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SUMMARY

This thesis describes a computer aided method for integrating the preliminary
design and hydrodynamic analysis of SWATH ships. A considerable quantity of data
for use in the design of these vessels is also provided.

The thesis begins with a brief outline of the development history and the advantages
and disadvantages of the SWATH concept. Some difficulties associated with the
efficient design and operation of SWATH ships are described. A related need for
integrating advances in hydrodynamics with a means of producing balanced designs is
identified.

A large collection of SWATH design data is presented and analysed. Several well
defined expressions relating principal vessel dimensions are identified and proposed as
aids in initial design.

Current practices in the fields of ship design and computer aided engineering design
are reviewed. These aspects are discussed with particular reference to SWATH design.
From this background, an approach to the design of SWATH ships with computer
assistance is developed.

A number of methods for the initial sizing of SWATH ships are developed. These
are; a computer database, a mini-synthesis program, a weight equation approach, and
manual approaches based on curves relating SWATH size to desired seakeeping
characteristics, payload weight and/or volume, deck area and enclosed volume. These
are designed to increase the efficiency of more complex synthesis tools.

The development and validation of a method for hull definition and associated
hydrostatic analysis is described. This is a necessary link between simple geometry
definitions and those required for full synthesis including hydrostatics, resistance,
seakeeping, and graphics. A family of SWATH designs produced by this tool is
introduced as a basis for parametric studies.

A review is made of available methods for predicting the resistance of SWATH
ships. The integration of these techniques with the synthesis model is described and
results of some comparative and parametric studies presented.

Methods currently used in preliminary design of propellers for SWATH ships are
reviewed and a collection of model test data is presented. The available data is used to
develop expressions relating self propulsion factors to basic design parameters. These
are integrated with the open water characteristics of Troost B-series propellers in a

XXiii



computer program. A study of the propulsion aspects of a family of typical SWATH
designs is presented.

The machinery options available to the SWATH designer are considered. A
collection of relevant data is provided as a basis for power plant selection and weight
estimation, and a computer model to aid in SWATH machinery design is described.
Results from studies carried out using this tool are used to illustrate important factors in
this aspect of SWATH synthesis. Limiting powers and speeds are identified for a wide
range of prime movers and hullforms.

A method for estimating SWATH ship structural weight is developed. Design for
primary wave loading and slamming impact is considered. The validation of this tool
and its use in parametric studies is described. Data is provided to assist in the
preliminary arrangement of structure and its weight estimation.

A regression analysis performed on a collection of data is used to develop a
parametric method for weight estimating. The development of a generalised computer
program for estimating the space requirements of escort warships is also described.
These weight and space routines are applied to the design of SWATH escort vessels
and a strong conflict between space and weight demand is identified. The importance of
vehicle density in balancing SWATH designs is illustrated.

Some additional systems which provide greater design definition are briefly
discussed. In particular, a graphics interface and link with a 3D motions and loading
program are described.

The use of the SWATH design method is illustrated by means of examples. The

application of the procedure to two conceptual SWATH designs for the UK MoD and
the design of the first SWATH ship to be constructed in the UK is described.

XXiv



CHAPTER 1

INTRODUCTION

This chapter briefly outlines the development history and the advantages and disadvantages of the
SWATH concept. Some difficulties associated with the efficient design and marketing of SWATH
ships are described. A related need for integrating advances in hydrodynamics with a means of
producing balanced designs is identified. Finally, the structure of the thesis is outlined.

1.1 Historical Development of SWATH Ships

As is now well known, SWATH is a descriptive acronym for Small Waterplane
Area Twin/Triple Hull ship. This abbreviation was coined by the US Navy in the early
1970's to remove confusion in the nomenclature associated with their extensive (and
expensive) research programme into this type of vessel. It is now the preferred
terminology for such ships, and effectively replaces other, earlier, names.

Semi-Submerged-Ship (s3) at Naval Ocean Systems Centre

Modified Catamaran (MODCAT) at DTNSRDC

Low Waterplane Area Catamaran (LWP)  at Naval Ship Engineering Centre

Trisected Ship (TRISEC) at Litton Industries USA

Semi-Submerged Catamaran (SSC) at Mitsui, Japan

Provision of a stable platform in a seaway is the prime attribute of the SWATH
form. A related benefit is that both voluntary and involuntary speed reduction in waves
may be expected to be lower than for conventional ships. The vessel geometry is
optimised to reduce motion in a seaway by removing most of the buoyancy from the
wave action at the free surface, and also by its potential for long and decoupled
resonant periods of motion. Thus, not only are wave excitation forces reduced, but the
designer may manipulate the shape of the motion transfer functions to avoid not only
the peaks of ocean energy spectra but also coupling of heave, pitch and roll responses.

Although it is only in the last two decades that significant attention has been paid to
the SWATH concept, the basic philosophies behind this arrangement have been well
known for centuries. Practical seafarers and shipwrights have long been aware that
deep submergence of the buoyancy of a vessel is desirable for good seakeeping. Many
deep draughted traditional coastal craft are examples of this approach. More explicitly
semi-submerged vessels are also an old idea, with an 1880 patent by Lundborg [12]
describing a single hulled 'spar’ ship design similar to the high speed 'shark form'
designs of NAVSHIPS [20] in 1959.

Unfortunately, such optimisation of one specific design feature usually proves
detrimental to other properties. In comparison with modemn designs, traditional sailing



vessels are heavy and slow, while the monohulled semi-submerged ship has poor
stability characteristics as a result of its slender waterplane.

A solution to the latter problem lies in the other distinguishing feature of the
SWATH arrangement; its multi-hulled form. The use of more than one slender hull to
achieve high speed while maintaining stability has been well known in the Pacific for
centuries. Combining the two philosophies [1] leads to a definition of the SWATH as
now known; twin/triple submerged streamlined hulls connected to an abovewater
bridging structure by slender surface piercing struts (Frontispiece).

Table 1.1 lists the principal events in the process by which the SWATH eventually
emerged from the twin strands of multi-hull and semi-submerged ship development.
Perhaps appropriately, this table begins and ends (SSP Kaimalino) with a reference to
the Pacific ocean. It is also interesting to note the broad technical and popular [31]
interest in the semi-submerged ship during the inter war years. A fuller description of
this development process may be found in [2].

1.2 Modern Developments in SWATH Technology

Following the appearance of the Duplus (now Twin Drill) and Kaimalino, the
Japanese firm of Mitsui have constructed six vessels, including a small prototype, fast
ferry, hydrographic survey ship, diving support vessel, and two small leisure craft.
Mitsubishi also constructed a hydrographic survey ship for the Japanese Ministry of
Transport.

In the USA, despite the large Naval research and development effort, only four
small (< 100 tonne) private vessels have been built so far. However, a 3500 tonne
SWATH designed [35] to deploy the SURveillance Towed Array Sonar System
(SURTASS) is due for delivery to the US Navy in early 1990. This ship is intended to
fulfil a role [36] which the monohulls originally employed for the task are incapable of
performing. SWATH ferries for Hawaii [37] and Madeira [38] are under construction
in the USA and UK at the time of writing. Appendix 1 lists the particulars of these
vessels and identifies sources from which further details may be obtained.

Meanwhile, several countries are actively researching the concept. In recognition of
the fundamental reasons for the SWATH configuration these studies have concentrated
on hydrodynamics. Development and validation of tools to predict the motions, loads
and drag of SWATH ships has occupied many researchers around the world and
produced an extensive literature on the subject of SWATH. The RINA Conferences on
SWATH Ships and Advanced Multi-hulled Vessels of 1985 [3] and 1988 [4] reflect
this interest and are useful sources of further information.
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1 1 WA in th in mmuni
1.3.1 General

The excellent seakeeping qualities of SWATH ships have been demonstrated
[39,40,41] by the SWATH ships already at sea, and by experimental and analytical
studies [42-45]. However, the small number of SWATHs at sea is evidence that the
marine community has not been convinced of the utility of the concept. There are
several possible reasons for this state of affairs.

Perhaps the most optimistic is the view of Betts [46] that 'any new invention or
major innovation seems to take around 20 years to mature and become accepted'. This
would mean that SWATH is now close to full acceptance and that the uncertainties of
previous years are a natural part of the development process. It may well be that the
performance during the next few years of the USS Victorious (T-AGOS 19) and the
SWATH ferries for Hawaii and Madeira will be decisive factors. Until then, more
fundamental reasons must also be considered.

1.3.2 Drawbacks Associated with SWATH Ships

As mentioned earlier, optimisation of one attribute normally leads to penalties in
other characteristics. A multi-hull geometry implies a large surface area, which leads to
high steelweight and frictional resistance. In addition, for a given speed, SWATH ships
operate at higher Froude numbers than their (longer) monohull competitors. However,
in the early stages of development, it was suggested [21] that the SWATH would offer
the possibility of very high speeds (@ 80 knots) by overcoming the wavemaking
resistance barrier afflicting conventional surface ships. Speeds of 45 knots were
mentioned [22] during the design of the ultimately 22 knot Kaimalino. In practice,
although there does come a point at which the low wavemaking associated with the
slender waterplane does favour the SWATH, the propulsion powers involved are so
large as to prohibit realistic exploitation of this feature.

