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In planning the enhancement of adefence capability to meet a gowngthee wthin amazng ciicouias~t t is
ivnvaial necessary, and is current practice in all NATO countnes. to consider variagoptions forimproveuntofesisting
weapon systemnas an altemnative to embarking on totally new syatemn concepts. A wide range of tdinica options are now
available to improve the overall performance of a weapon system Many of these features ame equally applicabl for
embodiment in new designs or in existing combat aircraft In considering these varied oPtions, coat and efectiveneas remain
the common constraints.

The intention of this AGARD umlti-panel symposium was to preaent the audience with examples of typical
requiremnts for these types of programimes and to give overviews of the most relevant technical disciplies, showig the
highlights of the most promising future trends and to comment on examples of realised or planned programmes. Though the
technical scope of the symnposium was very broad with active contribution from six AGARD Panels (FM?, P, SMW PEP,
GCP, AVF). dewS statements and trends were projected in the individual presentations, discussion and in the Mial Round
Table summary.

(The following observations summnarse the actual situation and future trends

L -0 Design requiremnents are heavily dependent on the individual mission profile. The PepPenetration mission require
highi thrust levels, low radar croas-sections, sophisticated ECM-equipmen = ='mrtTn-off weapons Close Air
Support needs high flexibility according to changing special scenaios. Air-to-Ar requires early tsgW recognition, Beyond
Visual Range fighting capability, high climb rates and maxirmum speed, and aso high agility f close-i combat is to b
considered. A reduction of life-cycle cost is always a prime requiremient and should be achieved through a high degree of
relability and easy maintainability.

As iiiyaauk,

-Fuur aerodynamic trends are directed towards vortex lit hig angle of attack capability and weapon integration and
separation technique.

The propulsion induistry is presently confronted with the technical realisation of may high expectations with respect to
higher thrust to weighit ratios; dry operation; low speed/high angle of attack capability; increased bleed sir and auxiliary
power, vectored thrust, simplified control and all with lower costs, longer life-tie and simplified mtennc.

Structures anw Mtftal

The key problem vnh the new materials is the production cost, wihstill has to be lowered, combined with increased
damage tolerance and simplified repair schemnes. Future trends are highe temperature resistance and simpler production(methods for the basic materials.

GuldaIe, Control sadl Awleaes:

Future trends will concentrate on more mission-oriented flight control system, care-fee handling capabilities and
highly integrated avionics (particularly direction of fire/fight control). A major problem for future research reman
'situation awareness", whete the integration of new sensors offers high returns.

KLWUNNENBERG
Co-Cheirmanm,
Progranun Conunittee &
FM? Manner
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KEYNOTE ADDRESS

by

LL Gen Eng. L.Giorgieri

Ladies and Gentlemen,

it is with peat pleasure that I welcome you to this 68th Symposium of the AGARD Flight Mechanics Panel.

The subjects which will be presented by so many weli-qualified experts address one of the most fascinating topics which
can be debated today in an aeronautical forum, that is, the present and future of combat aircraft from various points of view.
It is therefore with great interest that all of us will follow the papers which have been submitted and which will give you a
panoramic view of what is being studied and realized today in several countries of the Atlantic Alliance in the sector of
combat aircraft We cannot omit our thanks to this vital organization - AGARD - which, since its foundation so many
years ago, has gained so much goodwill in sponsoring these periodic meetings of the major aeronautical experts from both
sides of the Atlantic.

The subject of this symposium seems to me to be particularly interesting: "The Improvement of Combat Performance in

Present and Future Aircraft". Why is it continously necessary to seek an increase of performance in this sector? The
question, even if a little rhetorical, is not without importance. It is, in fact, not only a question of simple technological fallout
as a function of technical and scientific progress, but rather a continuously developing competition with the objective of
improving even more the cost-effectiveness of available weapon systems or those under development.

Al] countries have finite budget availabilities to be dedicated to defence, and this defence is the more credible the higher
the cost-effectiveness of the equipment used. The parameters of effectiveness are found in the types and quantity of
equipment and in the characteristics and performance of the platforms used to the best advantage. By optimizing the
combination of equipment and performance, new operational philosophies emerge which can materialize as new military
requirements formulated by the operational staffs to better meet the military needs of their country. This is possible by
innovative mid-life improvements of existing weapon systems, or by the design ex novo of new systems. In fact, if the defence
requirement becomes more stringent, the effectiveness of available instruments is consequently decreased and this is
acceptable down to a minimum point beyond which modernisation is necessary.

In the last few years there has been an increase in numbers of aircraft of opposing forces, and these have become more
competitive as on-board equipment has improved which has helped to quickly overcome the qualitative gap of the past.
Possible aerial combat measures against these machines will require operational capability in an extremely dense
electromagnetic environment to reduce the efficiency of sensors installed in Western aircraft of the past generation. If then
one looks at the defensive capabilities of the Warsaw Pact countries, to evaluate the probability of success of an air attack
against internal targets to reduce their remaining offensive capability, it is seen that these countries appear to have effective
surveillance networks capable of scanning the entire radar electromagnetic spectrum, making more and more problematic
the planning of a penetration mission.

Defensive and offensive Western equipment must be forged, foreseeing hypothetical (though unwanted) battles in more
and more difficult conditions, which requires continuous innovative efforts. But modifications to aircraft already in the
inventory, or new aeronautical programmes, require heavy expenditures for national economies, and therefore any decision
on this matter must be carefully pondered.

With my current responsibility for Aeronautical Procurement in the Ministry of Defence, I have the opportunity of
feeling continuously the pulse of aeronautical programme cost trends, ever more complex, whilst continuous contacts with
the General Staffs allow me to follow the evolution of the threat which represents the main factor in the definition of the
requirements themselves.

I have been able to se that this evolution of the threat has become faster so that our aircraft, conceived to operate
effectively over a span of 20 years, risk becoming operationally obsolete a lot earlier, mainly in the avionic field and
particularly regarding sensors. Therefore, whilst the aircraft as a platform remains unchanied in performance and fight
qualities, as a weapon system it is forced to follow the changing threat through mid-life improvement of its sub-systems, both
in strictly technical and in geographical and political terms, which are much more complex.

Amongst the titles of the papers that will be given, we see this important chapter of updating of existing aircraft

caaiiis
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However, if the modifications required to meet new exigencies are too extensive, one may be compelled to acquire a
new system. It is here that every administration is confronted with the dilemma either to continue to invest in existing
equipment or to replace it. Only analyses of cost-effectiveness can show the choice to be taken, provided that they take into
account the effectiveness of the military instrument, the needs of the industrial content connected with it, and of all the
various items of cost, that is, development, industrialisation, production, maintenance and finally disposition of the
equipment. In any case, whether we are confronted with a weapon system mid-life update or the problem of realising a
completely new machine, one can see the strong reliance of designers on the most recent technological resources made
available by basic research.

Today a combat aircraft is required to operate in the presence of multiple targets, in a hostile electromagnetic
environment, and without any fundamental contribution coming from outside; that is to say, in the final analysis, it must have
available equipment which will allow it to carry out the foreseen mission, completely autonomously if necessary.

Performance, in terms of war load to the target or manoeuvring capability, increases with the lightening of structures,
made possible by the use of new materials such as glass and carbon fibres, with the increases of temperature which can be
imposed on turbine blades and combustion chambers, and with the utilisation of aerofoils and shapes with low drag also in
the transonic zone, whilst the capability of carrying out attacks further away is increased as is the ability to oppose the
enemy's sensors with electromagnetic, opticai or optoelectronic decoys.

p The development of a miniaturized technology for controlled energy emission in radio frequencies, and for the analysis
L of the signals that can be detected, has made available within the slender body of a high-performance aircraft further

capacities for intervention, amongst which predominates the possibility of acquiring moving targets, both on the ground and
in flight, even at great distance, thus allowing the fullest utilisation of the potential qualities of the air-to-air missiles available
today. All this is of particular importance if one considers that an aircraft with a longer "arm" can carry out an attack from
advantageous positions because it is outside the reaction sphere of the aircraft under attack, that is to say, outside that
volume within which the law of large numbers establishes exchange ratios tending to 1.

