: Model 5s, S/L=0.2, /.f = 180°, ESect of Wg change 

on speed loss. Dotted lines show 
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Figure 77: Model 5s, S/L=0.2, ^ = 150°, ESect of Wg change 

on speed loss. Dotted lines show du/duje. 
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Figure 78: Model 5s, S/L=0.2, // = 120°, EEect of Wg change 

on speed loss. Dotted lines show du/due-
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Figure 79; Model 5b, S/L=0.2 on Southampton 
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Figure 80; Wave Buoy 
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Figure 82: Windowed Roll Data 
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Figure 83: Typical wave buoy Time History 
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Figure 84: Normalised RMS Roll, Pitch and Acceleration 

for Model 5b, S/L=0.4, in Irregular open Seas. 
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Figure 85: Speed Loss with Heading for Model 5b, in Irreg-

ular Seas. 
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Figure 86; Normalised Heave for an FBM Tricat at 35 knots 
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Figure 87; Normalised Pitch for an FBM Tricat at 35 knots 
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Figure 88: Normalised Roll for an FBM Tricat at 35 knots 
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Figure 89: Model 5b S/L=0.2, panelled hulls 

Figure 90: Model 5s S/L=0.2, panelled hulls 
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Figure 92: Theoretical heave transfer functions for Model 
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Figure 93: Theoretical pitch transfer functions for Model 5s, 

S/L=0.2, Fn=0.65 at all headings 
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Figure 94: Theoretical roll transfer functions for Model 5s, 

S/L=0.2, Fn=0.65 at all headings 
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Figure 95: Comparison of experimental azid theoretical 

heave transfer functions for Model 5s, S /L=0 .2 
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Figure 96: Comparison of experimental and theoretical pitch 

transfer functions for Model 5s, S/L=0.2 
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Figure 97: Comparison of experimental and theoretical roU 

transfer functions for Model 5s, S/L=0.2 
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Figure 98: Normalised RMS Motions for Model 5s, S/L=0.2, 

Fn=0.2 



165 

Heave 
Pitch 
Roll 

^0 1W M W # # 
Heading [deg] 

Figure 99: Normalised RMS Motions for Model 5s, S/L=0.2, 

Fn=0.3 
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Figure 100: Normalised RMS Motions for Model 5s, 

S/L=0.2, Fn=0.4 



166 

Heave 
Pitch 
Roll 

180 160 140 120 100 80 60 

Heading [deg] 
20 0 

Figure 101: Normalised KMS Motions for Model 5s, 

S/L=0.2, Fn=0.53 
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Figure 102: Normalised RMS Motions with experimental 

points, for Model 5s, S/L=0.2, Fn=0.65. 
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Figure 103: Normalised RMS Motions for Model 5s, 

S/L=0.2, Fii=0.8 
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Figure 104: Influence of Froude number on the Normalised 

RMS Heave for Model 5s, S/L=0.2 
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Figure 105: InSuence of Froude number on the Normalised 

RMS Pitch for Model 5s, S/L=0.2 
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Figure 106: InSuence of Froude number on the Normalised 

RMS Roll for Model 5s, S/L=0.2 
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Figure 107: Normalised RMS Motions for Model 5s, 

S/L=0.4, Fn=0.2 
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Figure 108: Normalised RMS Motions for Model 5s, 

S/L=0.4, Fn=0.53 
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Figure 109: Normalised RMS Motions with experi-

mental points, for Model Ss, S/L=0.4, Fn=0.65. 
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Figure 110; Normalised RMS Motions for Model 5s, 

S/L=0.4, Fn=0.8 
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Figure 111: Normalised RMS Motions for Model 5b, 

S/L=0.2, Fn=0.2 
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Figure 112: Normalised RMS Motions for Model 5b, 

S/L=0.2, Fn=0.5 
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Figure 113: Normalised RMS Motions with experimental 

points, for Model 5b, S/L=0.2, Fn=0.65. 
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Figure 114: Normalised RMS Motions for Model 5b, 

S/L=0.2, Fn=0.8 
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Figure 115: Normalised RMS Motions for Model 5b, 

S/L=0.4, Fn=&2 
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Figure 116: Normalised RMS Motions for Model 5b, 

S/L=0.4, Fn=&53 
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Figure 117: Normalised RMS Motions with experimental 

points, for Model 5b, S/L=0.4, Fn=0.65. 
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Figure 118: Normalised RMS Motions for Model 5b, 

