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ABSTRACT' 

Wal-ships. together \vith their weapons and major sub-system. take ten to fit'teen years to design 
ancl build and then jpend twenty-five  ye;^^-s or more in service. The Royal Navy fleet o l  today \ v a  
dejigned CILII-ing the Cold War for conditions rather- differ-ent from those nom, pertaining. Ilesigns I I O U  

o n  tlie drawing board (or. more correctly. on the computer screen) and the research and develop~nent 
requirecl to underpin then1 are aimed at requirements where the enemy threat is ~~ncer ta in ,  warfare 
technology ~ ~ ~ c e c d s  ap;lce and the need Sol- ~ n a x i ~ n u m  value li>r money in reduced deSence budgets is 
para1~ic)L~nt. 

I~e\~elolxnents  in weapon systems ant1 com~nand.  control and communication systems are impress- 
ive and far reaching. Ho\vever. de\,elopments in surface \varship and sub~narine na\.al architecture ancl 
marine engineering are potentially as important to tlie long tel-m efl'ecti\~eness and affordability ol' the 
Fleet. 7'11is paper looks at the technologies being co~lsitlered fi~ture designs with enlphnsis o n  hi111 
:~ntl marine engineering developments. These include novel llull forms such as tlie Tri~naran and poss- 
ibl) thc nest rna,jor step in surface warship prop~~lsion.  that to the all-electric ship with electric trans- 
mission ancl lo\v I'uel consu~iiption gas turbines as prime movers lbr electricity generation. 'l'he paper 
alzo discusseh thc importance of human factors in tlie design process, the increasing use o f  commer- 
cial standards to control costs of both Iiartim,al-e and software, anti impro\~eme~lts in nztval ship and 
\ubn~arine design tools for use in tlie crucial concept design phase. 

Introduction 

The aim of the article is to describe warship design and engineering devel- 
opments that the Ministry of Defence (MOD) and the naval defence industry 
are pursuing today. 

The harsh reality of competing goals of requirement, cost and time can be 
found across all industries but they are particularly acute in defence at the 
moment. For the warship designer and project manager, dealing with multi- 
billion pound projects on the cutting edge of technology against a reducing 
defence budget, the task gets ever more challenging. 

This article will review these issues and, it is hoped, give an insight into 
not only the design and engineering of warships but also some of the many 
other building blocks which support this complex and fascinating branch of 
engineering. 

Tlzr clzangirzg tl~reat 
Some 6 years have passed since the end of the Cold War. During this time 

we, together with our allies, have been adapting to the transformed strategic 
setting. The UK is committed to work towards nuclear disarmament and has 
reduced the size of its nuclear forces. TRIDENT, for example, will now deploy 
a much smaller deterrent, matched to our current security needs. 



Whilst we all welcome removal of the Soviet strategic threat that domina- 
ted our security concerns for so long not all of the consequences of the col- 
lapse of the Soviet Union have been positive. The previous low risk of 
global war has been replaced by a greater risk of smaller scale conflict and 
suffering, spawned by the instability present in many parts of the world. We 
can expect to see growing calls on the UK to support conflict prevention, 
conflict resolution, peacekeeping and humanitarian aid missions. We will 
therefore need the capability for a flexible response, whether working in con- 
junction with our NATO allies or, if necessary, alone where our national 
interests are at risk. The Royal Navy will play a key role in this process and 
its warships must be designed accordingly. 

Constraints 

Defence is still big business. This financial year, 1996197, we intend to 
spend nearly £21.5 billion on our armed forces of which £9 billion is equip- 
ment related. In the past 5 years, the MOD has placed over 300,000 contracts 
worth around £33 billion with a supplier base of some 6500 companies. 
However, on present plans the proportion of Gross Domestic Product spent 
on defence will fall to 2.7 9% in 1998199 by which time defence expenditure 
in real terrns will have fallen by some 20 % since the end of the Cold War. 

It was pointed out 16 years ago1 that the aim of the warship designer had 
changed from producing the best ship, to producing the most cost effective 
and now to producing the best that could be provided for the money avail- 
able. Nothing has caused such difficulty so consistently for defence planners 
in all countries as the persistent tendency for new equipment to cost more, 
unit for unit, than that which it replaces in the same roles. This unit cost 
escalation has taken place over the last half century persistently at a rate of 
circa 10 per cent per annum in real terms for most types of equipment. In 
consequence the evolution of Western armed forces since the? 1950s has been 
characterized by progressive reductions in numerical strength-. 

A further constraint on planners of the fleet of the future is that they do 
not start with a clean sheet of paper. The Royal Navy fleet currently in ser- 
vice and under construction will dominate fleet numbers for many years to 
come. It will probably be 30 or 40 years before the last of the current classes 
are withdrawn from service. 

The currerzt and planned jleet 

The Royal Navy now holds sole responsibility for the nuclear deterrent 
which will be carried in the 4 VANGUARD class TRIDENT submarines. The 
other naval tasks are planned around the 3 core capabilities of: nuclear pow- 
ered submarines, aircraft carrier task groups, and amphibious forces. The 
changing threat and reducing defence budget have had significant impli- 
cations for the future of the Royal Navy, as they have for the Army and the 
Royal Air Force. Fleet reductions have included the: 

( a )  Reduction of the non-ballistic missile submarine fleet from 16 to 12 
(7 TRAFALGAR, 5 SWIFTSURE class) nuclear powered attack subinar- 
ines (SSN) by withdrawing diesellelectric UPHOLDER class submar- 
ines. Compared with SSNs these lack the sustained high speed and 
long endurance needed in the new security environment, to respond 
rapidly to the changing threat. 