There is a further new scientific sector which is having a significant effect on future combat aircraft; it is that of passive
sensors which, by silently exploring the electromagnetic spectrum from radio frequency to the ultraviolet band, supply useful,
vital information during all the phases of the mission without revealing the presence of the aircraft even in bad
meteorological conditions. Finally, equipments begin to be realised which increase the capability of that most important of
human sensors: sight! So-called "visionic" equipments can penetrate the darkness of night, or perturbed atmosphere, and
allow the pilot recognize a runway without fights, and fixed or moving targets. Operations thus made possible can also be
carried out in the passive mode (that is, without emissions which may attract the attention of the enemy), thereby achieving
increased survivability of the aircraft which can further increase its overall probability of success if it also reduces signatures
caused by other energy emissions. Thus it is that in new aeronautical projects these aspects are taken care of by covering in
parallel area such as:

- the reduction of the equivalent radar surface;
- the reduction of IR signature;
- the reduction of visible band signature;
- the reduction of acoustic signature.

What we have said so far confirms ti j- tendency seen on modem equipment to use ever more sophisticated technologies
for miniaturisation which permits, within on-board weight and volume limitations, a growing number of specialised and
sophisticated functions and allows great flexibility of utilisation and role. We see, ever increasingly, aircraft with air-to-air
engagement and ground attack capabilities which achieve very high precision and performance in two technically very
different roles. The same machine, carrying weapons of diverse types, and with extremely fast reconfiguration time between a
mission in one role and that of another, can effect two interventions of different types, because its sensors and integrated
systems for signal analysis and data processing so allow even if its architecture, shape of wing, and powerplant are more
typically specialized for a single role.

Today's avionics therefore make possible a different concept of the multirole aircraft with favourable cost-effectiveness
ratios. It is in fact possible to state that, with the same economic allocations and times available for upgrading or modification
of a weapon system, often one obtains greater benefits in operational terms by concentrating on black box improvements
rather than extensive work on the structure and powerplant.

What I have said should be taken in relative terms, because a weapon system is a homogeneous and integrated unity, so
that every modification reqires verification of the entire design, One can, however, use the example of the Tornado aircraft.
which, with its basic configuration for penetration and ground attack, validly demonstrated by the results achieved to date,
even in international competitions, can also carry out an efficient anti-ship role with minimum avionic modification, and can
become a powerful long-range CAP interceptor with modification which, in this case, extends to the acquisition, aiming and
armament launch systems and the development of thrust. Furthermore, the various versions permit great benefits in a
standardized logistic structure.

There is no doubt that the realisation of the air defence variant of Tornado did therefore cost less, in life cycle cost
terms, than the expenditure necessary to develop and acquire a new specialised machhn, and it is equally interesting to note
that the imerceptor so achieved has become available in a very short time, having benefited from that characteristic of
electronic systems of having development, modification, and fialisation times which are much faster than parallel
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changes in ite airframe and engine fields. In terms of performance, one can observe that an increase, for instance, of useful
load capability of the order of 20%, or a parallel reduction of specific fuel consumption, costs more than doubling the
offensive capacity in terms of radar range or number of targets that can simultaneously be kept under control or attacked.

The above appears to be connected also with the fact that the progress which can be achieved in the traditional areas of
flight mechanics, propulsion and structures, are less "explosive" than the sectors in which a new knowledge of the intimate
nature of matter has opened areas practically unexplored as in the sector of electronics and optics, both coherent and
incoherent, with the relatively easy realisation of equipment with functions, information horizons, and operational
capabilities which are much wider and more effective.

In this particular historical moment, whilst research must follow the new paths indicated by thrust vectoring, propfan,
negative sweep wings, one has undoubtedly immediate operational benefits from the utilisation of pulse-doppler techniques,
of CMT sensors (telluride of cadmium and mercury), of distributed computerized systems, of data distribution on electrical
bus or, better, by fibre optics, of integrated cockpit presentation and ergonomic and instinctive controls.

In the field of possible examples of the up-dating of the vital elements of a weapons system one may notice, amongst thevarious papers to be read, one presented by an Italian group upon the FI04S aircraft. This elderly aircraft is a demonstration

of how a good platform, with performance still worthy of respect today, can have the potential to allow an updating operation
of its avionics and armament, still extremely interesting from the point of view of cost-effectiveness, and can provide a valid
response to those duties assigned by the Alliance to Italy.

However, the most fascinating aspect of this Symposium is, naturally, that covering the new programmes where
tendencies and results from so many diverse sectors converge simultaneously and become concrete concepts in the
realisation of a new machine. And it is this "harmonisation" that is the most complex and interesting part.

A rapid run through the titles, demonstrates that not one of the significant areas has been omitted, or forgotten, in the
works which will be submitted to this Symposium. A further motive which makes this meeting particularly interesting to us in
Italy, and to some other European countries, is the fact that we are now launching the international programme, EFA, to
realize a fighter which should be in service in the years 2000 and which should therefore "harmonize" within itself those
concepts and results deriving from various sectors like aerodynamics, propulsion, avionics and, certainly not last, equipment.
The EFA programme will be, as is well known to everybody, an international programme in the wake of the MRCA
Tornado, that first great European operation in the Military aeronautical field. I have defined it a "great" operation, not by
chance, and not only because of the number of aircraft involved or the validity of the product which has resulted, but for the
indisputable "Europeanising" function that the realisation of this aircraft has brought about, both in industrial and
operational terms. Norms, construction standards, manufacturing processes, training syllabuses of crews and technicians
have been made homogeneous, if not unified, in a part of Europe, overcoming in many cases existing superstructures and
national procedures. Without any doubt it has been an important operation which has required great efforts and heavy
financial burdens, but it has created that connective tissue in part of Europe upon which, so much more easily, future
collaborations can be superimposed, like EFA, which we believe - indeed we are sure - will not only be a magnificent
aircraft but will increase even more this unification process between nations which has been so helped already by Tornado.

But apart from these merits, which may seem idealistic, a clear financial and industrial reality exists in countries such as
Italy. The realisation of sophisticated machines of elevated technological level involves extremely high non-recurrent costs,
so much the higher, the higher the new technological content to be developed, and in the case of an aircraft of the category of
EFA it is obviously extremely high, given the type and the level of threat which it will be called upon to counter. It follows
that the non-recurrent part of the costs to be spread over each aircraft can become acceptable or bearable for countries such
as ours, on condition that the number of machines is extremely high, much beyond the requirements and possibilities of any
single country. This is something, of course, which is very obvious to an audience such as the one that I am addressing today.

I wish rather to emphasize an aspect of great importance, which is correlated to what I have just said, on international
collaborations. It is, that the international way is not the sole solution for all aeronautical programmes; it became necessary
only for the most ambitious ones, such as EFA. The way exists for a whole series of programmes of variable complexity
which can still be realised, even nationally. In particular, one could take the example of the approach followed for the AM-X
programme, a tactical support aircraft developed by Italian Industry for the Italian Air Force, the foreseeable success of
which has led to an external bilateral collaboration with Brazil. This solution, realisable within the technological and financial
possibilities of the country and drawing upon know-how in great part already available, proved from the first prototype
phase to be extremely valid within the limits, naturally, of a certain type of missions and for a given threat level.

In closing, I would like to say a few more words on what we are about to hear.