There is no doubt that the image of SWATH has been harmed [47,48] by over
optimistic claims of this nature made during the early stages of development. Related to
this is the fact that SWATH has been considered with hydrofoils and surface effect
ships under the generic title of Advanced Marine/Naval Vehicles [49,50]. To those in
positions to invest finance in ships, an undesirable degree of novelty and immaturity
may be suggested by this and other futuristic [63-66] associations. Indeed, FBM
Marine of the UK decided to market (successfully) their ' SWATH' ferry design as a
'fast displacement catamaran (FDC)' because of a perceived resistance to the acronym
SWATH [38].




Because of the twin hull arrangement it is often necessary to duplicate some
SWATH ship systems, thus adding to the weight penalties in machinery, fuel and
structure. In addition, large amounts of space in the struts and haunch areas are difficult
to utilise effectively. These factors imply that a SWATH ship must be larger than a
monohull designed to carry a given payload. Since cost is traditionally related to
weight, this has been a disadvantage in promoting the SWATH solution to decision
makers. In addition, the load carrying problem is compounded by the low waterplane
area of the SWATH which does not permit large variable loads, and which requires
ballast/fin systems to control draught and trim. Accurate estimation and control of
shipboard weights is therefore more critical than for a conventional surface ship design.

Large beam and draught can also exceed constraints imposed by certain mission
requirements, although they do offer advantages. Contrary to popular belief, SWATH
ships do not [51] automatically have larger useful deck areas than monohulls of the
same displacement, but the greater width is advantageous for aircraft operations. In
addition, underwater operations can be conducted efficiently through a centrally located
moonpool with sufficient space for craneage, equipment and storage around the edges.
It is hoped that the deep draught, coupled with reduced motions, will lead to enhanced
sonar performance from reduced bubble sweepdown and propeller aeration.

Problems arise in SWATH ship synthesis because of the lack of previous
experience, and the complexity involved in dealing with a large number of design
variables. These factors combine to make cost effective and efficient design more
difficult than for monohulls but also offer a freedom to propose novel solutions.

Further discussion of the pros and cons of the SWATH arrangement may be found
in a number of review papers [46, 52-54]. An overview of the differences between
monohull and ship characteristics is presented in Table 1.2. This information is
extracted from a publication [53] discussing US Navy combatant and auxiliary designs.

Table 1.2 Summary of Differences in SWATH and Monohull Combatant Characteristics
Displacement for same (traditional) requirements  30-60% more than monohull

Cost for same (traditional) requirements ¢. 20% more than monohull
Total enclosed volume for same displacement 20-30% more than monohull
Length for same displacement 30-+,% less than monohull
Deck area for same displacement Marginally greater than monohull
Waterplane area (TPI) for same displacement 20-40% of monohull value
Moment to change trim lcm 10-20% of monohull value
Moment to heel 1° for same displacement Marginally greater than monohull
Beam for same displacement 60-70% more than monohull
Draught for same displacement 60-70% more than monohull
Wetted surface for same displacement ¢. 60% more than monohull
Depth to main deck for same displacement 50-75% more than monohull
Freeboard for same displacement C. 25% more than monohull




It is now becoming apparent that the SWATH concept must be aimed at roles where
its seakeeping ability may be demonstrated to provide a cheaper or better solution than
its competitors. At the same time, its disadvantages must be accepted and minimised.
Conservative design solutions and construction methods are part of the attempt to make
the SWATH acceptable to those used to conventional ship practice. In illustration, it is
probably true to say that many modern SWATH designs are closer in several respects
to the conservative Duplus (as launched) than to the truly ‘advanced' Kaimalino.

1.4 Marketing the SWATH Concept

In order for the number of SWATH ships at sea to grow, the presentation of its
seakeeping ability as part of a complete, balanced, and realistic ship system is required.
To do this, potential missions and presentation techniques which emphasise seakeeping
ability must be found. At the same time, the complete ship design must be developed to
minimise the previously described failings of the SWATH and inspire confidence in the
overall package.

As mentioned earlier, a SWATH ship will usually be of greater size than a
monohull designed to traditional (essentially calm water) requirements, This is often
assumed to imply increased cost, although with modular and/or line production of the
regular SWATH components, this may not be the case. A comprehensive study of the
construction costs associated with SWATH is needed to clarify this situation.

Traditional performance requirements which do not properly account for speed loss
in a seaway penalise not only the SWATH concept but also the potential ship operator.
In many cases the real value of a design will not depend on its calm water speed, and
the correct emphasis must be carefully chosen. Since SWATH ships are only likely to
be proposed for operation in adverse environmental conditions, their high smooth water
power requirements are not necessarily a drawback. SWATH ships are less likely to be
forced to reduce speed because of adverse motions while the resistance augment in
waves is less than for comparable monohulls. The 35 metre Japanese fast ferry Seagull
reports [40] a speed loss of only 2% in high sea state four. More dramatically, recent
work at the University of Glasgow by Chun [55] has measured significant reductions
in resistance for a tandem strut model at certain speed and wave combinations.

If design requirements were modified to include a comprehensive assessment of
seakeeping performance, the case for SWATH ships would obviously be further
improved. While a SWATH must be larger than a monohull to carry the same payload
at the same (calm water speed), a monohull with the same seakeeping as the SWATH
would be much larger. A study for a US Navy frigate design [56,57] produced
alternative solutions depending on initial requirements.




Payload Monohull SWATH Seakeeping Monohull
5330 LT 6950 LT 9030 LT

Sources within the US Navy have suggested privately that the monohull required to
provide the same seakeeping as the SWATH is in fact some 50% larger than the size
published. Intuition would seem to confirm this, but even disregarding 'po!itical’
interference with the study results, a significant saving in size is seen to be possible
with SWATH if seakeeping is incorporated into design criteria.

1.5 Study Objectives

As mentioned in section 1.2, considerable effort has been expended in the
development of tools to predict the motions of SWATH ships. Extensive experimental
programmes have provided validation of these techniques. However, published
SWATH motions naturally tend to relate to the models used in these validation studies
[58], and not to balanced designs for realistic roles. On the other hand, those design
efforts which have examined basic naval architectural considerations in detail are often
published [59-61] without a comprehensive seakeeping analysis. Because of this, very
few [56,62] publications combine discussion of a practical role and vessel
characteristics with ship motion performance.

A need to integrate available hydrodynamics theories with a means of developing
realistic SWATH designs for a given role was therefore felt to be necessary. Two main
benefits were anticipated from such a study. Development of such a capability would
enable the completion of comprehensive design and seakeeping studies as discussed
above. Secondly, efficient exploration of the 'design space’ by means of parametric
studies would permit 'design experience' to be gained rapidly and some guidelines in
preliminary SWATH design established.

A large number of variables is involved in examining alternative SWATH
configurations with respect to geometry, structural design, carrying capacity,
powering, and motion response. Because of this, it was decided that a computer based
approach would be necessary for exploring all possible design options.

L6 Stucture of Thesis

The main part of this thesis begins with an analysis of over 100 published SWATH
designs. Chapter 2 presents preliminary design guidance derived from this study. This
is intended to provide a convenient source of information for deriving and checking
dimensions for a new SWATH design. In Chapter 3, aspects of ship design, CAD, and




SWATH design are synthesised to formulate the approach used in the development of
the design method. The philosophy employed in the integration of the main design
disciplines and their interface with the designer is given particular attention.

A number of low level approaches to initial sizing of SWATH ships are described
in Chapter 4. These methods can provide data for use in the earliest stages of SWATH
design. Chapters 5 to 11 deal more thoroughly with individual components of a design
system. Disciplines such as hull definition, resistance and powering, machinery and
structural design, weight estimation and graphics have been examined in some depth.
Development of these design tools, and their validation and use in parametric studies is
described. A family of typical SWATH ships is used as a suitable basis for the latter,
and as a consequence the characteristics of these vessels are ultimately presented in
some detail.

Finally, the study closes with a number of examples of the use of this integrated
design system in proceeding from initial requirements through to seakeeping analysis.
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CHAPTER 2
ANALYSIS OF SWATH DESIGN DATA

A large collection of realised and projected SWATH designs is presented and analysed. Several
well defined expressions relating principal vessel dimensions are identified. These are proposed as aids
in initial design.

2.1 Introduction

Design data collected from existing vessels has always been of importance to the
naval architect. When kept up to date, and suitably analysed, simple relationships can
be constructed to aid initial sizing of new designs [1,2,3]. Confidence in the use of
such relationships depends on the similarity of the proposed design with the vessels
forming the database. By their very nature, initial sizing formulae of this type cannot
lead to radical improvements in design, and are inadequate when applied to situations
far removed from previous experience.

Because of this, early SWATH ships owed nothing to such traditional design
methods, and were developed using first principles, and through the use of theoretical
and experimental studies. The SWATH concept is at the same time an example of what
may be achieved by a departure from previous practice and also the difficulties which
arise from a lack of historical design data.

In the early stages of SWATH development there existed such a severe lack of
design data. However, this decade has seen a fourfold increase in the number of
SWATHS at sea. In addition, the open literature now contains a large number of design
proposals and feasibility studies by respected authorities. The basis for this chapter is a
collection (Appendix 1) of published SWATH designs. This data has been stored and
analysed using a spreadsheet package (EXCEL) on a microcomputer (Apple
Macintosh).