(b )  Reduction of the destroyer and frigate force to 35 ships which was 
achieved in early 1995. The force level was revised as a result of 
the reduction in the scale of anti-submarine operations in the North 
Atlantic, due to the substantial decline in the former Soviet submar- 
ine fleet. 



The fleet is reducing but there is still a sizeable equipment programme. An 
overview of the Royal Navy's Equipment Programme is provided in Table l .  
TABLE l-Royal Navy equipment prograinme 
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Emerging technologies 

Technology continues to change at an ever increasing pace. Last year 
(1996) saw the 50th anniversary of the formation of the Weapon Engineering 
specialisation in the Royal Navy , and the exhibitions staged at HMS 
Collir~gwood in June 1996 gave some flavour of the enormous changes that 
have taken place in weapon engineering over this half century. 

New weapon systems coming into service such as submarine launched 
TOMAHAWK cruise missiles being purchased from the USA and the Principal 
Anti-Air Missile System being developed with France and Italy for the 
Common New Generation Frigate (Project HORIZON) will add further inter- 
national flavour, as well as new capabilities. The USA recently placed a con- 
tract for the development of an air-borne laser defence system against hostile 
missiles and, further ahead developments may include methods for non- 
acoustic detection of submarines, and the use of autonomous unmanned 
vehicles, both in the air and underwater. Perhaps the greatest impact will 
arise from the changing environment in which the Royal Navy will be 
required to operate. The shift of emphasis away from the open ocean Cold 
War scenario towards operations of an international nature, often in littoral 
waters. will place far greater emphasis 02 Command and Control. 
Computers, Communications and Intelligence (C I). In this new 'information' 
environment, vast quantities of data will need to be processed, not only from 
an increased range of more capable weapons and sensors, but also from shore 
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and from other ships and aircraft via satellite datalinks. This will require 
intelligent filtering of the data and sophisticated data fusion techniques if the 
Command is to be presented with a cohesive and comprehensible picture, 
rather than simply being overwhelmed. 

Increased information exchange can also bring new and potentially serious 
problems, as was reported in 1995 in the Defense News when an US Air 
Force officer (of all people!) hacked via the Internet into the command and 
control svstems of US shim at sea. 

FIG. 1 - HMS 'NOKIHLIMRFKI AY[) '<'  COb1kIANI) %'VD (.ONTROL ( ( I N S 0 1  t-5 

Software is pervading all our projects, not just combat systems, more and 
more. Command and control systems currently at sea, like HMS 
Nortl~umberlar~d's (FIG. l ) ,  or under development incorporate a million or 
more lines of software code. Specification and development of such complex 
real time systems presents a major challenge to the designer. There have been 
some well publicized problems with these so-called software intensive pro- 
jects, and these of course are not limited to warships or even to defence, as 
the Stock Exchange and London Ambulance Service will bear witness. To 
reduce these risks may require changes to our current procurement pro- 
cedures and in the way we do business with industry. This is a theme that I 
shall be returning to later, but it is perhaps worth mentioning at this stage the 
setting up of the Software Engineering Centre formed by the Defence 
Evaluation and Research Agency (DERA) at Malvern with a 'rainbow' indus- 



try team working closely with the MOD to promote knowledge sharing and 
the use of open standards. A move towards greater use of these common 
commercial standards will allow us to take advantage of the major advances 
in computer hard and software being generated in the commercial sector. It 
will also bring with it new problems of reconciling the more rapid turnover 
in consumer goods, where a new upgraded model is often introduced every 
year, with a time-span of maybe 40 years or more between the first of class 
warship entering service and the last of class being scrapped. A capability for 
new technology insertion will need to be designed into future warships ab- 
initio, rather than dealt with on an ad-hoc basis as in the past. 

Propulsion systems 
Over the last 50 years propulsion machinery for surface warships has 

evolved from steam plant to gas turbines. As a result, warship availability 
has improved; the conditions and cleanliness of machinery spaces, and watch- 
keepers' environments, are dramatically better; it has proved possible to 
increase refit intervals to double those common during the steam age; and 
marine engineering complements have reduced significantly. 

The overall aim of current propulsion plant development is to search for 
new technologies, machinery and equipment which offer the prospect of 
reduced overall costs through: 

Higher power density 
Improved fuel economy 
Improved reliability and durability 
Smaller marine engineering complements. 

Other benefits sought are: 
Reduced signatures (such as noise and infra-red radiation) 
Clean emissions and discharges, together with improved safety. 

Since the introduction of gas turbines the transmission chain. from mime 
mover to propeller, has b&ome recognized as the area where a 'novel 
approach could yield most benefits and it has become increasingly clear that 
the next generation of warships should have integrated full electric propulsion 
powered by gas turbine prime movers of the Intercooled Regenerative (ICR) 
type (Fic. 2). Such an engine is under development for the US Navy in col- 
laboration with ourselves and France. 
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The remarkable fuel economy achieved by the Type 23 frigate, which has 
electric propulsion for slow speeds, has reinforced the experience of those 
sectors of the commercial marine industry (notably cruise liners) that have 
already adopted full electric propulsion. Now, the traditional disadvantages of 
electric propulsion-the volume and weight of the equipment-are being 
reduced by advances in two technologies. 