Aeronautical development cannot, within limited budgets, find an ideal development environment, but one must have
the courage, beyond financial possibilities, to launch programmes in which, more than improvements, one can see a
revolution. This phenomenon, which can occur only periodically, for obvious reasons, finds in this forum, in the paper on the
X-29 Programme, one of its most interesting examples and it is also a first for European forums. Once again our American
friends present themselves to the aeronautical world with ideas and technical solutions of great interest and prospect. even
more so bearing in mind that in the United States the ingeniousness of technicians, the strength of the technical, scientific and

industrial organisation, as well as political support, pull very often in the same direction.
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Due recognition of what the United States represents in the aeronautical field cannot allow us to forget the contribution
of papers presented to this forum by other European countries. France and the United Kingdom, leading countries in
Europe, are here with a large quantity of papers on various subjects, which reflects the vastness of their interests and
involvement in an fields.

In closing, whilst thanking again the AGARD organisation, which has given us this opportunity of meeting together, and
thanking all of you for taking part in this fortm, I wish everybody a useful working week.

PD
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COST ANALYSIS OF AIRCRAFT PROJECTS

by
D PADDY

Director, Project Time & Cost Analysis

Procurement Executive
Ministry of Defence

St Giles Court
1 St Gil:: High Street

London WC2H 8LD
England

SUMMARY& m-The paper reviews the effect of advancing technology on the cost of past aircraft
and the implications for the future. The validity of historical records for forecast-
ing a future dominated by technological change and the consequences of continued
escalation are discussed. It is argued that more priority needs to be given to the
reduction of support cost and a way of looking at this as a direct contribution to
military capability is suggested. The role of operations research is briefly emphasised
and a more deliberately evolutionary approach to the production of aircraft is advocated.

INTRODUCTION

The coat of improvements in performance has become an increasingly important issue
over the years and it is a privilege for one whose principal concern is forecasting the
costs of future projects to be invited to speak at a symposium of improvements to
performance. It is also reassuring to see cost mentioned so many times in the descript-
Ion of the symposium. It was not always so - it is a consequence of an apparently
inexorable rise in defence equipment costs which was recognised some years back as likely
to completely counterbalance the benefits of advancing technology in countries with
constrained defence budgets. Even so, I find myself one of very few speakers who
explicitly refer to costs or economics in the title of their papers. I have taken the
view, therefore, that I ought, as far as I am able, to provide you first with a review
of the cost implications of advancing technology as applied in new projects which can
act as a background for your later discussions of the technological opportunities avail-
able for improving current aircraft. To do so I shall take advantage of a great deal of
work done by colleagues in my directorate and by others, to all of whom I am most
grateful, but the views I shall express are my own and not to be attributed to the
Ministry of Defence.

It has been usual in talking about costs in the past to concentrate almost exclusive-
ly on acquisition costs. But certainly, in the UK, and I imagine in most countries,
support costs have become recognised as increasingly important so that nowadays invest-
ment appraisals of defence projects are required to compare whole life or life cycle
costs. It is difficult enough to forecast acquisition costs but forecasting support
costs is even more difficult because the timescale is so extended. Nevertheless, the
importance of support and operating costs cannot be over-estimated and I shall return
to this theme later.

THE BASIS FOR COST FORECASTING

I should also make some preliminary remarks about the basis for forecasting future
costs. Most 'of us here are engaged In research and development; in other words,
professionally engaged in making the future - a future we all tend to conceive as quite
different from the present, let alone the past. However, all the evidence available as
a basis for forecasting is, obviously, taken from past records and is, therefore, open
to the criticism that It can be of little guidance to a future so strongly influenced
by dramatic technological advances quite unparalleled previously.

In defence of the value of historical records, it must be said that there have
been plenty of advances In technology just as dramatic as those which the future now
seems to offer. A knowledge of how these were incorporated in subsequent production
is a guide to how current advances are likely to be Incorporated - and an Indication
of how much attitudes must change if the past is not to be repeated. For example, a
careful analysis of the way changes in technology have their effect shows that they
have frequently failed to achieve their potential as quickly as was prophesised by
those most concerned with their gestation. It is not always appreciated nowadays how
long it has takqn for the fly by wire concept or for carbon fibre materials to be used
in production aircraft. Both of these revolutionary advances were being heralded in
the early 1960s as likely to have a radical influence on aircraft within a few years.
Thus, hard evidence of the statistics of past cost escalation and programme overruns,
as opposed to personal anecdote, can cast a great deal of light on the probable progress
of emerging technological change even when this Involves entirely new principles. It is
necessary, however, to qualify this last remark. All forecasts based on evidence from
the past - the only conceivable quantitative evidence - involve the assumption that the
organisationa concerned will behave exactly as in the past. Thus, such forecasts are

I 3
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eminently falmifiable. For example, all aircraft suffer from weight growth during
development, principally for two reasons; a natural failure to fully appreciate the
difficulty of meeting the original specification and a tendency for the requirement to

increase during development as perceptions of the threat and of the aircraft's role

change (Figure 1). This weight growth leads to cost increases and delays which are to

a considerable extent avoidable if, Instead of being regarded as of paramount importance,
the specification Is relaxed in the interests of maintaining cost and timescales. Thus,
where it is clear that projects are to be managed In this way, it is reasonable for cost

forecasters to modify esLimates based on historical evidence. Unhappily, good intentions

are not enough - in most countries they have been a universal feature of decisions to
enter full development. To some degree, therefore, cost forecasters find themselves in
the position of Cassandra in Greek mythology - gifted with knowledge of the future but

doomed never to be believed!

Of course, cost estimates have not always been accurate enough to be of Much use.
This is illustrated for UK aircraft projects In Figure 2 which shows the ratios of final

development cost outturn to estimates made at the start as a function of the date on which
full development commenced. This is an updated version of an illustration from a paper
by one of my predecessors (1). A similar pattern based on US experience ham been

demonstrated by Augustine (2). The mid-i960s clearly represents a turning point after

which much greater efforts were made, not only to estimate costs more accurately, but
also to control them better and it is at about this time that My own group and similar
ones elsewhere were formed.

COST ESCALATION

Nevertheless, it cannot be said that the formation of independent cost estimating

groups did much to halt the inexorable rise In the cost of successive generations of
aircraft which, although widely recognised, Is probably best documented and explained
by my colleagues Kirkpatrick and Pugh in their 1983 Royal Aeronautical Society paper

(3). They point out that apart from the technological arms race between opposing
nations or alliances, there are several other vicious circles which together accelerate

the trend towards higher unit costs. More effective aircraft tend to have higher
development and unit costs in spite of the improved methods of manufacture which become
available. The increase in development costs of aircraft projects means that a govern-

ment tends to fund new projects less frequently and the Increased technological step
required between genrations further increases costs. Because defence budgets are
limited, increased unit production cost means that fewer aircraft can be purchased
which reduces the scope for learning and the benefit of production investment so

further increasing costs. The overall effect has been a real growth in UPC since the
War of about 8% per annum which has been contained only by a compensating reduction in

the number of aircraft and of types.

Cost escalation at this rate cannot continue indefinitely and there would seem to

be only three possible outcomes:

a. a plateau of capability will be reached or closely approached;

b. the weapon system concerned will be rendered obsolete and
superceded by a new and economically more attractive form of

defence;

C. In contrast to the above possibilities dictated by external

forces, there could be a deliberate policy decision to
consciously and successfully resist further escalation

by management controls on cost.