Many of these designs have been published since 1985. Consequently, it is felt that
a stage has now been reached in SWATH development where it is both possible and
useful to propose some basic relationships for initial sizing. In 1988, the open literature
contained only one comprehensive collection [4] of SWATH design data. This valuable
information is limited in use because no equations are provided to the curves.
Furthermore, it is based completely on US Navy SWATH design practice, while other
valid approaches are excluded. Plots of indiscriminately gathered data can allow general
design approximations to be derived.

All known SWATH ships are inciuded in the database used for the present study,
together with a considerable number of design proposals from various sources. The
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number of designs in both groups is continually increasing. However, it is believed that
subsequent additions to the database will not distort the well defined relationships
which have emerged. It is important to note that the base data is not dominated by US
Navy SWATH design practice. '

2 ic Vehicle A men

Following the work of work of von Karman and Gabrelli in 1950 [5], comparisons
between various forms of transportation have become common. This tendency has been
especially noticeable in the marine field since the emergence of the numerous advanced
marine vehicle concepts. This section contains a brief evaluation of the SWATH
concept in the terms currently used in basic vehicle assessment.

Historically, several formats have been used as a basis for comparison, each with
its own advantages and disadvantages. Naturally, comparisons between the different
concepts are of most use to those who have to choose an alternative to fulfill a certain
role. However, some methods display trends which are of most use to designers
concerned with one particular vehicle type. This is perhaps the safest use of
performance evaluation techniques because of the dangers of employing outdated data
in the comparison type presentations. Because of the number of design and
performance variables it is apparent that any single method can be misleading or
inadequate as an aid to determining the best operating conditions for SWATH vessels in
general. A number of techniques are therefore employed in this section. It is intended
that together they may provide an overall picture of the characteristics of the SWATH
concept at different parts of the speed-size envelope.

2.2.1 Von Karman Analysis

SWATH data from Appendix 1 has been plotted in the formats originally used by
von Karman and compared with other vehicle data. It must be noted that the curves
depicting the traditional marine vehicles represent best 1950 and 1967 technology. A
simple attempt has been made to differentiate between the principal drag regimes in
which the various SWATHs operate. SWATHs are classified separately depending on
whether the volumetric Froude Number is below or above 0.865. This approximately
represents the transition from the prismatic to the main wavemaking resistance peaks
which occur at Froude Numbers around 0.3 and 0.5 (based on body length).

The classic von Karman specific power plot is shown in Figure 2.1. Installed

power is in horsepower, displacement in long tons, and speed in miles per hour. It can
be seen that there are two main groupings in the data. SWATH ships can have relatively
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low power/weight ratios if designed for volumetric Froude Numbers below 0.8635,
where wavemaking resistance is not completely dominant. Within the other grouping,
two subgroupings of power/weight ratio-speed values are evident. This is most
probably due to the influence of various degrees of effort in minimising the large wave
drag associated with the high Froude Numbers. Some designers employ slender and/or
contoured hulls to reduce powering while simple hullforms will tend to increase the
required power/weight ratio.

However, it is apparent that low speed SWATH ships require much higher
power/weight ratios for a given speed than 1950 merchant ship designs. For a given
type of vessel, wetted surface/displacement ratio decreases with increasing
displacement. The small size of most SWATH designs and the inherently high wetted
surface of the SWATH form are undesirable in terms of frictional resistance.
Comparison with the larger commercial ships developed since 1950 will tend to be even
more unfavourable. High Froude number SWATH designs approach the curve
representing the best 1950s US destroyer designs.

The so called specific resistance diagram (specific tractive force) plots power (in
1b-ft/s) divided by the product of displacement (in lbs) and speed (in ft/s) versus speed
(in mph). Inverting the first function gives the transport efficiency term, although
strictly the displacement term should be replaced by the payload weight. The diagram
(Figure 2.2 ) shows the curves of the traditional vehicles studied by von Karman and
the curves of the newer types investigated by Mantle (7] together with the lines of best
achievement suggested by those authors. Such achievement lines are effectively lines of
constant gconomic efficiency.

The SWATH data contains trends similar to those described for the specific power
diagram. High speed SWATH vessels exhibit less flattering characteristics than other
high speed vehicles. The high specific resistances (low transport efficiencies) imply that
drag is high relative to lift, so that either payload, or range, or both, must be sacrificed.
In hydrofoil technology the choice has generally been for reduced endurance, while
SWATH is expected to require a reduced payload ratio compared to monohulls.

Vehicles lying away from the von Karman and Mantle achievement lines are of low
economic efficiency, and like helicopters or ACVs, they must possess special qualities
to justify their existence. Unlike these vehicles and very high speed craft, SWATH
does not possess a unique capability since large monohulls also offer good motions,
and to be successful, its seakeeping ability will need to be more effectively
demonstrated in the future.
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2.2.2 Rainey Assessment

In 1976, Rainey [8] proposed a method of assessing marine vehicle performance by
relating the operational parameters of speed, endurance and payload to the design
parameters of propulsion power, vehicle weight and length.

The maximum speed in knots achieved by a vehicle is plotted against a function of
the installed power, size and length needed to achieve that speed. In this case, the
function is : -

0.5924 x [(P g LOA)YA]'3 Eqn. 2.1

where, P isinstalled power in Ib ft/s
g is 32.2 fys2
LOA is in feet
A is in lbs

and the factor 0.5924 gives a 'speed’ in knots. The actual maximum speed of the
vehicle divided by this function gives a non-dimensional parameter o.

o3 = Weightx Speed x Speed?
Power g Length

i.e. Transport Efficiency x (Froude Number)?2

Figure 2.3 shows data points from Appendix 1 superimposed on Rainey's original
diagram. For several types of marine vehicles, & is expected to remain constant over a
large speed range, although each type of vehicle will possess differing a values.

Of interest is the way in which SWATH vessels, in common with the other
displacement ships, appear to lie in a fairly well demarcated zone. This is in contrast to
the large scatter indicated for hovercraft and hydrofoils. It is not clear whether the wide
zone occupied by the latter indicate immature or versatile technologies.

SWATH ships have a values very close to 1.5, in common with conventional
frigate, destroyer and cruiser type monohulls. Essentially they possess characteristics
similar to shortened combatant ships.

Primarily, the value of this representation lies in the facility it provides for making

first order estimates of the effects of increased speed on installed power, e.g. assuming
length and displacement remain constant.
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2.2.3 Lang Performance Assessment

Dr Thomas Lang, who was later responsible for the development of the first
SWATH ship Kaimalino, completed his doctoral dissertation on a generalized
engineering design procedure [9]. This developed a method for relating principal
performance related variables such as speed, power and weight. Based on this work, a
performance assessment of several marine vehicles, including SWATH, was published
recently [6]. A particular advantage of this presentation is the inclusion of Froude
Number in the analysis.

The method requires the derivation of a non-dimensional term
C4E = (10.716 P)/(A%3 V3) Eqn. 2.2
where P is in HP, A is in long tons, V is in knots

Reference [6] may be consulted for an explanation of how this parameter is related
to the drag coefficient divided by the propulsive efficiency of a given vehicle.
Minimisation of C4/E will produce a vessel requiring minimum power for a given
displacement and speed. The volumetric Froude Number can be calculated (using the
above units) from : -

U = 0.1647 Speed/(Displacement/6) Eqn. 2.3

Figure 2.4 from [6] by Lang and Sloggett shows lower bound curves drawn
through plots of C4/E versus U for different vehicle types. Data from Appendix 1 is
superimposed on this diagram. It is worth noting that their SWATH curve {6] was
constructed using 15 data points (6 of which came from 3 vessels operating at 2
speeds). Appendix 1 provides a much broader database for comparison.

It may be seen that the curve for SWATH ships drawn by Lang and Sloggett is
different in character from the curves for the other vehicles. However, the Appendix 1
data (although scattered) suggests that the lower bound should in fact attain a peak
value similar to that of the catamarans and should thereafter follow a path lying between
the catamaran and SES, ACV and hydrofoil curves.

As the diagram indicates, Cy4/E for SWATHs is about 75% greater than that of
monohulls in the subcritical region. This is because of the importance of frictional
resistance in this speed regime. In the supercritical zone beyond Fn=1.3, where
wavemaking is dominant, CyE is less for SWATH than monohulls or catamarans, but
not to such an radical degree as suggested by [6].
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2.3 Leading Dimensions

This section presents an analysis of the SWATH ship dimensions contained in
Appendix 1. This is intended as a guide to good SWATH design practice and for use in
developing leading dimensions for a vessel, beginning with very basic information.
Principal considerations involved in selecting SWATH dimensions are also discussed.

In spite of the strong relationships identified in this chapter, the freedom to depart
from the norm should be appreciated. Part of the appeal of the SWATH concept lies in
the freedom which its form and novelty give to the naval architect. Certain requirements
may best be satisfied by designs bearing little resemblance to previous practice. Of
course, this is true of monohull design, where unusual demands have resulted in
unorthodox designs. The SWATH designer has the advantage that he has no rigid
orthodoxy from which to depart.

Plotting data from Appendix 1 gives regression equations which may be simplified
to give design expressions for the principal particulars. All dimensions in this section
are in metres. For simplicity, linear relationships have been derived wherever possible.
However, the original equations and correlation coefficients may be found on the
relevant figures if required. The ~rincipal SWATH ship dimensions are defined in
Figure 2.5.