Firstly, the new generation of permanent magnets can be adopted to pro- 
vide power dense motors' that will simplify fitting to a frigate sized vessel. 
We are currently seeking to develop such a motor and expect to achieve a 
20MW machine that will be the same volume as, and much lighter than, the 
1.5MW motor fitted to the Type 23. The chart at (FIG. 3) graphically illus- 
trates the mass and volume advantages of permanent magnet motors in com- 
parison to synchronous motors. 
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Secondly, the ongoing revolution in power electronics is rapidly reducing 
the size of high power equipment while, with increasing device switching fre- 
quency, their distortion of the ship's electrical supplies is much reduced. We 
anticipate up to two orders of magnitude reduction in size and cost of the 
control equipment for the permanent magnet motors, compared with that at 
sea now. 

The file1 economy demonstrated by both the Type 23 and commercial mar- 
ine installations arises from their use of diesel engine prime movers for elec- 
trical generation. However, diesels will become disadvantaged by both their 
reduced efficiency compared with ICR gas turbines4 as well as their require- 
ment for large and weighty exhaust treatment systems to meet emerging 
exhaust emission legislation. 



With the advent of full electric propulsion to warships, new freedoms are 
available to the naval architect: 

Motors can be fitted externally in pods or internally with very short 
shaft lines. 
Prime movers, with their uptakes and downtakes, can be installed 
where convenient to the ship layout rather than in positions deter- 
mined by the shaft line. 
Significant gains in survivability can be achieved. 
Electrical power system architectures can be revised with the avail- 
ability of power electronic equipments. 
Given a high reliability battery-backed electrical supply, electrical 
actuators can displace the need for hydraulic and air systems. 

The MOD is addressing all these issues for the next generation of surface 
warships. All the indications are that survivability and power density can be 
increased and both first and running costs reduced, with the added bonus of 
some gains to the operational capability of the surface fleet. 

Subrncnrirle propul.siorz and air ind~perzdent propulsiolz 
Evolutionary development of the pressurised water reactor plant installed 

in the VANGUARD class submarines is anticipated to meet the requirements 
for both the Batch 2 TRAFALGAR class submarine (the replacement for the 
SWJFTSLJRE class) and the class following known as the Future Attack 
Submarine. Such evolutionary development minimizes development costs and 
risks for each successive class whilst permitting increasing standards of 
nuclear safety and economy.' 

As noted previously, all-electric propulsion is attractive for surface war- 
ships. For similar reasons it may be attractive for future nuclear submarine 
propulsion, where the improved efficiency would allow longer submarine 
lives without creating a need to refuel the reactor. If electric transmission 
were simultaneously adopted for both submarine and surface warships, there 
would be additional operational and cost benefits from common equipments 
and training. 

Reduced production and through life costs are being sought for all ele- 
ments of submarine machinery through: 

Simplification of equipment and systems 
Increased reliability 
Adoption of Commercial Off-The-Shelf (COTS) equipment where 
practical 
More advantageous procurement practices. 

Crew numbers and costs are being reduced through the application of auto- 
mation, but only where this does not reduce the ability of the crew to deal 
with action damage and other emergencies. 

Non nuclear submarine propulsion systems, referred to as Air Independent 
Power (AIP) systems, have been developing rapidly. There appears to be little 
prospect of these systems displacing nuclear propulsion where there is a 
requirement for the submarine to deploy long distances at high speed. Where 
this requirement does not exist, however, heat engine and fuel cell based sys- 
tems are both attractive enabling submerged endurance of up to several 
weeks, albeit at low submerged speed. 

Heat engine systems already developed include the Swedish STIRLING 
engine, the closed cycle diesel engine and the French MESMA system using 
the Rankine Cycle. 

The solid polymer fuel cell system, also known as the proton exchange 
membrane cell, is likely to form the basic fuel cell system in submarines 



mainly because of its power density. Because fuel is not burnt in a fuel cell 
to produce heat, its efficiency is not limited by the Carnot cycle and is higher 
than that of heat engines. In some AIP system arrangements, a fuel cell may 
give roughly double the submerged endurance achievable with a heat engine 
based system. 

The hydrogen fuel required by the fuel cell can be carried as hydrogen (in 
a variety of ways) or produced by 'reforming' a hydrocarbon fuel. The 
reforming route is probably safer and may be preferred where the submerged 
endurance of a submarine must be maximized and the additional system com- 
plexity and cost is tolerable. Fuel cells might also, one day, become attractive 
for auxiliary power systems in nuclear submarines and surface ships. 

Mtlneizrhilit~, and signature reduction 
Vulnerability to enemy weapons-both above and below water-is, of 

course, an important consideration for the warship designer. Developments in 
this area cover: 

Numerical vulnerability assessment techniques 
Configuration and layout of ship systems for minimum vulnerability 
Blast resistant structures 
Fragment and bullet protection schemes suitable for shipboard use 
Study of the response of multihulls to underwater attack. 