Although plateaus of capability are reached from time to time, they have always
proved temporary - such is the persistent ingenuity of man. On the other hand, weapon

systems have been rendered obsolete by their unaffordability and replaced by more
affordable methods of offence or defence. The steam-driven big gun battle ship Is a

salutory example but it is not easy to forecast when such a revolutionary change will
occur. In 1957 Mr Duncan Sandys, then UK Minister of Defence, predicted that combat

aircraft would soon be rendered obsolete by much cheaper and more effective land-

launched guided weapons. His prediction may yet turn out to be correct in general
terms but he was certainly wrong about the timescale. Since that time there have
been many declarations of policy at least partly designed to contain costs: for

example, the declarations by the UK annual defence white papers to shift the balance
or Investment from launch platforms, such as aircraft and ships, to the weapons carried
by them. These changes have been successful to some degree but they cannot be said to
have done more than postpone the crisis.

The crucial problem is not, of course, technology itself, but the way in which it
is applied. Many of the technological advances made possible by research can be used
either to increase performance or to reduce cost and in some measure to do both. It is,
the research scientist or engineer might say, the job of designers and of the armed

forces to ensure that research results are applied in the most cost-effective way.

For my part, however, I do not think that such a view can be maintained any longer

and in this I am clearly at one with the organisers of this conference. For one thing,
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the issue of cost has become too critical In the maintenance of a credible defence and,
for another, the relationships between those engaged In research, in design and as
customers in the armed services have now become so close as to make it necessary to
consider them an integrated team. In their enthusiasm to see their inventions turned
to practical use in new equipment research, scientists have in the past been too
Inclined to play down the practical difficulties and cost of translation from the
laboratory to the production 1

1
ne. They need, therefore, to give much more informed

advice on the trade-offs possible between cost and performance and to direct their

programmes much more towards the reduction of cost than they have been inclined to do

in the past.

LIFE CYCLE COSTS

Moreover, R & D scientists and engineers cannot concentrate exclusively on
acquisition costs. It Is conventional nowadays to say that it is life cycle cost which
is important but I am inclined to be more specific and say that emphasis must be much
more on support and operating costs than it has been in the past. Indeed, It has often
seemed that the priority for reducing cost has been directly proportional to the
Imminence of the expenditure and inverseally proportional to its size. Thus, the
priorities have been, first, to reduce development coat and the second to reduce
production cost (which is in total usually larger than development cost) and oniy
third, if at all, to reduce support and operating cost, although that Is usually-much
larger than the other two put together. The reason for this Is the obvious and Immediate
pressure of budgets, so for this reason alone insufficient investment is usually made
during development to ensure high reliability and therefore low support costs. But the
problem Is exacerbated by the absence of any real basis for deciding where, or how much
money it Is worth spending during development in order to reduce in-service costs. Such
relationships have been strenuously sought but so far as I am aware no useful ones have
been found and I am inclined to think that the problem is intrinsically insolvable at
the design stage. Advocates of early investment are nevertheless fond of pointing to
graphs which show that most of the life cycle cost of projects is committed by decisions
taken very early In their lives and concluding that this is when greatest attention
should be paid to, say, increased reliability. Unfortunately, this is true only in a
trivial sense - for instance the decisions to develop a new combat aircraft undoubtedly
commits a much larger sum of money than a decision to develop a trainer. At the earliest
design stage, the 3ot one can say is that the more tried and tested the equipment
included in the system, the greater It 5 reliability is likely to be. Indeed, the moat
powerful influence on reliability and maintainability at this stage is likely to be the
quality and experience of designers and the extent to which they keep that in the fore-
front of their minds as they pore over their drawing boards - or nowadays their computer
terminals. These are not intrinsically expensive activities since metal has yet to be
actually cut - although it might suggest that good designers should be very highly
paid! It Is possible to say from experience of earlier projects what parts are likely
to have a high support or maintenance cost but it is not possible to say precisely how
much money it will be necessary to spend in order to achieve a prescribed level of
reliability. The earliest time at which it is possible to plan to spend specific
amounts of money with a reasonable certainty that reliability will be improved is when
test results from representative equipments become available and the reasons why these
fall short of targets is known. The general and, I fear, impractical, advice to spend
money on reliability early in a radically new project has tended to distract attention
from the opportunities for reducing support costs which occur as data becomes available
during the later stages of development, production and the early stages of operational
use. figure 3 shows a remarkably linear relationship between failures per flying hour
and aircraft empty weight for a range of aircraft with in-service dates between 1955
and 1980. To emphasise the point, Figure 4 shows the number of defects per flying hour
per unit mass is virtually independent of year of entry into service. The aggregated
data does, however, hide the influence of developments in avionics. The period 1955-
1980 covered by Figures 3 and 4 has seen huge reductions in the cost of basic electronic
hardware and similarly large Increase in its reliability per function computed. These
improvements have been almost, although not quite, negated by the demand for vastly
more electronic functions to be incorporated In aircraft and by the unreliability
inevitably associated with much more complicated systems. This growth in demand for
electronics is clearly seen in the proportion of aircraft unit cost allocated to
avionics. This has risen from about 10% in mid-1950s combat aircraft to about 30%
for current aircraft.

If support costs are to be reduced substantially, the designer must be encouraged
to choose the approach most likely to lead to that end. Unfortunately, the convention
of discounting future expenditure when comparing alternative options for future projects
provides little Incentive for decision-makers to give a high priority to reduced support
costs and this attitude is bound to be passed on to designers. However, there is another
way of looking at operating and support costs which may be helpful because it emphasises
their contribution to effectiveness. It is a common-place that reduction in acquisition
costs means that more equipment can be purchased. The same is true of reduced operat-
Ing and support costs - with the added feature that, unlike acquisition costs, they
persist throughout the life of the equipment. Most defence ministers are constrained
to a fixed budget - usually related to the size of GNP - and any change to this involves
a major change of government policy. Such a change, If it involves an Increase, has a

a-
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potentially de-stablilsing effect on international affairs and so is rarely politically
popular. Th'a headroom that exists at any given time between the total defence budget

and the cost of operating and supporting the current force can be regarded as a measure
of the flexibility of the defence force to respond to a previous under-estimation of
the size of the thrjat by the purchase of Increased numbers of equipment or by invest-
ment In research as an insurance for the future. Flexibility in the sense of being able
to concentrate firepower rapidly at any point within a wide area is a highly valued
military capability and one particularly associated with airforces. But flexibility in

this new sense is just as Important a military capability and one to which every

reduction in support costs contributes directly.

At this point, it may be useful to give an impression of the scale and Importance~of reductions in support cost obtained by improved reliability. if the number of defects

occurring per flying hour in the next generation of combat aircraft were successfully

reduced by one third compared to current generations of aircraft - and this appears to
be an achievable aim - the saving in support cost over the life of that aircraft would

be as large as its total development cost. In terms of flexibility to invest the
saving would be sufficient to finance the development of Its successor or to purchase
a reserve of the order of 100 extra aircraft at the end of the planned production line.

OPPORTUNITIES FOR THE FUTURE

Thus, as always, the future holds out the tantalising promise of reduced costs and-

other authors will no doubt be considering the potential of some quite different kinds

of research achievements which have now reached a stage where they can be applied to
aircraft in development and production. Composite materials, aluminium - lithium alloys,
the so-called "fly-by-wire" technology and CAD/CAM represent advances which are quite
different in character. Composite materials, carbon fibre composites to be specific,

have, as I have already mentioned, taken a long time to develop and for a good deal of
that time their potential for reducing the cost of aircraft manufacturewas widely

advertised. Nowadays one does not hear this particular virtue mentioned anything like

so much as their physical properties and associated potential for improving performance.