2.3.1 Length Overall and LBP

The overall length of a SWATH is a function of the length of the struts, hulls and
their relation one to another. Early designs envisaged [74] a short strut and box
structure, and, therefore, an overall length equal to the hull length. US Navy opinion
[34,35] continues to favour this option. Many modern designs employ a long strut
which overhangs the hull at the aft end. This gives an overall length greater than that of
the hulls. It is also possible for a prospective owner to demand that no portion of the
submerged structure shall project beyond the abovewater envelope. However, the
available data does not (Figure 2.6) reveal significant differences in LOA dependent on
strut arrangement.

Figure 2.7 plots LOA against the cube of the full load displacement (A) in tonnes.
Some scatter is present, but a well defined trend is evident. This is approximated by

LOA =5.33 Al/3 Eqn. 2.4

The constant may deviate as much as + 2 from the mean value of 5.33. It is
interesting to note that this simple relationship is just as useful as one which attempts to
include speed in the relationship.
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Figure 2.8 illustrates a Posdunine type function, which yields the expression
LOA = 6.24 [A3][V/(V+2)]2  (V in knots) Egn. 2.5

There is some confusion as to what constitutes the length between perpendiculars of
a SWATH vessel. It is useful to be able to quickly estimate LBP for registration and
legislatory purposes. A trivial approximation to the available data (Fig. 2.9) shows that

typically

LBP =0.886 LOA - 0.47 Eqn. 2.6

2.3.2 Overall Beam

Beam is required to provide transverse stability, a good distribution of waterplane
area for seakeeping purposes, and a useful deck area. The small waterplane area of the
SWATH arrangement must be situated far from the vessel centreline to give adequate
roll stiffness, and this results in vessels with low L/B ratios (Figure 2.10). Excessive
beam will result in high bending moments in the cross structure, and high roll stiffness.
For published designs, L/B can be seen to vary between 1.4 and 4.2, with the higher
ratios coming in at the Panama Canal limiting beam. The mean line is

BOA =0.959 {LOA}0.782 Eqn. 2.7

It can be seen from Figure 2.11 that normal SWATH designs will be restricted to
very small displacements if they are to transit Panama. The upper limit on the beam to
A3 values is 3.3, with a lower bound of 1.1. The mean line is

BOA = 3.05 [A13]0.835 Eqgn. 2.8

SWATH ships with displacements above 5000 tonnes will thus be forced to deviate
from normal proportions if they are to transit Panama. Displacements of about 8000
tonnes should be possible without excessive distortion, and Panamax designs of 24000
tonnes have been proposed [56]. This has been made possible by increasing the
waterplane area and L/B ratio. However, this results in vessels with inferior seakeeping
characteristics, and higher structural weight fractions compared to SWATHs of normal
proportions.
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Ability to transit the Panama Canal is often required of a passenger ship by its
owners, although the capability may never be exercised. It is conjectured [82] that
operators of cruise liners could be convinced that a SWATH liner would not need such
a capability. For strategic reasons, most warships (especially in the USA) are required
to transit Panama, and such a fundamental requirement may exclude SWATH from
competition in certain roles.

The beam of a SWATH is most likely to cause problems where docking is
concerned. Suitable drydocking for larger SWATHSs would be difficult and costly to
obtain at short notice, especially in certain areas. Berthing of SWATH vessels could
also be awkward, especially in congested naval bases. In addition, the construction of
such vessels could be difficult for traditional shipyards, especially those arranged for
modern small warship construction.

2.3.3 Draught

Deep draught is implicit in the SWATH concept because of the need to locate most
of the buoyancy away from the water surface. Typically, SWATH vessels will have
draughts some 60-70% greater than a conventional ship of the same displacement. This
has obvious consequences with regard to docking and berthing, but it also has some
beneficial effects. In conjunction with reduced motions, the removal of the propellers
from the air/water interface should reduce cavitation and ventilation. Improved sonar
performance should also follow from a reduction in bubble sweepdown and keel
slamming [102].

The final choice involves a compromise between resistance and seakeeping
characteristics within the constraints on draught for the intended operational role.
Generally, as the draught is increased, the seakeeping performance will improve while
frictional drag will increase. However, wavemaking should decrease. Choice of hull
cross section is also a factor in determining draught. Figure 2.12 and equations 2.9 and
2.10 show that employing elliptical or other non-circular hull sections can help in
reducing draught (T).

T = 0.588 [A1/3]0.972  Circular hulls Egn. 2.9
T = 0.583 [A1/3)0.917 Non-circular hulls Egn. 2.10
2.3.4 Box Clearance

An air gap or box clearance (BC) is required to reduce the incidence and severity of
wave impact on the underside of the vessel. The correct choice of box clearance
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depends on the maximum speed and sea state at which the vessel is to operate, together
with a definition of the degree of slamming which is acceptable.

Slamming can never be eliminated completely, and stability and structural problems
accompany increases in box clearance. Coupled with the develbpmcnt of control
systems to aid vessel contouring in waves, these factors have led to the acceptance of
an upper limit to box clearance.

For catamarans, the following values have been suggested [101] for BC/LOA at
Froude Number 0.35. 0.05 at bow
0.03 amidships
0.04 at stern

There is a wide scatter in the available SWATH data, and Figure 2.13 illustrates the
box clearances which are possible on given displacements. Regression analysis
suggests a tendency for box clearance to increase with Froude number (Figure 2.14).

BC/LOA =0.041+0.038 [Froude Number based on LOA] Eqn. 2.11

2.3.5 Box Depth

The cross structure of a SWATH vessel must be able to resist the
splitting/squeezing forces and moments imposed by the seaway through the struts. In
addition, it must provide a platform for deckhouses and equipment, perhaps including
weapons and helicopters. In the larger vessels, use may be made of the space enclosed
by the box, and this can result in practical box depths (BD) being multiples of 'tween
deck heights.

Figure 2.15 shows that it is possible to have one full deck in the cross structure of
SWATHs with displacements as small as 400 tonnes. However, this is not usual, and
1000 tonnes is a more typical lower limit. Two 'tween deck heights can become
possible above 2000 tonnes

2.36 SWATH Ship Depth and Freeboard

The depth of a SWATH from the keel to the underside of the cross structure is
equal to the draught plus the box clearance. It is useful to estimate SWATH ship depth
as an independent function for comparison with the value implied by T+BC. Figure
2.16 reveals a simple approximation to the depth to the wet deck (DWD)

DWD =0.833 [Al73] Eqn. 2.12
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Adding box depth to box clearance and draught gives the depth to main deck
(DMD) of a SWATH (Figure 2.17). This parameter is clearly highly dependent on the
philosophies adopted in choosing BC and BD.

DMD = 1.167 [A173)} ' Eqn. 2.13

For conventional vessels, a plot of draught versus depth produces a straight line [1]
because of the influence of the freeboard rules. It is interesting to note from Figure 2.18
that the mean lines through the SWATH design points are also virtually linear.
(According to these relationships, box depth is typically 0.55 T).

DWD =1.55T Eqn. 2.14
DMD=2.10T Eqn. 2.15

SWATH ship freeboard is typically 25% larger than for a comparable monohull [4].
As a consequence, SWATH ships are expected to have very dry working decks, and
indeed the MWATH vessel Twin Drill has never [10] shipped green seas on the main
deck. However, high freeboard may lead to problems in roles dependent on existing
shoreside facilities such as linkspans. Figure 2.19 plots freeboard versus the cube root
of displacement.

Freeboard = 0.134 + 0.593 [Al/3] Eqn. 2.16

2.4 Lower Hull Form

2.4.1 Hull Cross Section

Before deciding on the dimensions of the lower hulls, the designer must first
choose the type of hull to be used from a number of options. Firstly, a cross section
must be selected. The most common sections are circular, elliptical/oval, and
rectangular (with radiused comers). Other (rarer) options include circles flattened at the
top and keel, and vertical oval sections.

For a given sectional area, circular hulls provide the greatest internal headroom, but
also the greatest draught. Structurally, they are the most efficient in resisting hydrostatic
pressure, and they are also relatively easy to fabricate. A circular hull also provides the
lowest wetted surface area, frictional resistance, and structural weight for a given
sectional area. Most early SWATH designs, and all the US SWATH ships at sea
employ this section.
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Ellipdcal hull sections can be used to reduce draught at the cost of reducing internal
headroom, although more deck area is provided. In addition, elliptical hulls generate
smaller wave loads than circular hulls in beam seas, and can offer improved motions
through higher AVM and damping. However, steel weight and fabrication costs would
be expected to be higher than for circular hulls. All of the Japanese SWATH ships at
sea employ this cross section.

By the end of the 1970s [102], the US Navy had also started to consider oval
sections in conjunction with contoured hulls. The T-AGOS 19 is being constructed
with this type of hull [34,35]. Essentially, the comments relating to elliptical sections
apply equally to oval hulls. As with elliptical hulls, the added mass and damping are
greater than for a circular section, and this is a primary attraction of such forms. In
addition, draught reductions of 12%, compared with circular hulls, are claimed for a
given hull centreline submergence. In common with all non-circular sections, a
transition should ideally be made to a circular section at the tail because of propulsion
considerations. This will add to the difficulty of construction.