Heavy armour protection was abandoned long ago, essentially because the 
ship costs became unaffordable. Ballistic experiments to determine suitable 
lightweight armour schemes for use aboard ships are now being conducted. 
Protection against fragments emanating from missile warhead detonation as 
well as against bullets, is being developed. For a variety of reasons, armour 
developed for the Army's fighting vehicles is unsuitable for use aboard ship. 

Research continues to provide a better understanding and prediction of 
ships signatures, how these are generated and their potential impact on ship 
vulnerability. The important signatures tackled are underwater noise, radar 
cross-section, infrared and magnetics. 

Much has been done to reduce submarine radiated noise from machinery, 
fluid systems and propulsors. Propulsion machinery is now invariably raft 
mounted on sound and vibration isolating mounts, flexible couplings are used 
to reduce noise transmission in fluid systems and much work has been done 
on noise-reduced propellers and pump jet propulsors. Tiling fits to pressure 
hulls are used to provide both noise damping and to reduce sonar echo. 
Similar techniques can be used in surface ships for noise reduction. However, 
surface ships are not as noise critical and main machinery is not usually 
mounted. The primary problem areas of auxiliary machines and gearboxes 
have however, been addressed effectively in the Type 23 frigate by the exten- 
sive use of rafts and by the adoption of electric drive for noise critical oper- 
ations. Radar cross-section is reduced by hull shaping, to avoid vertical 
surfaces, and by special coatings. 

The return to littoral operations after years of concentration on open ocean 
scenarios has led to increased concern over the mine threat. The magnetic 
signature of the steel hulls of ships and submarines remains the main prob- 
lern. Magnetic signatures may be controlled by fitting de-gaussing (DG) sys- 
tems, essentially 3 axis coils supplied with electric current to generate fields 
to counter those of the hull. Such systems must be adaptive to account for 
chip movements in the earth's field and the consequent variation to the 
induced magnetism. Ideally, the DG should also adapt to changes in the hull's 
permanent magnetism and such closed loop DG systems are subject to 
research. 



Novel hull forms 
Contrary to the popular image of the MOD Procurement Executive (PE), as 

somewhat conservative when it comes to new hull forms, detailed studies 
have often been undertaken on alternatives to the conventional monohull. 
Recent studies include: 

Surface Effect Ships (SES) 
Hovercraft 
Catamarans 
Small Waterplane Area Twin Hull (SWATH) ships 
Trimarans. 

More esoteric hybrids have also been considered. 
Study of these forms has been driven by the search for improved perform- 

ance and reduced cost. Our studies have almost invariably shown that each 
novel hull form has a significant advantage over a monohull in one particular 
aspect of performance, but may be markedly inferior in other ways. They 
therefore seem suitable for specialised roles rather than for multi-role front- 
line warships. 

The US Navy TAGOS 19 class of towed sonar array ships is an example. 
These have a SWATH hull form to improve seakeeping, which is central to 
the requirement for sustained operation in high sea-states, regardless of pre- 
vailing wind and sea direction. In this they have been very successful, but 
they are large, slow, and awkward to handle in comparison with a monohull 
of similar cost. Similarly, SES have achieved high speed at reasonable power 
by using air cushion lift to reduce drag, at the expense of payload. range, and 
seakeeping capability. 



I remain an admirer of the SWATH form, which is increasingly popular 
commercially and could offer a number of operational benefits for a frigate. 
However, I must admit that the conventional monohull has continued to pro- 
vide the most cost-effective compromise for warships, giving a reasonable 
all-round performance at an acceptable cost. A potential new rival, offering 
many of the benefits of a SWATH with few of the drawbacks, is the trimaran 
form (FIG. 4). This was first seriously proposed for warship application by 
Douglas PATTISON, my successor at University College London (UCL) as 
Professor of Naval Architecture. The trimaran form is essentially a long, 
slender monohull with two outriggers to provide stability. Recent work by 
the PE and the DERA at Haslar has suggested that this form may indeed pro- 
vide a respectable all-round increase in capability, or a reduction in cost, 
without serious attendant disadvantages. The main benefits are reduced 
power, better layout, reduced vulnerability and the opportunity for increased 
helicopter operability. 

Our investigations are continuing, and we hope to arrange the construction 
and trials of a large demonstrator, to prove this exciting 'new' concept. For this, 
we and DERA are currently seeking partners in Allied nations and industry. 

Use of' comr~~ercial standards 
For some years it has been MOD policy to utilize British or I S 0  Standards, 

rather than Defence Standards or other specialized in-house standards such as 
Naval Engineering Standards (NESs), with a view to reducing costs. The 
potential benefits include lower intramural costs, (authorship, updating and 
publishing) and more to the point, savings due to the freedom of suppliers to 
use more widely applicable commercial standards and off the shelf equip- 
ment. This is in keeping with the Government's desire to transfer risk and 
responsibility to industry wherever possible. However there remains a core of 
military standards based on MOD experience and development for which no 
commercial equivalent exists. These include: 

Standards for submarine and weapon equipments. 
Survivability in the war environment, such as underwater shock or 
nuclear, chemical or biological attack. 
Where the philosophy of operation is different (for example control- 
ling damage and fighting fires rather than abandoning ship). 
Where the Service requirement demands a higher standard of perform- 
ance (such as ruggedness, reliability or electro-magnetic-compati- 
bility). 
Ensuring equipment interchangeability or at least commonality of sup- 
port and training across the Fleet. 