S/L=0.4, Fn=0.8 
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Figure 119: Normalised RMS motions for Model 4b, 

S/L=0.2, at Fii=0.65 
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Figure 120: InBuence of on normalised heave mo-

tion, at Fn=0.65 
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Figure 121: InSuence of on normalised pitch motion, 

at Fn=0.65 
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Figure 122: InBuence of on normalised roU motion, 

at Fn=0.65 
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Figure 123; Methodology 
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Figure 124: Frequency variation of normalised motion 
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Figure 125: Frequency variation of normalised motion be-

tween 120° and 130° 
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Figure 126: Influence of S/L on normalised heave motion 
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Figure 127: Influence of S/L on normalised pitch motion 
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Figure 128: InAuence of S/L on normalised roll motion 
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Figure 129: Influence of hull form on normalised heave mo-

tion 
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Figure 130: Influence of hull form on normalised pitch mo-
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Figure 131; Influence of hull form on normalised roll motion 
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Figure 132: Polynomial St to spreading relationship 
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Figure 133: Comparison between experimental data and 

data generated using the spreading relationship. 
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Figure 134: Comparison between experimental data and 

data generated using the frequency by frequency spreading 

relationship. 



184 

• T=20s 
• T=10 

T-Ss 
• T=2s 

Wave Frequency [s 
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Figure 137: InBuence of n on Cos" spreading function 
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Figure 138: Example of a 180° short-crested wave spectrum. 
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Figure 139: Example of a 180° 3D mid accel. transfer func-

don. 
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Figure 140: Example of a 180° 3D mid accel. response spec-

trum. 
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Figure 141: Example of a 90° short-crested wave spectrum. 
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Figure 142: Example of a 90° 3D heave transfer function. 
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Figure 143: Example of a 90° 3D heave response spectrum. 



189 

GwahcSR 
Sfwtcrwted 

180 160 140 120 100 80 
Heading [deg] 

Figure 144; Comparison between short-crested and long-

crested generic normalised vertical accelerations. 
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Figure 145: Comparison between short-crested and long-

crested generic normalised pitch motion. 
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Figure 146: Comparison between short-crested and long-

crested generic normalised roll motion. 
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Figure 147: The application of the short-crested seakeeping 

agsessment procedure to the designer. 
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Figure 148: Comparison of heave performance for vessels 

Ml and CI in short-crested seas. 
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Figm-e 149: Comparison of pitch performance for vessels Ml 

and CI in short-crested seas. 
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Figure 150: Comparison of midship acceleration perfor-

mance for vessels Ml and Cl in short-crested seas. 
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Figure 151: Comparison of forward acceleration perfor-

mance for vessels Ml and Cl in short-crested seas. 
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Figure 152: C2 RMS roll motion in short-crested seas 
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Figure 153: C2 RMS pitch motion in short-crested seas 
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Figure 154: C2 RMS midship vertical acceleration and re-

duced frequency weighted acceleration in short-crested seas 
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Figure 155: C2 RMS forward vertical acceleration in short-

crested seas 
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Figure 156: Comparison of C3 and C4 RMS roll motion in 

short-crested seas 
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Figure 157: Comparison of C3 and C4 RMS pitch motion in 

short-crested seas 
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Figure 158: Comparison of C3 and C4 RMS midship vertical 

acceleration in short-crested seas 
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Figure 160: Buoy Heave Transfer Function 
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Figure 161: Buoy Pitch Transfer Function 
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Figure 164: Amplitude Spectral Density 
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Figure 165: Heave Auto-correlation 

0 . 5 I 1 . 5 

Frequency [Hz] 

Figure 166; Pitch Auto-correlation 
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Figure 167: Roll Auto-correlation 
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Figure 168: Roll-Pitch Phase 
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Figure 169: Mean Direction at Each Frequency 

B a n d 

Buoy in open water 

" B u o y c a l i b r a t i o n 

Smoothed calibration (freq 
Shift) 

0 . 5 1 1 . 5 

Frequency [Hz] 

Figure 170: Pitch/Heave Amplitude 
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Figure 171: Roll/Heave Amplitude 

2 

l.f 

1.6 -

1.4 -

1 . 2 ' 

1 • 

0 . 8 -

0.6 -

0 . 4 -

0.2 -

0 • 

- 0 . 2 -

- 0 . 4 -

Frequency [Hz] 

Figure 172: Spreading Function Integral 
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