No SWATH ships have been built with rectangular hulls, although several have
been designed [60,79,97]. This section is structurally inefficient in resisting hydrostatic
loads, but is cheap and simple to fabricate, although heavier than the alternatives. Its
prime advantages are its producibility, possibility of offering low draught, and high
AVM and damping.

Figure 2.20 shows the relationship between breadth and depth for non-circular
hulls. The mean By/Dy ratio is 1.33, but ratios as high as 1.54 can be seen. Reference
to figure 5.4 in Chapter 5 will give guidance on the draught reductions possible with
non-circular hull sections.

Figure 2.21 shows the demihull sectional areas which can be obtained on a given
hull length, depending on the cross-section employed. Normal non-circular hulls allow
some 15% more sectional area in the hulls than circular sections.

Ap =0.0124 [Ly}1676  Circular hulls Ay in m? Eqn. 2.17
Ay =0.0182 [Ly]1654 Non-circular hulls Ay in m2 Eqn. 2.18

Typical hull section dimensions may be estimated from Figures 2.22 and 2.23,
which plot hull diameter (for circular hulls) and maximum non-circular hull breadth and
depth versus the cube of displacement.

Dia = 0.330 A1/3 Circular hulls Eqn. 2.19
Dy =0.305 A1/3 Non-circular hulls Eqn. 2.20
By =0.415 A153 Non-circular hulls Eqn. 2.21
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2.4.2 Hull Shape

The second choice facing the designer is the longitudinal section of the hulls. The
basic options are illustrated in Figure 2.24. Further variations are possible on several of -
the fundamental concepts, particularly the contoured hulls.

The hull cross section may simply remain constant along the midlength with the
only shape in the nose and tail. Ellipsoidal noses of 0.4Ly and parboloidal tails of
0.3Ly are typical, and give a useful parallel middle body length. However, for realistic
nose and tail configurations, it is practically impossible to achieve prismatic coefficients
less than 0.7 with simple hulls [102]. Prismatic coefficients up to 0.8, and even 0.93,
are accepted for this type of hull. This leads to high residual resistances, against which
must be set low frictional drag. Simple hulls also offer ease of construction, but may
not permit installation of machinery in smaller sizes. Local bulging of a small simple
hull [2,9,10] allows machinery to be fitted in the lower hulls at the expense of added
resistance at high Froude numbers.

For simple, circular hulls with ellipsoidal and paraboloidal entrance and run, the
prismatic coefficient (Cp) can be calculated as a function of the nose and tail lengths

(Ln, L)
Cp=1-(1/3) Ln/Ly) - (7/15) Ly/Ly) Eqn. 2.22

Contouring hulls amidships [102], as in T-AGOS 19 [34], offers increased internal
volume near the mid length to accommodate machinery, and also gives the designer
greater control over LCB. Prismatic coefficients may be reduced to 0.45, and the
residual resistance at Froude numbers about 0.3 is lowered. However, this form of
contouring results in increased drag at higher speeds, and this has led to the
development of the highly contoured hull [102].

The addition of bulges at the hull extremities [81,87] reduces the resistance penalty
at high speeds, and permits even greater control over buoyancy distribution. Inevitably,
such hull forms are costly to construct, and, in practice, a contoured keel would be
difficult to build, and drydock safely.

By combining simple geometric shapes, an approximation to the continuously
contoured hulls can be obtained. This reduces constructional difficulties, while adding
little in terms of resistance [102]. The drydocking problem can be solved by
introducing a flat keel but this complicates the geometry of the upper hull as the bulges
become non symmetrical about a horizontal plane.
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2.4.3 Hull Slenderness

From a powering point of view, one would expect hull slendemness to increase with
increasing Froude number. In fact (Figure 2.25) the reverse is true for the vessels
contained in Appendix 1. The explanation for this feature may be found in Figures 2.26
and 2.27. For the designs of Appendix 1, plotting hull slenderness versus the cube root
of displacement reveals the governing factor in hull slenderness. In smaller SWATH
ships, the demand for internal hull space is pressing, and consequently fuller hulls are
accepted. Larger vessels are less constrained by this requirement, so that more slender
hulls can be selected. For a given speed, larger ships have a lower Froude number, and
this explains the appearance of slender hulls at low Froude numbers in Figure 2.25. It
should be noted that owing to the large scatter in the data, the curve fits in Figure 2.25
are not intended for serious use.

Most ratios of hull length to v [demihull sectional area] lie between 12 and 23
(Figure 2.26). For most circular hulled SWATHs (Figure 2.27), L/D ratios range from
11 to 18. Up to about 1000 tonnes displacement, ratios below 15 are normal, while
more slender hulls become feasible above this size.

2.4.4 Hull Length

The primary influences on hull length are the requirements of buoyancy, powering,
internal arrangement, and strut configuration.

Usually, between 65% and 90% of the buoyancy of a SWATH is provided by the
lower hulls, with 80% [4] being a typical value. Having selected this ratio, and with a
cross-section and prismatic coefficient provided by resistance and/or machinery
installation considerations, a value for length may be derived. The relationship between
length and diameter, and between strut and whole-ship dimensions has many possible
solutions.

Resistance calculations, even for simple circular hulls, are complex. Basically, for a
given section, a longer hull will increase the wetted surface, but will tend to decrease
the residuary resistance at higher speeds. However, there is some evidence (Chapter 7)
to suggest that propulsive efficiency falls away with increasing hull slenderness, so that
a compromise may exist in this area.

Machinery considerations affect the hull length indirectly through the breadth/depth
requirements for prime mover installation in the lower hulls. Chapter 8 discusses this
aspect of SWATH design in more detail. Space for fuel and ballast is not difficult to
obtain in the hulls but the longitudinal distribution of such items is important.
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Structurally, slender hulls may be more efficient in resisting hydrostatic loading,
but the increase in surface area and associated structural weight will tend to cancel this
attribute.

In addition to the above considerations, guidance may be obtained from current
practice. For a short strut design, hull length (Ly) may be taken as 100% of the overall
vessel length as estimated above. For ships with a portion of the strut overhanging the
hull tail, a shorter hull must be used. Figure 2.28 illustrates Equation 33 which gives

Ly =0931L0OA-0.91 for long strut designs Eqn. 2.23

2.4.5 Hull Submergence

The submergence of the hulls below the surface has implications for resistance,
seakeeping and draught. US practice has changed from early centreline submergences
(CS) of 0.4A1/3 to about 0.32A1/3. This recognises predictions by theory and model
tests that resistance considerations do not require deeply submerged hulls. In addition,
model tests are said to have shown that propeller emergence was likewise little affected
by these reductions in submergence [102].

Plotting Appendix 1 data reveals that the CS/A!/3 ratio varies from 0.23 to 0.57,
with circular hulls tending to have the deepest submergence. Ignoring hull section
differences, the mean ratio is around 0.36. A more useful relationship can be derived
using draught as a base (Fig. 2.29). Smaller vessels with draughts less than 7m tend to
have smaller centreline submergences than larger SWATHS, but the difference is slight.
A mean line through all the points gives

CS=068T Eqn. 2.24

2. men
2.5.1 Number of Struts

Selection of the number of struts per hull is one of the fundamental choices
available to the SWATH designer. All but one of the SWATH ships currently at sea
have a single long strut on each hull. The exception (Kaimalino) uses twin or
tandem struts, also with an aft overhang allowing a spade rudder to be hung in the
propeller race. Dr Lang's Semi-Submerged Ship Corporation [95,6] is now virtually
the only advocate of twin strut SWATH ships although Pacific Marine's Navatek ferry
[36] is building with this arrangement. The TAGOS-19 design has a single short
strut, with canted fins [34] ('stabiludders’ or 'ruddilizers').
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Other things being equal, twin struts per hull offer smaller turning circles, wave
induced splitting forces of the order of half that generated by a single strut, and longer
natural periods of motion. Lower structural weight follows from the use of twin struts,
but structurally the problems become more acute because of the reduced sections
transmitting load. Four independent struts offer a large degree of control over LCB and
LCF so that motion characteristics may be tuned. Theoretically, twin struts can offer
reduced resistance at high Froude Numbers (in the same manner as bulges fore and aft
on the hull). In practice this seems difficult to achieve because of increased spray and
miscellaneous drag etc being contributing factors.

Modern SWATH design opinion does not favour this option for practical reasons,
mainly related to the sensitive hydrostatics. Static trim problems arise immediately if it
is desired to locate machinery at the hull extremities (for access through the struts).
Thickness to chord ratio can become rather large if access to, or withdrawal of,
machinery is required. Also, the application of naval requirements prohibiting
longitudinal access in the lower hulls would effectively eliminate many twin strut
designs from consideration. However, recent experimental work at the University of
Glasgow [93] has indicated significant resistance reductions in waves at prismatic
hump Froude numbers for tandem strut designs. This extremely unusual phenomenon,
if confirmed, could reinstate the twin strut SWATH as a favourite once more.

Single struts offer easier access to the hulls, and a freer choice regarding machinery
installation. Control over LCF-LCB separation is reduced, but greater hydrostatic
stiffness and increased payload flexibility can be provided. This has also become
desirable because low roll stiffness, while apparently desirable from a motions point of
view, can lead to higher quasi-static heel angles [102], which may be avoided by using
higher GMr.