An important function of our NESs is that they represent the corporate 
experience of the MOD'S naval architecture and marine engineering pro- 
fessions. Many are vital for maintaining centres of expertise to advise those 
responsible for managing the safety and fitness for purpose of the Fleet. 

MOD standards are constantly reviewed against new developments in 
industry, both at home and abroad, with a careful watch on UK, European 
Union and international legislation (which can apply directly to military 
systems and equipment, for example Marine Pollution Conventions and US 
tanker construction rules). Care is needed not to adopt a commercial standard 
which, though initially attractive, might lead to a heavy through-life cost 
burden. Constant dialogue between the MOD and our suppliers tests the need, 
usefulness and clarity of our standards and today only those considered 
essential to the particular operational requirement are mandated in our pro- 
curement specifications. The old criticism of gold-plating is certainly not 
applicable these days. 



Developments in the warship design process 
Warship design 

A warship is a total military entity designed to operate autonomously for 
long periods. Many complex weapon systems have to be integrated with an 
infrastructure that provides mobility, power, personnel support and protection 
against both the enemy and the hostile conditions found at sea. In the case of 
nuclear submarines, which may be submerged for months at a time, even the 
atmosphere has to be manufactured and sustained. It is all this that makes the 
design and procurement of warships such an enormous engineering challenge. 
There is in fact a large open literature on surface warship design and a com- 
prehensive picture of current UK practice, together with bibliographies, is 
given by ANDREWS' and BROWN.' The design of submarines is described by 
RYDILL and BURCHER.~ 

IN SERVICE DATE (ISD) 

(FIG. 5 )  illustrates a typical programme for a major warship based on our 
current procurement cycle, from the earliest study phase to the In Service 
Date of the First of Class. The concept study phase of design is particularly 
important because, although relatively little money is spent or committed, 
major decisions are made influencing all downstream activities and through 
life costs. The aim of concept studies is to support the writing of a staff tar- 
get from which a technically viable and affordable warship can be developed, 
and to narrow down the key hull, propulsion and combat system options. It is 
obviously important at this stage to maintain an interactive dialogue with the 
customer, i.e. the Naval Staff, with the DERA who advise on emerging tech- 
nology, and with industry as the eventual supplier. These aspects are more 
fully covered by ANDREWS.') 

Until recently-despite lip service to the contrary-the MoD's attention 
has usually been focused on initial development and production costs despite 
the fact that in-service support costs can equal or (more usually for a war- 
ship) exceed them. Because of this we have invested significant effort in 
developing through life cost models so that, from the earliest concept stages, 
design trade-offs can be investigated and supported by investment appraisal. 
Integrated Logistic Support is a discipline that encourages projects to con- 
sider support issues at the early stages and a recent initiative is to include 
some level of support as part of the main procurement contract in order to 
incentivise the Prime Contractor, or to take through-life costs seriously. 



We have also recognized that too little early thought has been given to a 
vital part of a warship-the men and women. To rectify this deficiency the 
MOD has for the last few years put much greater effort into the development 
of 'human factors' research and now mandates projects to develop Human 
Factors Integration programmes. Human factors issues are defined by six 
domains which cover: 

Personnel requirements 
Human engineering 
Environmental ergonomics 
Training 
Accommodation and habitability 
Health hazards and system safety. 

We have been very successful in reducing the manning level in ships, but 
now appear to have reached a point where the training of naval personnel 
and the maintenance of branch structures is equally important. A study is cur- 
rently under way to examine this trade-off. 

Combined Operational Effectiveness and Investment Appraisal (COEIA) is 
the process that allows the results of operational analysis and costed design 
options to be evaluated from an early stage to enable the most cost-effective 
choice to be made from competing options. Originating in the US i t  is prov- 
ing a valuable aid in our decision making process. 

The project organization is formally set up following the approval of the 
staff target when a project manager is appointed. One of his or her key tasks 
is to develop the whole procurement strategy, within broad policy guidelines, 
for the subsequent project phases. Two of the most important elements of our 
cul-rent warship procurement strategies are competition and, as far as is prac- 
ticable, 'whole ship' procurement through a Prime Contractor. Here. the 
Prime Contractor has to assume full responsibility for all aspects of the 
design and build of the ship including the integration of the combat system. 
This approach follows Government policy for the devolution of design 
responsibility to industry, and the transfer of financial risk from the MOD to 
industry. The ship design and build task taken on by industry is itself a high 
technology process, utilizing computer-aided design and manufacture with 
advanced modular outfitting ~8 the ship, under cover before launch, followed 
by ship integration and trials. 

One of the strengths of the MOD'S current approach to procurement is the 
rigorous scrutiny and approvals process designed to keep projects on track. 
However the overall timescale of projects using this process is very long, 
which tends to increase cost and prevent us getting new technology into ser- 
vice in a timely way. We are therefore looking at the way in which new 
initiatives used by industry, such as concurrent engineering, might shorten the 
process without compromising the necessary checks and balances. 