The Introduction of new materials is generally accepted as risky and risk is in-
separable from cost, at least during development. On the other hand, new manufacturing
techniques tend to be introduced when it is clear that they have a cost advantage over

earlier methods. Since the old methods remain as a fall-back in case the new methods

fall to fulfil their promise, the change of method is relatively risk-free (4). The
really major risks are associated with such fundamental changes to systems as the current
introduction of fly-by-wire technology with all the irresistably tempting opportunities
to improve performance that are associated with such a change. It is changes of this
type that have in the past mainly driven up the cost of combat aircraft. Of course,
reduced cost and improved performance can go hand in hand as they frequently do in civil

aviation where "seat cost per mile" is a recognised performance parameter. It is,
therefore, salutory to compare the way in which costs have risen for combat aircraft

with the trerd for civil aircraft. Figure 5 shows very clearly the way in which market
forces have constrained the cost of civil aircraft while the cost per kilogram of the
"latest and best" military aircraft continues to rise steeply. Three points are

particularly interesting. First, In the 1950s and before, there was little difference
between combat and civil aircraft and, second, there Is a class of military aircraft

whose costs have behaved similarly to those of civil aircraft: those where, for
various reasons, realistic constraints are imposed on the cost of the aircraft or the
time for their development is highly constrained. Examples are Jaguar and Hawk. Third,
it is note-worthy that the rise in specific cost of advanced combat aircraft is very
similar to the rise in the cost of complete avionic fits shown in Figure 6 although

the scatter Is much greater.

This conference, however, is concerned with suggesting opportunities for restrain-
Ing the depressingly upward trend which has characterised defence equipment costs. The
key lies in operations research or, as it is also sometimes called, operations analysis.

In civil aviation, competition and the profitability of the company provides an effect-

ive curb on rising costs as Figure 5 shows. In defence, competition has seemd to make
matters worse partly because its main manifestation is the competition between opposing

alliances, Competition between firms cannot have a significant restraining effect on
the general rise In a market place complicated by international political considerat-
ions, the variety of requirements of different national air forces and the sheer size

of the investment required in relation to the defence budget or even medium sized

nations. There has been a persistent hope that the deficiencies of defence markets
in relation to civil markets could be corrected by the timation of effectivness in

universally applicable terms, analogous to money, and similarly capable of arithmetic
manipulation. Such a measure - or, failing that ideal, seve-al measures - of the
benefit of the output of defence might, when compared to cost, ensure that defence
fuhds are always deployed efficiently. This aim has so far proved elusive and indeed
the definition of a satisfactory single measure can safely be dismissed as remotely

unlikely. Nevertheless, there is everything to be said for greater determination to
assess the benefits to be gained from increasingly complex aircraft in comparison with
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their Costs. This requires, not only a close interaction between operational research

scientists and decision-makers in airforces - which has always existed - but a similarly
close interaction between OR scientists and research and development teams - which has
been much less usual.

THE WAY FORWARD

This brings me to a discussion of practical means of containing the rise in both
acquisition and support costs which Is the main theme of this symposium. One method
much advocated is international collaboration which undoubtedly has a substantial
poiitical attraction as well em reducing acquisition costs. But the collaborative
Ipproach,while mitigating the efFects of escalation, does not deal with the fundamental
problem. A promising approach for European nations Is greater reliance on technology
demonstration - the idea that new technologies should be demonstrated to the level of
performance required before full development or a new project begins, and by this means
risk will be much reduced. Development then becomes concerned primarily with improving
reliability and reducing costs, and a much sounder basis For assassins cost-effectiveness
exists. A good deal of progress in this direction has been made in the UK In recent
years but it is not easy for two main reasons. First, to be successFul it requires
substantially more expenditure than the research phase, but is similarly uncommitted to
particular Future projects. Second, it inevitably seems to imply a slower introduction
of new technology into service and thus invites resistance on the grounds of failing to
keep up with the threat. This is almost certainly not the case - iF only because, again
on the evidence of the past, increased reliability and availability of the systems is
likely to more than compensate for any deficiency in theoretical performance.

The theme of this symposium emphasisem the improvement of existing aircraft as an
alternative to embarking on totally new concepts. In fact, aircraft have increasingly
tended to remain in service for much longer than was originally planned because of the

escalation of replacement costs and have been subjected to numerous improvement
programmes to delay their obsolescence. But there are other reasons why current air-
craft are improved. In war-time, there is frequently no time available for new develop-
ment so a succession of improved versions or marquee evolves. In peace-time the
recognition of alternative market opportunities can produce the same effect. The cost
savings have often proved substantial. Table I shows the reductions in production cost
of successive improved marques of some UK World War II designs and It should be noted
that the costs given have been corrected for the effects of scales of production. In
the same table, the reductions In cost of successive marques of several more recent
US designs are shown. The A-4 aircraft is included as a warning to show that such an
approach will not always produce saving - obviously it depends on how exotic the improve-
ments are Pnd how difficult it Is to fit them in existing airframes.

It is only a small logical step from this to propose a philosophy of development
which assumes, ab initio, that production aircraft will evolve through a number of
marques. The adoption of such a philosophy would mean designing next generation air-
craft with an explicit allowance for growth of capability but to be produced in the
first instance with only modest technology advances. Production might be planned to
take place more slowly over a longer period than has been usual in the past - improve-
ments being phased in gradually. This approach depends to some degree on the assumption
that improvements in the weapon system as a whole are more likely to be satisfactorily
achieved by improvements in weapons and avionics than In the basic aerodynamic and
structural design of aircraft. But the dpp-oach has the disadvantage that either a
variety of different marques must be maintained In service simultaneously or a
continuous programme of retrofitting must be accepted. Such is the scale of modificat-
ions and mid-life Improvements at present, however, that this disadvantage may be more
apparent than real. Overall, the approach seems to have a good deal of promise if there
is sufficient determination to exercise restrain during definition and development.

CONCLUSIONS

In conclusion, the great advantage of modifying existing aircraft to improve their
performance, as opposed to designing entirely new aircraft, is simply that both the costs
and performance of the baseline aircraft are well known - as Indeed are Its weaknesses.
There is, therefore, a sound basis for estimating the consmequences of changes to one
part of the aircraft or another. If reductions in support and operating cost are
required, for example, It will be clear where the necessary Investment needs to be made
and there will be reasonable confidence In assessments of the benefits. Of course It
may not be possible to Incorporate the Improvements offered by technology In an optimal
way and this is particularly likely to be the camse with new materials. It could, on the
other hand, be argued that it Is precisely this search for optima which helps to fuel
cost escalation. However, there can be no guarantee that the modification of existing
aircraft can solve the cost escalation problem. For instance, squeezing extra capabil-
17 into en 5iroraft not originally designed for it can be exceedingly expensive and
the introduction of new designs to replace ageing ones cannot be put off indefinitely.
In the last analysis, costs can only be reduced if there Is a determination to do so.

I: There Is no substitute for a realistic assessment of costs as well as effectiveness In
the knowledge that In different circumstances different solutions will be Indicated.
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TABLE I - REDUCTION TN COSTS (UPC) OF SUCCESSIVE MARQUES

UK World War TT Designs

UPC at CuAviOO and 9/39 etc.

MARQUE BEAUFIGHTER BLENHEIM FIREFLY HALIFAX MOSQUITO WELLINGTON

1 10.68 10.56 18.02 20.80 19.02
II 7.26 8.69
III
IV 6.17 7.04 11.99 7.99
V 7.54
VI 10.96 7.97 8.29
VII
VIII 13.36
IX 13.10 7.04

X 10.77
X1
XII
XIII
XIV
XV
XVI 6.33
XVII
XVIII
XIX 6.75

More Recent USA Designs

UPC at CuAviOO in 8M,FY80

MARQUE r-8 F-86 F-Ill F-4 A-4

A 4.528 23.239 9.574 1.945
B
C 5.628 2.135
0 4.069 1.387 23.243
E 5.842 2.638
F 1.047 20.713
G

I
3 5.744
K
L 3.659
M

Note: All costs at constant ec and at CuAviOD is
LEARNING EFFECTS HAVE BEEN EXTRACTED

I
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This paper defines performance improvement and the necessity to evaluate the overall
and operational system performance improvement by use of systems assessment methods.
These methods are briefly discussed using simple examples of former evaluations.