Selecting a single strut as opposed to a twin strut design w .il result in increased
structural weight. This is due to an increase of about 100% in the wave induced 'beam-
on' bending moment, and the greater shell area . This aspect will be more marked for
long strut versions. However, the load bearing structure has greater continuity, so that
design and construction should be simpler than for a twin strut vessel.

Longer struts also possess more directional stability, and this operates against the
advantages of placing the rudder in the propeller race.

2.5.2 Strut-Hull Relationship

To exploit the seakeeping potential of the SWATH arrangement, the buoyancy in
the struts should be kept low in proportion to the hull buoyancy. Offshore semi-
submersibles which seek to obtain a zero heave force condition within the range of
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working frequencies generally have lower column/hull volume ratios than SWATH
designs. This is because the influence of forward speed in the latter alters the encounter
frequencies so that one becomes less concerned about the exact location of the zero
heave force condition. For SWATH ships, extreme values of strut/hull volume ratio are
1:9 and 3.5:6.5, with 2:8 most common. The proportions of the maximum sectional
areas of struts and hulls are somewhat different. Figure 2.30 plots maximum strut
sectional area versus maximum hull sectional area. Typically, strut sectional area is
about 41% of hull sectional area, although values of 80% and 12.5% are possible.

The relationship between strut thickness and hull breadth is also important for
seakeeping reasons. A wide strut will tend to ‘mask’' the hull, and reduce its added
mass and inertia. Significant reductions in damping will also result, and this can lead to
large motions at resonant frequencies. This relationship is influenced by the number
and type of struts on the vessel. The shorter struts (single and tandem) are usually wide
in order to provide sufficient waterplane area. Figures 2.31 and 2.32 show maximum
strut thickness plotted against hull diameter and breadth (in the case of non-circular
hulls). Ignoring differences in hull and strut type, strut thickness is typically 42% of
the hull breadth. For circular hulls with long struts, a ratio as low as 25% appears
common, while short strut designs are concentrated around 50%.

2.5.3 Strut Form

It is possible that bulging the strut, in the manner described for the lower hulls
(section 2.4.2) may be of advantage in reducing power at certain speeds [93]. Local
bulging of the struts for access or machinery withdrawal may thus be a viable design
option. However, the vast majority of proposed SWATH designs employ simple
struts, with (usually) elliptical noses and parabolic tails. Nose and tail lengths are
typically 30% to 40%, in order to give a suitable length of parallel midbody.
Corresponding waterplane area coefficients are between 0.7 and 0.85 for single strut
designs. Twin strut SWATHs normally employ lower values to offset their usually
higher thickness to chord ratios.

For struts employing such regular geometric shapes, the waterplane area coefficient
can be calculated simply.

Cy = 1-0.215 (Lns/Lg) - (1/3) (Lts/Ls) Eqn. 2.25
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2.5.4 Strut Slenderness

Figure 2.33 shows that twin struts must normally use high thickness (tg) to chord
ratios in order to provide adequate hydrostatic stiffness. It is unusual to find a tandem
strut SWATH able to employ a tg/Lg ratio less than 10%. The same effect may be seen
to a lesser extent for short and long single struts. Generally, the long strut can have a
lower tg/Lg ratio (@ 2-4%) than the shorter (@3-5%).

2.5.5 Strut Length

A reasonable estimate may be made of the length of strut from a previously selected
value of LOA, using Figures 2.34 to 2.36.

Lg =0.21 +0.903 LOA for overhanging struts Eqn. 2.26
Lg =0.75LOA for short struts Eqn. 2.27
Lg=0.25L0OA for tandem struts Eqn. 2.28

2.5.6 Strut Setback

The separation between the forward extremities of the lower hull and strut is
commonly known as the 'strut setback'. The correct value for this parameter must
ultimately be determined from resistance calculations in order to minimise hull-strut
wavemaking interference effects. Strut setback (SS) is also important in determining
seakeeping performance through the offset between LCF and LCB. These
considerations mean that a universally applicable approximation is difficult to identify.
At present an estimate may be made from Figure 2.37, which shows that SS/LOA ratio
varies around 7%.

2.5.7 Strut Thickness

Recent US Navy design practice has shown a tendency towards strut thickness (tg)
to Al/3 ratios of 0.17. The data from Appendix 1 shows (Figure 2.38) that the mean
value for single struts is 0.149, being rather greater for tandem struts. Below

displacements of 1000 tonnes, some long single struts display ratios around 0.1.

tg = 0.149 Al/3 for single struts Eqn. 2.29
tg = 0.13 + 0.155 Al/3 for tandem struts Eqn. 2.30
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2 lysion

This chapter has presented an original analysis of SWATH ship performance
characteristics and linear dimensions. A large number of designs from many different
sources have been included in the analysis. Several well defined relationships between
the main dimensions of SWATH ships have been identified. This information has been
presented graphically, and, where reasonable, in the form of equations.

In effect, the efforts in the fields of SWATH resistance and motions have
influenced many designers to select vessel proportions which reflect the desire to
optimise hydrodynamic performance, but which also meet practical needs. A consensus
of opinion is revealed by these well defined relationships.

Thus, although the number of SWATH ships at sea is small, the extensive research
and development effort of the last decades, and the resulting design work, has
produced a useful database for these vessels. The information and equations presented
in this section can therefore serve as a guide to 'good practice' in SWATH design, and
also form the basis for simple design tools.

Collectively, the design data offers a quick means of estimating the preliminary
dimensions of a new SWATH ship design. At the same time the data provides a
baseline against which new designs may be assessed. In a similar way, the
performance comparisons provide a facility for determining the likely effects of
increased speed or size on performance of a design. The performance penalties which
must be paid for selecting a SWATH ship as opposed to another vehicle are also
illustrated in these diagrams.
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Figure 2.5 - Definition of Principal SWATH Dimensions
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Figure 2.24 Principal SWATH Hullform Options
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CHAPTER 3
DESIGN OF A SWATH SYNTHESIS MODEL

Current practice in the fields of ship design and computer aided engineering design is reviewed. These
aspects are discussed with particular reference to SWATH design. From this background, an approach to the
design of SWATH ships with computer assistance is developed.

3.1, Ship Desi
3.1.1 Design in Naval Architecture

Many writers have attempted to define design in the context of naval architecture. The
definition given by Rawson [1] is probably one of the best; 'design is a creative, iterative
process serving a bounded objective'.

This activity is one of the most subjective aspects of naval architecture, and relies
heavily on accumulated experience and information. Attempts to rationalise or formalise this
process are difficult and continue to occupy many researchers in other creative professions
such as architecture.

Despite the reasonable view that 'the raison d’etre for the naval architect is the design of
ships' [2], there are few publications which concentrate on the theory and practice of ship
design. Compared to other fields such as structures, hydrodynamics and economics, there
is little published research on this aspect of naval architecture. This statement excludes work
on specific designs and design tools (in which some view of the design process is
necessarily implicit, however understated).

In academia, ship design theory has been the subject of only three doctoral dissertations
in English. However, this is perhaps understandable, given the importance of practical
experience in this field. Indeed, two of these studies were conducted by senior naval
designers (Leopoldl, USA, 1977 [3] and Andrews, UK, 1985 [4]). Andrews' thesis and
publications [5,6] report an extensive study of synthesis in ship design, and [4] contains an
large, interdisciplinary bibliography on the theory of design, and computer aided design.

Andrews has drawn attention to the contrast between the established forums of the
International Ship Structures Congress (ISSC) and International Towing Tank Conference
(ITTC), and the recently formed International Marine Systems Design Conference. The
former maintain a high standard of review and recommendation through prestigious
standing committees, while the IMSDC has so far failed to produce similar support for the
theory of ship design.

11t may be noted in passing that Reuven Leopold and Thomas Lang share the distinctions of being
granted patents in SWATH technology and also submitting doctoral dissertations on engineering
design.
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3.1.2 'Rationalising' the Design Process

Although it is difficult to conceive of the design process in its entirety, various authors
have sought to provided some insight to the activities involved. Watson [7], Miller [8],
Lamb [9] and Brown [10] have written papers on ship design, and most textbooks refer in
passing to the subject. Discussions of general design methods for offshore
semisubmersibles may be found in [11,12]. Views on design can also be found in research
dealing with computer aided models of ship design and economics.

Many writers make reference to the well known 'design spiral' [13] in an attempt to
lend some definition to the design process. Harvey-Evans [14] has been credited with the
first published represention in this way of the activities involved in creating a new merchant
ship design. However, a number of respected authors have declined to include an iconic
spiral in their design model, notably Lamb [9], Watson and Gilfillan [15], and Meek [16].
The last named does however include a particularly useful list of the procedures involved,
which may be further improved by addition of appropriate feedback loops. In warship
design, spiral idealisations of the creative process are basically similar (Rawson [2], Gillmer
[17], Johnson [18], Eames [19]). A notable exception is Andrews' [4] use of a three
dimensional spiral. This approach is intended to illustrate the time component, and the
external influences on the design.

The primary virtue of the design spiral is its illustration of the 'knock-on' effects of
decisons in one area of the synthesis on other, later areas. Also, its (usual) form of an
inward spiral is appealing in that it implies convergence with time. However, it must be
conceded that while convergence to a solution requires discipline, the search for solutions in
a designers mind is usually undisciplined [1]. According to Brown [10], 'the naval
architectural aspects of the design are difficult to structure and are not properly represented
by flow diagrams such as the design spiral'.