It is worth saying something at this point about recent developments 
affecting ship safety management. Ships and submarines are complex and 
often unique constructions. Whilst NOAH is often claimed to be the first naval 
architect (actually God is, if one reads Genesis properly!) he only needed to 
construct the Ark to survive the Flood and subsequent grounding. For modern 
warships, there are many other hazards to consider through fire and collision, 
sabotage and terrorist attack to full-scale enemy action. The warship often 
contains many potential hazards not found in merchant ships such as explos- 
ives and aviation fuel (sometimes unavoidably stored close to the crew), 
weapons and, in the case of submarines, nuclear material. 

The MOD regulates its own safety standards, since its ships are not gener- 
ally subject to civil mercantile statute and the Royal Navy has a very good 



safety record. However, following Piper Alpha and other recent serious acci- 
dents at sea, we commissioned a study on the existing safety management of 
our ships to draw a comparison with best civil practice. Broadly the con- 
clusion was that despite the good safety record, the formal organization of 
safety lacked cohesion and lines of responsibility needed to be re-drawn. 

As a result a top level Ship Safety Board has been established to set and 
monitor policy, chaired by a member of the Navy Board with representatives 
from all the senior MOD line managers with responsibilities for ships and 
their equipment. The scope covers the design and procurement, in-service 
support, operation and training of all floating vessels used by all the Armed 
Services. 

The employer's 'duty of care', and safety legislation which places obli- 
gations on everyone are the driving forces. The MOD is subject to the Health 
and Safety at Work Act and both corporate and individual responsibilities in 
law must be addressed. The Secretary of State for Defence additionally 
requires that where the MOD is exempt from statute our safety arrangements 
are at least equal in standard to the requirements placed on civil activities. 
Thus we liaise closely with both the Health and Safety Executive and the 
Department of Transport Marine Safety Agency with the aim of applying 
'best practice' wherever practicable. 

The recommendations of Lord CULLEN and others have been adopted to 
form the basis of a safety culture throughout the MOD. As the largest ship 
owner and operator in the UK, MOD policy now leads the way by requiring a 
safety case to be prepared for all new ship designs and maintained throughout 
the ship's life. This has long been the practice for submarine nuclear propul- 
sion plant. The framework is in line with Health and Safety at Work princi- 
ples to reduce the risk of death or major injury to the crew and third parties, 
or harm to the environment to as low as reasonably practicable. Thus the cost 
of removing or mitigating a hazard is weighed against the reduction in risk 
that can be achieved. 

The responsible line manager is considered best placed to decide and 
enforce the most appropriate safety criteria to suit local circumstances. 
However, the MOD retains centres of professional expertise to set basic safety 
standards, to audit and to offer advice and it is a mandatory requirement that 
line management decisions affecting all aspects of safety are recorded and 
independently audited. Safety certificates are required for each ship to cover 
hazards including stability, strength and magazine safety. 

Developments in Computer Aided Design (CAD) 
CAD is extensively used by the MOD for warships at both concept and 

detailed design stages. The scope for extending what to date has been primar- 
ily data base and analysis software into sophisticated 3D modelling and simu- 
lation based design currently has our attention. 

CONDES 
CONDES is a desk top warship concept design tool." Its origin can be 

traced back to the mid 70s when it was realized that the computer could per- 
form repetitive calculations more rapidly and reliably than an assistant con- 
structor using a calculator. 

The program creates a balanced design solution by performing successive 
iterations until the demands for space, weight and static stability are satisfied. 
Balance is achieved by altering the major hull dimensions. Actual system 
weights, volumes and areas can be used when known, but it is the responsi- 
bility of the designer to develop suitable scaling algorithms defining the 
relationship between space, weight and volume for each component of the 
ship when actual values are not available. He or she is assisted in this by a 



database of previous ships, which is an integral part of the program. The 
designer can select appropriate type ships, input type ship data to the algo- 
rithms, and plot the results thus providing graphical confirmation of algor- 
ithm accuracy. 

Selection of suitable algorithms is the most time consuming part of the 
concept design process and relies upon the experience and professionalism of 
the naval architect. Having defined the ship with the appropriate number of 
algorithms (120 are used in our current aircraft carrier studies) the balance is 
performed talung account of design requirements and constraints such as 
complement, standard propulsion plant or length limit for dry doclung. The 
output lists all the specified design requirements and a design solution in the 
form of weight groups, hull form, stability, speed and power providing the 
data to generate estimates of cost. 

Other elements of the CONDES suite allow hull form viewing and predic- 
tion analysis. For more detailed analysis of seakeeping, hydrostatics, damaged 
stability or strength the designer must use the more capable GODDESS 
analysis suite. 

CONDES is a well proven tool, which a competent naval architect can 
pick up in about a week. It is particularly good for trade-off studies on var- 
iants of a baseline design. The skill lies in developing appropriate algorithms, 
and in manipulating hull form parameters to provide a satisfactory design 
compromise. It is, however, restricted to monohull surface ships and it is dif- 
ficult to be innovative since algorithms tend to be based on type ships. Its 
lack of a layout capability makes it necessary to interface with AutoCad, 
although work to develop computer-aided warship layouts at the concept 
stage is in progress at UCL under PROFESSOR David ANDREWS. 

Because CONDES is limited to monohull surface ship designs we have 
recently developed, through a contract with Kockums Computer Systems, 
submarine concept design software called SUBCON. This utilizes up to date 
computing technology and, in contrast to CONDES, enables the designer to 
operate in an intuitive and interactive way using graphical manipulation. In 
the jargon, i t  is object oriented. 