Introduction

System improvement measures are part of the life cycle of all complex airborne weapon
systems. These measures are aimed at keeping the system abreast of the times, i.e.
adapting it to changes in use or changes in the threat to be countered.

As a rule these measures do not constitute an alternative to new development. But in

conjunction with life extension programmes they are able to bridge budgetary gaps or
shift the introduction of a new system to a point, where new technologies may be
incorporated with clear advantage. In other words, they may help adjust the in service

dates for new generations of systems.,

This paper tries to point to the problems of performance improvement in assessing the
measures taken from the viewpoint of an overall systems concept. An operator's view on
the subject is given in figure 1. It corroborates the views expressed before.

The discussion concerning financial feasibility of defense systems in view of const-
antly limited or even decreasing budgets has been prominent for many years. The

financial problem has been aggravated by above average cost increases in the defense

industry. So there is a very real need for cost reducing meausres concerning develop-
ment, acquisition and utillsation of operational system.

In this context performance improvement, especially with airborne systems, has been
considered one appropriate approach. This has even led to the belief that performance
improvement could in some cases replace the necessity for the development of new
systems. This extreme view on performance improvement detracts from the original
value and intention of improvement programmes.

For a systems designer systems improvement starts with the inclusion of appropriate
growth capability at the early stages of systems design. The life time of systems,
often more than 25 years, precludes precise advance krowledge on the changes in threat
and utilisation of the system and also of technical progress. Performance improvement
is therefore necessary to adapt a system tr. .-.-olving circumstances.

System improvement can be triggered by various aspects in the operation of an existing

system and will consequently have different aims or targets (figure 2).

The first two triggering factors are the most comon and important, but the possibili-
ty td limit or decrease operating costs will certainly assist in deciding on a perfor-

mance improvement measure.
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A performance improvement programme means planning and realizing selected technical
changes aimed at bettering operational effectivity, operational life time, operational
flexibility and economy. The military services will have to evaluate these measures
with a view to assessing the operational gain against necessary expenditure.

The systems engineer involved will therefore have to achieve a sufficiently accurate
prediction of performance and costs. This will include predictions of:

- functional integrity
- performance

- operational characteristics
- reliability
- survivability
- maintainability
- development costs
- procurement costs
- operational costs.

The cooperation of all features and subsystems in the overall system is of utmost
importance. The overall system performance should be assessed before a decision is
taken to implement an improvement feature.

Although this may sound like a banality experience has shown that the temptation
exists to focus one's attention on one technical aspect only and show the performance
increase for that part only. This can lead to disappointing results for the system
effectivity.

As an example figure 3 shows the typical attack sequence for a manned aircraft car-
rying a guided missile. Once the decision to take off and attack a target is taken a
sequence of actions begins involving a multitude of subsystems which in turn contri-
bute in various ways and with differing precision to the successful operation. Each

one of these phases is essential to the mission and cannot be skipped. The weakest
link in the chain of systems determines overall system performance. Naturally perfor-
mance improvement measures should concentrate on these weakest links and by improve-
ment of selected properties enable the system to make better use of the built in
capabilities.

Technical Neasures

Basically every component of a weapon system can be subject to change or improvement.
In order to decide whether an improvement is justifiable assessment of the effect of
any one measure on mission effectivity has to be predicted with reasonable accuracy.

This prediction and assessment has to be tailored to each case under consideration.

Past cases show that certain subsystems in airborne weapons lend themselves more
readily than others for improvement programmes (e.g. weapon subsystems, avionics
(hardware and software), propulsion subsystems, sensor systems, fire control systems).

Other subsystems (e.g. airframes, basic engines, missile-guidance subsystems) involve
such extensive changes that the improvement expected usually does not justify the

expenditure involved.

Prediction Methods

IABG-WT has been for many years working under contract to the Department of Defense on
assessing airborne weapon systems starting in the earliest stages of prefeasibility
all through to full scale development and also on engineering changes in the utilisa-

tion phases.

The experience gained and the tools developed during these studies constitute the
basis on which system performance prediction is made. It manifests itself in data
collections, computer programmes and simulation facilities and also selected cost
prognostic methods. Some examples should serve to illustrate this.
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For instance, to evaluate improvements on components of turbo-engines, cycle design
computer programues are available with the help of which changes in components (e.g.
LP compressor, HP campreasor, turbine stages, or afterburner etc.) and their effect on

thrust and fuel consumption can be determined (figure 4).

The figure shows thrust and SFC changes of a derivative bypass engine with afterburner
for a changed application. With this type of information a suitable combination of
engine parameters can be selected for the new application.

These engine data in turn are the basis for point performance and mission performance
calculations performed with an aircraft parametric design programme. Besides determi-
ning the absolute achievable performance values statistic variations of design parame-
ters like thrust, SFC or cruise drag can be combined to show performance of a fleet of
aircraft as shown in figure 5.

Computer assisted design and simulation of missiles allows to evaluate the influence
of modification to missiles and their target acquisition sensors. In figure 6 a simple
example is given on the influence of thrust and wing area variation on the shooting
range envelope of a surface to air missile system. In this example the greatest change
is achieved by variation of the wing surface for altitude range as opposed to a thrust
variation.

The associated changes in control surfaces, actuators and control system are rather
extensive and make such a change an unlikely candidate for performance improvement.

Another aspect of airborne weapon systems is their survivability in the presence of
enemy air defense.

With the help of computer aided vulnerability analysis (figures 7 and 8 here shown
on the example of a manned combat aircraft) survivability can be assessed by simula-
tion of different surface to air weapons.

Penetration of fragments through structure and systems gives a measure of damage
resulting in a degradation of system integrity. This then can be expressed in kill
categories and may indicate the need for geometric regrouping of components in the
aircraft or introduction of armour.

Performance predicition, however, would be incomplete if the operation of the system
including the man in the loop were not considered.

This leads to manned simulation which, if set up in an appropriate scenario, can prove
the overall effectivity from an operational standpoint.

The IABG facility for manned simulation has proven to be a powerful instrument in this
type of assessment. With it pilots of the Air Force are able to operationally test a
follow on generation of weapon system,

Real time simulation programmes reflecting the features of the system in combination
with a projection system, with displays and some representative hardware for example
can enable a pilot to test the advantages envisaged for a given missile/aircraft
combination. He can under operational conditions try to utilize off boresight and all
aspect capability and determine their effect at the same time formulating optimum
tactics for the system (figure 9).

Scenario influences prove to level out extreme technical advantages and detailed and
correct representation of scenario influences therefore lead to good prediction of the
effects of improvement measures udder these conditions.

Often improvement programmes consist of the integration of advanced air/air or air/
ground missiles into existing aircraft or helicopters. Here it is essential to make
sure, besides integrating the hardware by adapting interfaces and controls to the new
weapon, that the performances and capabilities of the sensors and target acqusition
system are adequately enhanced to handle and utilise the performance of the weapon.
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In figure 10 the matching of missile kinematic ranges with target acquisition limita-
tions is touched. On the left side of the diagramme the missile kinematic range is
compared at co-altitude for a medium range A/A missile with sensor ranges in a given
acquisition mode and in the centre the conditions are shown in a look-down situation.

The right side of the graph shows a similar comparison for a short-range IR-missile as
limited by lock-on procedures. This clearly indicates that enhanced kinematic ranges
cannot be operationally utilised if the sensor system cannot support the missile
appropriately.

These limitations need further testing in manned simulation under operational condi-
tions.

Similar considerations apply in the case of the matching of a navigation system used
in the deployment of an air to ground missile system with a pure inertial midcourse
phase when released from a manned aircraft (figure 11).