The view adopted in this thesis is therefore that it it probably impossible to fully idealise
a process as complex as ship design, but that some order of events must be defined in a
computer based model of the process.

.2. Computer Aided Ship Design

Computer Aided Design (CAD) is ‘a technique in which man and machine are blended
into a problem solving team, intimately coupling the best characteristics of each, so that this
team works better than each alone’ [20]. The obvious expression of this philosophy in
engineering design is to allow the man to concentrate his attention upon the design process
while the machine is calculating and presenting information. Because of the high speed of
evaluation and iteration, design by trial and error (or ‘synthesis by analysis’) becomes an
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acceptable design strategy [21]. However, the first attempts at computerizing the ship
design process did not place enough decision making responsibility with the user.

During the 1960s naval architects were quick to exploit the increasing availability of
cheap computing power. Large and tedious calculations such as strength and stability were
successfully computerised so that as early as 1973, Gallin claimed [22] that ‘ship design
without the computer is no longer imaginable’. At the same time many ambitious attempts
were made to model the merchant ship design process. Early models [23,24] employed
enumeration techniques to determine the best design based on some measure of merit. Later,
optimisation methods were introduced to maximise economic performance {25,26] or other
features.

Despite the efforts of many researchers these tools have not become widely used. This
is understandable in view of the complexity of the activity modelled, and the limitations in
computer hardware and software which existed at that time. Although the batch processing
of the era led researchers to rationalise preliminary design, it also introduced an inflexible
‘black box' approach to the creative process. Practising designers have therefore largely
continued to rely on the much more controllable traditional manual techniques.

CAD methods for warships [31 to 46] are considerably more sophisticated than those
for merchant ships. This is particularly true of the ship synthesis tools developed for the US
Navy which are used [28] during feasibility studies to produce from 50-300 designs,
aiming at 5% accuracy in weights.

Computer aided ship design is unpopular in some circles because of a perceived loss of
understanding of the underlying methods among potential users. This is a problem which
can be overcome to some extent by adequate documentation. Program documentation [27]
to commercial standards has been associated with the development of the CASD system
described in this thesis. In addition, the automated selection of an 'optimum’ design which
is often associated with CASD also has many critics. Many practical designers prefer to
base such a decision upon a manual examination of results from a systematic variation of
design parameters.

In recent years these shortcomings have been acknowledged, and in 1979 Benford [29]
called for ‘more effort to be put into asking for menus rather than decisons from design
systems’.

Modern interactive processing, and the use of menus and graphics, has improved the
interface between designer, program and data. These developments have permitted naval
architects and software engineers to develop synthesis tools which are more closely related
to manually performed design and are consequently attractive to practising designers. The
aerospace industry [52 to 62] and US Navy ship designers [32 to 46] have been foremost in
these advances.
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Table 3.1 lists some of the more important programs developed recently for the design
of high performance marine vehicles. The SWATH design program described in this thesis
has been heavily influenced by these developments. In general, these programs operate on a
more refined model of the vessel than the early ship design programs and the applied
analysis techniques are correspondingly sophisticated. For advanced concepts such as
SWATH or hydrofoil, this degree of complexity is necessary because of the lack of
validated empirical or paramteric design methods. The large computational effort required
by these methods usually forbids analytical optimization methods. In any case, SWATH
ships are most likely to be employed in service occupations (including naval roles), which
are not amenable to rating by traditional economic measures of merit.

Table 3.1 Some Computer Models for High Performance Marine Vehicle Design

Program Vessel Type Developer Ref
DDO08 US destroyers NAVSEA, USA [28,30]
HOSDES Frigates/destroyers MARIN, Netherlands [31]

- US fast patrol boats AME Inc, USA {32]
ASSET/HYDROFOIL US hydrofoil combatants DTNSRDC/Boeing, USA [33-36]
(ex HANDE)

ASSET/IMONOSC US monohull combatants DTNSRDC/Boeing, USA [36]
ASSET/SWATH US SWATH combatants  DTNSRDC/Boeing, USA (36,42]
(ex SWATHET)

- Military monohulls Spectrum Associates, USA [38]
PHFMOPT US planing combatants DTNSRDC, USA [41]
GODDESS RN monohulls RCNC, UK [45]
RECBOT Leisure powerboats Washington University, US [47,48]
SWATY US SWATH combatants C Kennell, NAVSEA, USA

CONDES Monohulls RCNC, UK

CDSYS RN monohull combatants RCNC, UK

.3 Computer Aided Aircraft Desi

Computer aided methods for aerospace vehicle design tend to be more advanced than
similar methods for ship design. A large amount of research has been carried out in this
field, and this has yielded CAD systems used regularly in aircraft design offices. A study of
publications [52 to 62] on aircraft design models therefore offers an indication of what may
yet be achieved in CASD. Reference [51] contains an extensive (177 entries) bibliography
on the use of optimisation and CAD in aircraft design. Table 3.2 lists the most important of
these tools.
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Table 3.2 Software Tools for Aerospace Vehicle Synthesi

Program  Vehicle Developer Ref Date  Comments

CPDS Aircraft Boeing [51] 1972 T

- Aerospace vehicles NASA [51] 1972  Advanced aircraft design
Aerospace vehicles  Boeing {54] 1981  Multivariate optimisation

CAPDA  Commercial aircraft Technical Uni, Berlin [55] 1985/6

FEPSY  Commercial aircraft Technical Uni, Berlin  [55] 1984  Preliminary sizing

- Fighter aircraft NASA, Langley, Va. [56] 1986  Preliminary sizing
CAPS Miliary aircraft BAC (Military) (577 1977 CAD project studies
ESCAPE Commercial aircraft BAC (Commercial) (57 1977  Optimisation

- Subsonic jet airtiner Indian Inst Technology [62] 1980  Multivariate optimisation
NAPSAP Naval airships US Navy (58] 1981

Programs CAPDA and FEPSY developed at the Technical University of Berlin are
versatile tools which have influenced the development of the SWATH synthesis model
reported in this thesis. These systems have beem well described in [55] where it is their
stated intention to ‘retain the flexibility and transparency of manual design by limiting the
scope of the system’. In other words, the programs are used to perform well understood
operations under the control of the engineer, rather than automatically producing complete
designs showing little signs of human influence. Graphics help the engineer visualise the
geometries he is dealing with and aid his decision making.

Another system developed at Boeing [54] transforms the complex relationships of a
sophisticated design synthesis into simple second-order expressions through the use of a
postprocessor. It is possible to perform a regression analysis on data produced from a
limited parametric survey of potential configurations. The resulting relationships are then
used to determine constrained optimal designs for a wide variety of measures of merit.
Similar advances may be made in ship design by linking a high level ship synthesis model
with suitable systems for data management/regression and multivariate optimisation. In
effect, this would allow useful mathematical optimisations to be performed using data
derived from rational methods rather than explictly parametric equations, without excessive
computation costs. It is considered that this is one direction in which the present SWATH
synthesis model could be usefully extended.

3.4 SWATH Design Considerati

The many different configurations which are available to the SWATH designer allow
ship characteristics to be 'tailored' to suit specific operational requirements. However, this
high degree of flexibility presents difficulties as well as opportunities.

In conventional ship design, the major elements of design are often decoupled and
treated independently. Checks for interaction effects are minimal and rarely reveal problems.
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For instance, practical adjustments in hull shape for purposes of enhancing seakeeping can
be made while imposing only minor or second order changes upon the resistance
characteristics or available machinery space. However, for ships such as SWATH, a much
higher order of sophistication and integration is needed in design. This is a consequence of
the increased number of design variables and the greater coupling between them.

As a result, a fully integrated approach to the complete design is important if the full
potential of the SWATH arrangement is to be exploited and valid designs are to be
produced. All the major marine design disciplines must be addressed in a consistent
manner, with full account taken of the influence of decisions in one area upon other aspects
of the design. At the same time, a degree of sophistication is necessary in the design
calculations because of the lack of validated empirical design methods. A related reason for
this approach is the fact that the difference between a ‘new’ and an ‘existing’ advanced
marine vehicle is typically far greater than the corresponding difference between a ‘new’
and a ‘basis’ ship design.

These difficulties, and the relative youth of the concept, mean that a mature, consistent
SWATH design methodology has not yet evolved. Additional uncertainty arises from a lack
of historical data and evidence to assist the SWATH designer in developing reliable
estimates of vessel characteristics.

For these reasons, a computer based approach which addresses the key marine
ciisciplincs under the executive control of the designer is especially appropriate to SWATH
design. In this way the major part of the effort involved in exploring the numerous options
is borne by the machine, with control resting with the user.

35 A SWATH Design Program
3.5.1 Development of a SWATH Design Tool

As stated earlier, the design of a SWATH involves many disciplines, which must be
interfaced in a synthesis process. The interaction between major areas such as
hydrodynamics and hydrostatics, structures and weights, performance and economics is
great, especially for SWATH ships. SWATH synthesis has the attributes of a variational
problem of a very high order which does not have a closed solution. Problems of this nature
are suited to solution by iteration and this approach is used in the synthesis tool discussed in
this thesis. This also reflects the common idealisation of (manual) ship design as a spiral.