Instead of defining the requirements for payload, propulsion, outfit and 
structure in terrlls of weight and space algorithms, the component parts of the 
ship are defined by functional building blocks. Each 'block' may be a sur- 
face, for example a deck, pressure hull, or an equipment like a main turbine, 
propeller shaft, or a compartment. Each block is associated with a high level 
submarine function; float, move, fight or infrastructure. 

A commercial CAD package, INTERGRAPH EMS, generates the building 
blocks and allows blocks to be associated one with another so that if the 
gearbox is repositioned the propeller moves as well. EMS together with some 
custom code calculates the volume, area and global Centre of Gravity (CofG) 
of each block and automatically recalculates whenever the attributes of any 
block are changed, or if the block is repositioned. All the building block data 
is stored in an ORACLE relational database, a commercial software package. 
I t  allows the data to be interrogated and manipulated, so that weight summa- 
t ion~,  CofG and total chilled water demand (for example) can easily be deter- 
mined. 

Report generation is an important feature of the SUBCON suite, which 
allows the designer to review graphical and tabulated results using multi-win- 
dow screens. A full report can then be generated by using a desk top publish- 
ing facility within SUBCON. The report can include pictures showing the 
building blocks, lists of assumptions, decisions and level of confidence, and 
plots of user defined attributes. 



GODDESS 
Our GODDESS suite ~ 2 f  desktop computer aided design and analysis sys- 

tems is well established and provides 3D modelling and visualisation of 
complex and novel surface ship and submarine hull forms and compartments 
with rapid and accurate prediction of stability, powering, seakeeping and 
structural strength. Different hull forms may be compared during concept and 
feasibility design stages and the detail and depth of analysis has increased 
considerably with a corresponding increase in confidence in the resulting 
design. (FIG. 6) illustrates images, extracted from GODDESS, of trimaran 
and frigate models. GODDESS is also widely used for design support of the 
in-servlce fleet, to check the effects of the results of tests and trials. 

E'lci.  6 - S K E I ~ I ; T O N  MODEL O F .  A T R I M A R A N  (TOP) A K D  'RI ;NL)~;I<ED'  17KI(;ATE [\IOI>El. (ROTTOM)  

EX.I.R.ACTEI1 FRORI C;ODDESS 



Future computer aided design developments 
Warships are too expensive and produced in too small numbers to justify 

prototypes. The trials of a First of Class warship are therefore the first time 
that the totally integrated ship and weapons system can be proven. The risks 
inherent in this are mitigated during design development by the use of 
models and mock-ups and shore development and test facilities for propul- 
sion and weapon systems. However, even these are expensive. Recent dra- 
rnatic advances in computer simulation should provide the means to validate 
requirements early in the design process and certainly prior to hardware con- 
struction. This will involve manufacturing a virtual prototype in the computer 
which can be tested and subject to operational checks in a virtual world. 
Future computer-based models using data exchange standards such as STEP 
will provide through-life exchange of information with industry for design, 
production, materials, planning and support. 

This development is related to what the US Department of Defense calls 
Continuous Acquisition and Life-Cycle Support (CALS). The MoD's 
approach to CALS implementation has been through the Computer 
Integration of Requirements, Procurement and Logistic Support (CIRPLS) 
programme which has initially been concerned more with business processes 
than the integration of computer infrastructure and associated technologies. 
Issues to be resolved include the: 

Introduction of a through-life information architecture and consistent 
data management 
Sharing of data with industry 
Potential impact of concurrent engineering on procurement practices. 

The future fleet 
The fleet of the future may be expected to take advantage of the emerging 

technologies I have described. It will also be affected by broader develop- 
ments in the Royal Navy. An o ~ ~ r v i e w  of the future Navy was given by the 
Controller of the Navy in 1995. A r n o ~ ~ ~ r a d i c a l  look into the future, from a 
US perspective, was published last year. I will therefore confine myself to 
a brief resume of the concept studies now under way for the next generation 
of Royal Navy warships. 

1 have mentioned the long lead time associated with our cun-ent procure- 
ment and approvals process, and the time required to design and build the 
first of a new class of major warship. This makes it necessary to consider the 
need for a replacement capability at about the mid life stage of the existing 
first of class ship. The available options might range from doing nothing , 
because a particular threat no longer exists, to providing a capability by other 
means (such as aircraft). Decisions can only be made as a result of 
Operational Analysis (OA) studies and subsequent evaluation of alternatives 
in cost effectiveness studies, leading eventually to a detailed COElA as men- 
tioned previously. 

The PE s Director of Naval Architecture and Future Projects (DNA&FP) is 
responsible for producing warship concept designs in support of the OA and 
performancelcost trade off studies. DNA&FP uses the design computing aids 
previously described, and integrates the results of specific marine engineering 
and combat system studies (which are usually contracted out to industry). 
These concept designs then assist the Naval Staff in preparing the staff target 
if the need for a new class of ship is apparent. 



Future carrier 
The first of the INVINCIBLE class carriers is planned to be decommissioned 

early in the next century, and the SEA HARRIERS carried reach the end of their 
planned lives a little later. The only funded Short Take Off Vertical Landing 
(STOVL) development programme capable of providing the required super- 
sonic replacement for the HARRIER is the US STOVL Strike Fighter. The UK 
signed a Memorandum of Understanding with the United States to enable us 
to participate in the Concept Demonstration Phase of the programme and 
contracts were awarded last November. 