The inertial system of the missile has to be initilized before release. Hereby errors
of the aircraft inertial system, the alignment of the missile, the dynamics of the
suspension and time dependent navigation errors all combine in the tansfer. The flight
of the missile adds more errors and at the lock on range there results a position and
attitude error which hopefully still allows the seeker system of the missile to
acquire the target. Transfer and alignment as a rule contribute the largest error.
Therefore improvement of the navigation platform in the aircraft alone will hardly
better overall performance.

A few remarks on cost prediction may seem in order. IABG makes use of a number of
computer aided prediction methods. However results have to be carefully matched to the
conditions of the specific case in hand. This requires experience of the costing
engineer. Also economic conditions influencing the case must be carefully checked. The
problem of using all available data of development, procurement and utilisation is
aggravated by the fact that these phases usually are financed by separate budgets and
this makes an overall decision on performance improvement very complex.

Costing a utilisation phase moreover requires sufficiently accurate data or prediction
of reliability and maintenance indices. Here much improvement is needed in methodolo-
gy. Typically prediction, validation and actual operational values differ greatly as

shown in figure 12 for several systems according to two sources.

Examles

From a multitude of cases let us consider two improvement programmes for airborne1 systems.

I The combat aircraft F-4F has, since its introduction into service in the German Air

Force in 1973 been subjected to serveral modifications. These modifications mainly
covered weapons management, fire control computation and associated software which
resulted in significant improvements in air to air and air to ground capabilities.

At present the integration of modern air to air medium range missiles is being studied
together with life extension measures which are considered a prerequisite to the
improvement.

Many farreaching suggestions for performance improvement of the F-4F were considered
in the years past. The emphasis mainly was on enhancing avionics capabilities.

one suggestion aimed at replacing the J-79 engine by a more advanced engine with
higher thrust and less maintenance requirements which elso provides higher level of
carefree handling.

The physical dimensions as well as the very important air flow value were very close
to those of the J-79 and therefore a replacement would surely not have imposed insur-
mountable difficulties.
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The sustained turn rates of the aircraft (figure 13) would be dramatically improved.
But other important performance parameters like instantaneous turn rates and handling
characteristics would remain unchanged.

Moreover the high expenditure of the integration of a new engine of approximately 50%
of the initial procurement cost (considering all factors including inflation rates)
make this solution unattractive which would also lead to a costly validation and
certification effort.

A second example of performance improvement which has not been approved pertains to
the Army's transport helicopter UH-ID.

The proposed modification would have replaced the 2-blade rotor by a well tested 4-

blade rotor in conjunction with increased power in the engine.

The engine variants considered increased power output of the existing T-53 engine and
also alternatively more powerful engines were investigated.

This type of modification results in a significantly increased payload range capabili-
ty as seen in the top of figure 14. Another advantage would be the greatly reduced
vibration level as shown in the lower diagramme especially for the medium and high
speed range.

This modification proved very costly and was therefore shelved.

Conclusions

This contribution tries to place emphasis on the system analysis aspects and predic-
tion possibilities for improvement programnes.

The following conclusions from the view of the systems engineer may be drawn:

- Performance improvement programmes for airborne weapon systems are a
necessity because of the long life time of systems and the changing threat

situation. Performance improvement generally is linked to life extension
measures. Both are most likely when growth capability has been part of the

system design.

- Performance improvement cannot as a rule replace development of new sy-

stems but may help in bridging gaps in scarce resources.

- The criteria for the assessment of the feasibility and acceptability of
improvement measures are known and generally sufficient both concerning

performance and cost.

- Careful system analysis of each single measure within the context of the

entire system and its operation is necessary.

- Inclusion of the man in the loop in manned systems is necessary to judge

overal performance.

- Analysis of performance improvement with respect to expenditure must

include all phases:
development, procurement and utilisation.
Budgetary structures often make this extremely difficult.
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o Performance improvement and life extension Programmes Permit

- at reasonable cost

- at calculated tactical and technical risk

- for a limited Period of time
- the enhancement of system performance

- the extension of operational life
- the bridging of a Phase with limited budgets

o Performance improvement of an operational airborne weapon system cannot

replace the development of a new high performance, tactically and technically

appropriate weapon system; it can at best postpone this development

o evelopment of a new airborne weapon system Is replaceable only, If it
can be proved that Its aPplication can

- with better adaptation to the threat
- more effectively

- at lesser cost

be taken over by other operational means.

0.1.6. Brunke, Fu L Vi 4
150. WT Symposium
Mannheim 1982

FIGURE 2

TRIGGER TARGET

CHANGED THREAT PERFORMANCE INCREASE TO COVER THREAT

TECHNICAL PROGRESS CHANGE IN PERFORMANCE (E.G. AVAILABILITY,
PERFORMANCE LEVEL) COBINED WITH LOWER

OPERATING COSTS.
ENLARGED OPERATIONAL SPECTRUM

LIMITED BUDGET FOR COST SAVINGS COMBINED WITH
DEVELOPMENT/PROCUREMENT ACCEPTABLE OPERATIONAL EFFECTIVITY
OF REPLACEMENT SYSTEM

HIGH OPERATIONAL COSTS INCREASE OF OPERATIONAL AVAILABILITY

AND DECREASE OP OPERATING COSTS



2-7
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INTROD CTION

T he I.A.F. combat flight line Is qualitatively and quantitatively determined by its
institutional tasks and commitments undertaken by the country within NATO.
The operational requirements, that are continuously evolving, are derived from these
tasks. 9-
The national strategy stems from "Costituzione della Repubblica Italiana

,

in military terms, consist of the capacity to discourage the aggressive attitude of
possible enemies and to defend the national territory, its air space and maritime lines
of communication.
Within this strategy the I.A.F. tasks are the following:

defend territory and supply routes from enemy's air raids;
provide air support to surface force In defending national territory and kee-ing the
maritime lines of communication open.

It is therefore necessary for the I,A.F., to have besides the weapon systems for air
defense, interdiction, recce, and all weather interdiction strike, also aircrafts
capable of:

i'- operating in the battle area and enemy's zone behind the front, providing recce and
fire support to land forces; 4 t-
providing recce and fire support to naval forces in the Mediterranean area.

The national strategy is integrated In the NATO "flexible response" strategy that
requires:

- conventional forces capable of discouraging possible attacks and driving them back
by employing conventional weapons;

- weapons capable of dissuading the enemy from a possible employment of nuclear
weapons, even If tactical, for fear of retaliation.

The .A.F. operational requirements must be consistent with the national and NATO
strategy concepts and, in particular, must take Into account the content of the NATO
doctrine accepted by Italy concerning the direction of air combat operations including
those on support of land and naval operations (Fig. I).
In the light of these national and NATO strategic concepts, the Italian Air Staff have
Initiated in 1970 a study with the aim of a rational modernization.
The study, brought forward with complex and up-to-date parametric methods, has
indicated that the future I.AF. combat flight line should consist of 3 major
components:

(I) an "all weather interceptor" line on F 104/S whose armament, navigation and ECM
systems are being modernized; from 1995 on, this A/C will be gradually replaced by
the new EFA, now In definition;

(2) an "all weather recce/bomber attack" line on MRCA-Tornado, an A/C with high
self-defence qualities;

(3) a "light bomber attack" line optimized for:

- close interdiction i.e, to cut-off the battle area, strike the second line forces
and provide adeguate attack support to naval forces;

- reconnaissance as required for the fulfilment of close interdiction and close air
support missions;

- close air support in the battle area by means of direct fire support.
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Summarising, the ctudy has shown that, while the 'state of art" might provide a

multirole A/C capable of coping with two or even all three roles, accepting three
different components, would have been the most convenient solution in terms of

cost/effectiveness.
This is the only way to obtain, at reasonable costs, the maximum effectiveness of the

complete combat flight line.
In this context the AM-X programme finds its full justification.
On the basis of the role that the A/C is requested to satisfy and considering the

financial possibilities of nations, by definition limited in front of requested

defensive tasks, the application of cost effectiveness criteria to the specific design
requirement identification is again mandatory.
The integration of the involved costs with the effectiveness evaluation over the

complete mission in the most appropriate scenario, allows a more complete and

significative evaluation in comparison with the analysis based on single phase

effectiveness.
Moreover, the forecasting of the scenario where the weapon system is projected to be
utilized, is difficult for the continuous and impetuous evolution of the scenario

elements; therefore this approach is to be utilized to evidence the cost-effectiveness

sensitivity to the possible threath evolution rather then to obtain definitive

solutions.
The AM-X development, from specific design requirements definition up to the weapon
system configurational characteristics identification, followed continuously this

approach, allowing to integrate sinergicaily requirements and operational experience
from DEFENCE with knowhow and information from INDUSTRY; all that, in a common effort
and close cooperation.