SWATH design and analysis tools discussed in subsequent chapters have been

integrated with ship system design data and methods to create such a SWATH design
model. Key areas such as resistance and propulsion, seakeeping, structural design and
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weight estimation are addressed using dedicated techniques. Design synthesis is performed
by iterative execution of the distinct computational modules until a balance is achieved
between required and available values for the key design parameters of power, weight and
space.

This development was accomplished through the utilization of technology developed at
Glasgow University and that published in the open literature, together with access to the
database of a modern marine consultancy. The software was developed using the
FORTRAN 77 language and the VMS operating system.

3.5.2 Design Tool Philosophy

The general philosophy of the program (provisionally named DESIN) is based on a
view of the design process as consisting of three primary elements:

a) designer,

b) design program, and
c) data

These aspects are idealised in Figure 3.1, where the communication links between the
principal elements are also represented. This system allows the designer to use the design
program to manipulate data describing the ship, and also general data relating to machinery
and weights in order to synthesize or analyse a design. The data describing the ship is
referred to as the 'ship description’, and the synthesis process consists of the continuous
modification of the ship description until a balance is achieved.

AN

DESIGNER

USER
INTERFACE
FILE EXECUTIVE,

SHIP DESCRIPTION
L \

Figure 3.1 El in the Design P
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DESIN is nominally composed of three sections containing different types of program;
'baseline’, 'synthesis' and 'analysis'. All the program modules in DESIN may be run
independently, but the usual procedure is to execute the sections in a prescribed order.
Figure 3.2 illustrates the main technology modules in DESIN and their intended mode of
operation. The three main sections perform the following functions:

a) baseline - generates the first version of the ship description for use by synthesis tools,

b) synthesis - modifies the ship description or current model until convergence is attained,

¢) analysis - does not modify ship description but provides greater design definition,
including graphics and links to more advanced hydrodynamics tools

—

Hullform
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Database Resistance Stability

Mini-synthesis Graphics

1
Propeller
1
= Machinery m
1

Free Format Motions and Loads

Structure
1

Stored File Weights FE Analysis

1

Volume ANALYSIS
BASELINE r

Prelim Motions

e

SYNTHESIS

Figure 3.2 Princioal C e SWATH Synthesis Method

Chapters 4 and 5 of this thesis describes some of the methods used to develop the
baseline or initial ship description. Chapters 6 to 10 detail the individual modules used to
perform the calculations within the main synthesis loop, while some analysis capabilities are
introduced and illustrated in Chapters 11 and 12 respectively. Figure 3.3 lists the individual
components of DESIN with their input and output files and the main synthesis loop.
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Some functions or qualities expected of a design system are discussed below, with
reference to their role in DESIN.

DESIN attempts to model some of the heuristic aspects of design by including a self-
informing or feedback function in its iterations. Thus, for example, heavier scantlings to
deal with external loads may result in higher self-weight loads, which may require increases
in platform size, which may increase bending moments, and so on.

Convergence is implicit in the production of a successfully balanced new design. In the
present model, initial imbalances between weight and displacement, available and required
volume, and power are reduced to acceptable levels in an iterative manner. The designer
controls the rate at which certain design parameters are to be altered in the iterations.

The qualities of decison making, compromise and creativity which are required of the
naval architect are not modelled by the computer. It is not considered that these aspects of
design can be satisfactorily handled by machine at present, and they have therefore been left
to the user wherever possible. This statement is qualified by the need to perform detailed
calculations using certain fixed methods. This does imply a degree of inflexibility but basic
design requirements and major choices such as internal arrangement, machinery scheme,
and hull form are fixed by the designer in the first design iteration. Consequences of these
decisions are calculated by the programs, and their influence felt in other areas of the
synthesis.

The effects of 'need’ or 'compromise’ driven decisions can be analysed because it is
possible to run the program in a non-iterative mode. Thus, DESIN may be run to determine
the payload capacity available on certain specified hullforms, or the speeds attainable with
certain power plant. Analysis can provide further evidence from which decisions can be
made, and can lead to further refinement in design.

A design is a 'description of an object and a prescription for its construction’. In the
case of a preliminary ship design tool, information must be generated and communicated in
the form of drawings and data to enable the further development of the design. This
function is recognised by the provision of an interface with a recognised computer aided
draughting tool, described in Chapter 11. In addition, documentation [27] of the program
so that its numerical output can be interpreted and communicated to others has been an aim
of the present study.

One definition of design states that it 'is the optimum solution to the sum of the true
needs of a particular set of circumstances'. This gives rise to the question of what is a true
optimum and the expense justifed in attaining such an objective. Optimisation was not
applied in the present study largely because of the difficulties in assigning measures of
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merit, and applying available optimisation routines [26,49,50] to the complex SWATH
synthesis model. In addition, in many ship design problems, there exists flat laxity in the
region of the 'optimum’.

3.5.3 Program Operation

Both the general structure and the operation of program DESIN are indicated in Figure
3.3. A brief description of the basic steps is useful as an introduction to the subsequent
chapters.

Initialisation or development of a baseline hullform may be approached in a number of
ways, with varying degrees of user input. Thus, a geometry may be proposed purely from
experience, or a mini-synthesis program used. Chapters 4 and 5 discuss these aspects.

Once this stage has been completed, the full synthesis loop is entered. During the first
design iteration, certain fixed design requirements are supplied by the user and stored in
datafiles accessed continuously by various components of the system. Figure 3.4 illustrates
the standard input sheet used to define the principal requirements for a new SWATH

design.

Vessel payload is defined in terms of weight, space, and electrical power demand
together with appropriate margins. The ship's speed/time profile, together with any tow
drag is supplied by the user. This is used to calculate power and fuel requirements. A choice
of alternative resistance calculations is made by the designer, and the margins to be applied
in the powering calculations are specified. The number of blades, intended RPM and blade
area ratio to be used in the propeller design are indicated. A machinery scheme is specified
from a large range of possible options. For the structural design, initial choices are made
regarding bulkhead and frame spacing, material and loading. The weight calculation method
is specified, together with required margins.

A number of small routines have been written to accept this data from the user, and store
it in datafiles in a format readable by the main calculation routines. The contents of these
files remain fixed throughout each design process. During design iterations, the various
technology modules operate upon this initial data, and other files (the contents of which
vary) created previously by other modules, updating the latter. These files form the ‘current
model' or 'ship description'. The technology modules operate in the order illustrated in

Figure 3.3.
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Figure 3.4 Proforma for Recording Design Requirements Input to DESIN




On completion of the first design iteration, the user is presented with a statement of the
required and available weights and volumes of the ship. In the case of an unsatisfactory
condition existing, he is allowed to modify the baseline design in an attempt to attain
balance. Percentage increments to a wide range of dimensions may be selected to apply
throughout subsequent design iterations. Thus, if available space is inadequate, the
dimensions of the upperworks only may be incremented from the initial conditions. If the
vessel is in possession of large margin on both weight and space, a smaller geosim
satisfying the requirements may be sought.

Details of the various components of this design method are described in the following
chapters, culminating in Chapter 12 with examples of the operation of the system.
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CHAPTER 4

INITIAL SIZING METHODS

A number of methods for initial sizing of SWATH ships are described. These are; a computer
database, a mini-synthesis program, a weight equation approach, and manual methods based on curves
relating SWATH size to desired payload weight and/or volume, deck area, or enclosed volume. These are
designed to increase the efficiency of more complex synthesis tools.

4.1. Intoduction

As discussed in Chapter 3, the design philosophy adopted in the present study includes
the creation of a baseline model of the vessel under consideration. It is intended that a
baseline design will be sufficiently well balanced to reduce the effort involved in more
detailed synthesis. In this case, a baseline version of a design specifies the displacement,
leading dimensions and basic hull and strut dimensions. The type of hullform, structure and
machinery used in the design are indicated, but individual group weights and an exact
definition of the geometry are not required explicitly. Provision has been made for four
different means of generating a first attempt at defining a new project at this low level of
detail. These are,

a) interrogation of a database,

b) use of a dedicated initialisation program,

c) a weight equation approach,

d) free choice by designer
Each of these methods has its own particular advantages, and will be discussed in turn.

4.2 Use of SWATH Design Database

It is important for practising naval architects to possess information describing previous
designs. This often forms a convenient starting point for a new project and provides an
approximate means of checking a proposed solution. For SWATH ships, validated designs
are rare, but the many published conceptual designs provide another source of this type of
information. It is reasonable to question the value of designs which are untested by
successful construction and service, and which in many cases are low level studies.
However, the distinct trends exhibited in the analysis of such data in Chapter 2 suggest that
this information is of some value. Use of the SWATH design data introduced in Chapter 2
is therefore recommended as one means of developing a baseline for a new design.

Appendix 1 presents ship data in a form useful to a designer who wishes to compare
vessel characteristics manually, but this can prove tedious. This information was therefore
mounted on computer files (SWATHDATA.DAT) and a routine (SEARCH) created to allow the
user to extract data for a previous ship similar to the current project. (SWATHDATA.DAT may
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be updated by use of the program WRITEDATA). When beginning a new design, the user is
requested to supply information regarding required displacement and/or length, beam,
draught, performance, hullform, strut arrangement, prime mover type and location,
structural material, payload, intended role. It is usual to specify only one or two items and
indicate 'no preference' for the others. Input of an allowable deviation from the requested
values allows a range of stored designs to be investigated. Designs having characteristics
falling within the limits on the specified items are displayed to the user. A full description of
the use of this program in