Pre Feasibility Concept studies are underway to explore the carrier design 
options, and a range of concept designs has recently been completed by 
DNA&FP to establish the relationship between the number of aircraft carried 
and the ship cost. The requirement is likely to be weighted towards air 
defence and strike capabilities, with less emphasis on the anti-submarine war- 
fare role for which the Invincible class were designed. Current studies are 
focusing on variants of a baseline design carrying 20 STOVL aircraft, includ- 
ing a development of the Landing Platform Helicopter (HMS Ocean) design 
and, as a contingency measure, Conventional Take Off and Landing (CTOL) 
options. 

Futurc escort 
The Type 22 and 23 frigates will also start decommissioning early in the 

next century, so preliminary studies have recently started to consider the 
options for a new class of frigate, currently known as the Future Escort, to 
be built on completion of the Project HORIZON programme. Design studies 
undertaken by Naval Architecture MSc students at UCL and by DNA&FP 
have indicated that a trimaran hull form could offer the cost and operational 
advantages over a monohull which I indicated earlier. 

An extensive R&D programme is now underway to confirm the theoretical 
powering advantages of the trimaran and to provide a good understanding of 
other hydrodynamic, structural, stealth and vulnerability issues. 

Future attack suhmarirze 
Given a continuation of the reduced threat from Russian third generation 

nuclear submarines in the North Atlantic, there may be a case for a new bal- 
ance of capabilities in the Future Attack Submarine, which is expected to fol- 
low the Batch 2 TRAFALGAR class. We expect demands from the Defence 
Staffs for greater capability against diesel propelled submarines, for more 
flexibility in role changing, the ability to transit long distances at high speed 
but operate at slow speed in shallow water, and capacity for substantial satel- 
lite and other wide band-width communications. The latter will be needed to 
assist the more integrated sea/land/air/space operations expected in the future. 
Current concept studies are addressing these issues as well as the ever present 
demand for better value for money. 

Llevelopments in the procurement process 

One of the ways in which we attempt to obtain better value for the 
taxpayers money, as well as other benefits, is collaboration with NATO 
Navies. There are a number of bilateral exchange agreements with the US, 
French and Dutch Navies which are increasingly active, as well as regular 
meetings and briefings with other countries at both NATO and bilateral level. 
The most visible manifestation of collaboration is joint procurement pro- 
grammes, such as Project HORIZON, but we are also active in sharing more 
generally the costs of R&D programmes, in the reciprocal purchasing of 
equipment and in the harmonization of requirements and standards. I believe 
that this will lead to increasing collaboration on warship procurement, even if 



not all aspects of UK procurement policy align with those of our European 
allies. 

As we have seen, the quest for value for money in UK defence procure- 
ment has resulted in: 

A general move towards competition 
The transfer of risk and responsibility to Prime Contractors 
Taut contract conditions 
Increasing acceptance of commercial standards 
Commercial funding initiatives. 

This requires an even higher level of technical and project management 
professionalism in industry. It has also created a major change in the nature 
of the work done in the PE and a corresponding change in career pattern of 
our professional engineers. Nevertheless, we must ensure that we can keep 
up with industry-and with collaborative partners-as 'intelligent customers' 
able efficiently and effectively to manage the procurement programme. We 
are being helped by our recent move to the purpose built site at Abbey Wood 
outside Bristol. For the first time in the MoD's history all branches respon- 
sible for the procurement of defence equipment have been brought together 
comprising some four and a half thousand engineers, scientists and adminis- 
trators. Opportunities for cross fertilisation of best practice between Royal 
Navy, Army and Royal Air Force procurement will be greatly enhanced by 
this collocation. 

Even so, and despite warship concept design work being led in-house, this 
is insufficient in itself to train our new engineers to the level of understand- 
ing necessary to be 'intelligent customers' for warships. We therefore still 
find it necessary to sponsor specialist short courses and longer postgraduate 
courses tailored to the study of warship design and engineering. The courses 
at UCL are internationally renowned in the field of warship Naval 
Architecture, and the UCL MSc in Marine Engineering (with mechanical and 
electrical options) has recently been adopted by the Royal Navy for the 
advanced level training of its marine engineer officers. A more general MSc 
in Defence Systems Engineering at UCL is also supported by the PE, in rec- 
ognition of the fact that our best people will need increasingly to be multi- 
skilled system engineers and project managers. To complement such training, 
we seek to second a selection of young engineers to the DERA and to indus- 
try for 'hands on' experience of design and development work. Ironically, the 
demand for our secondees from the warship building industry, which has tra- 
ditionally not put such emphasis on postgraduate training, is often greater 
than we can satisfy. 

Having said that, in parallel with the transformation of the PE into a leaner 
and more cohesive organization we are aware of, and preparing to accommo- 
date, the significant changes which are underway in industry, both technolo- 
gically and structurally. I believe that this could soon lead the MOD to adopt 
a more 'partnership-oriented' approach on major contracts. This would need 
to retain the benefits of competition (where possible) and taut contracting, 
while allowing more of a joint approach to problem solving. This would, I 
suggest, best use and sustain the available talents of both industry and the 
MOD in the vital and exciting task of warship procurement for the Royal 
Navy. 
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