In the next paragraphs, the driving effectiveness elements related to mission phases
will be analysed, scme significative cost-effectiveness results will be emphasized and

the main characteristics of the AM-X will be illustrated in relation to previous

considerations.

BACK GROUND OF IAF RODERNIIZATION STUDY
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SPECIFIC DESIGN REQUIRUMENTS AND COST EFFECTIVNESS

The operational requiremnts, originated by considerations related to the air force
strategy, define the role, the geographic area to be controlled and the warload
capability of the requested weapon system. From these definitions it follows directly
the specifications of mission profile and radius, the operative environmental
limitations, the armament capabilities of the new air weapon system.
The general configuration characteristics of the airvehicle are originated from the
specific design requirements directly related to the operational procedure that will be
utilized in the forecast scenario. These requirements define flight performance for the
different mission phases, define performance capabilities of the offensive and self
defence armament systems, define the functionality target for the general systems of
the aircraft.
These requirements represent one possible solution to the problem posed by operational
requirements, and the cost-effectiveness approach is the basis to obtain the maximum
effectiveness from a total cost acceptable for the nation economic capabilities.
The application of this approach is based on a model of mission effectiveness analysis
and on a model of cost evaluation of weapon systems and Its variants.
The implementation of realistic models is a very difficult task and their utilization

is complicated by the uncertainties of the operative scenario forecasting.
In the AM-X programme the cost-effectiveness approach has been used with continuity but
it has been applied basically to evaluate the sensitivities of cost-effectiveness to
the possible variants of the requirements and, first of all, with the guarantee of a

continuous exchange of information and results between DEFENCE and INDUSTRY.
How the cost-effectiveness approach has contributed to the specific design requirements

definition Is synthetically reviewed in the next paragraph.

MISSION EFFECTIVENESS ANALYSIS

The mission effectiveness model is based on the evaluation of the probabilities for
each phase of the mission to overcome the threat or the task, to abort the mission and
to loose the aircraft. The effectiveness is defined as the ratio of number of targets
destroyed to number of lost aircrafts to do this task (Fig. 2).
The concept is extensible to a significative number of sorties.
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FIG. 2

For each phase of the mission, effectiveness factors have been identified and
correlated with configurational and operating characteristics of the ground attack
aircraft and with possible characteristics of the scenario (Fig. 3).

It _t
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It is of interest to revisit these effectiveness factors in order to underline the more

important ones and to evidence relations with configurational characteristis.

HISS104 EFFECTIVENESS ELEMENTS
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The system rellabillty is a factor affecting all the length of the mission. Current
modern combat aircraft have Mission Failure Rate (NFR) target to2 the order of 5 x 10 ;

it seems feasible for new projects to put a target MFR = 3 x 10 without affecting the

system complexity.
This target is accomplished by a careful study of the redundancies and by a diligent
monitoring, during design and development phases, of the basic reliability of each
critical component. The redundancies will be simple (system lost after second failure)

for systems assuring the mission performance, and will be with an emergency back-up for

systems affecting the flight safety. Considering a typical distribution of reliability
figures, obtainable applying previous concept (Fig.4), it's evident as avionics and
electronic conditioned systems continue to be the main MFR producer.
For the propulsion, there is the long time argument about the single or twin engined

aircraft.
From reliability point of view, it can be stated that, two engines have a defect rate

higher than one engine; and considering that it is absolutely not cost-effective to

install two engines, each one enabling the aircraft to maintain full performance, it
results that the single engine A/C has a MFR lower than the twin engine A/C.
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The probability of interception is dependent from the enemy airforce deployment but,
for what concern A/C characteristics, it depends from the susceptibility of the
configuration.
The stealth technology was not yet mature to be considered as a specific design
requirement, however the characteristics of visibility (smokes, camouflage end
dimensions) and detectability to searching radar (RCS), had to be considered during
the basic configuration definition.
Thus, it has been useful In cost-effectiveness analysis, to consider the interception
probability as an indapendent variable, to be defined in accordance with scenario
assumptions.
In any case when an intruder is intercepted, its mission must be considered aborted.
In effect for survivability, the intruder is forced to jettison external loads in order
to gain Its maximum potentiality to try to disengage from the dogfight.
In this phase of combat, the configurational characteristics of the airvehicle are of
paramount importance: thrust/weight ratio, wing loading and lift boundary are the
driving factors that determine the Probability to Survive in Combat.(PSC).
For the cost effectiveness analysis an empirical correlation between above parameters
and the PSC has been established, based on results of a lot of combat simulations (Fig.
5 e 6).
Basic assumption of this combat simulations was that the tactic of the intruder is to
try to escape and that, at the beginning of the combat, no one of the contenders has an

advantage position; in case that intruder is not warned of the interceptor presence,
its PSC is dramatically reduced.
Snsidering the influence of airvehicle chee,,cteristics on PSC, it is very important to

observe as attained manoeuvrabilliy, related to wing loading and wing design for high
lift boundary, has a beneficial influence on survivability.
Another Important parameter that influences the PSC of the intruder is its IR
Signature: the utilisation of a dry engine in respect to an engine with after-burner
has on PSC an effect bigger than a thrust/weight ratio increase of 50%.
IRCM and ECK can reduce the probability to be hit by fired missiles and self defence
weapons can reduce the firing opportunities of the interceptor.

SUIVIVA PIOSIMILITY IN All COAT

I ERCEPTO CRACV RISTICS
AN 3.75

AteIG 55

T/C*I 0,07

T/W* 0.85
| WS" $12 RG/ 2

IIhAT AOlMA1

FIG. 5

-S0 5 IO

INIOWIT All ~MIAT PAlfNAN - 5

All C01RMT PMiiRIT FOR lMllI AIIfNTT

S 2 -

FI.

__



4-6

During penetration intc enemy territory, the intruder has to face a deployment of AAA,
based on optical and radar tracking systems, and Radar or IR guided SAMs.
The analysis of the survival probability during a penetration (PSA) over AAA defended
territory, shows the great advantage of the ride altitude; the shot-down probability is
reduced by 7 to 1 reducing the penetration altitude from 500 ft to 200 ft.
The Fig.7 shows the PSA evaluated against an AAA system based on optical tracking; it
is evident that penetration speed is not more a critical factor only for very low level
penetration.

SURVIVABILITY IN PENETRATION
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The radar guided guns increase the shot-down probabilities in respect to the optical
tracking guns, roughly of the same ratio 1 to 7, flying the intruder at the same
altitude and speed; in this case it is essential to reduce the susceptibility of the
configuration.
The effectiveness of penetration aids is not a easy figure but is a common knowledge
that they can reduce this shotdown capability of the 70 - 90%.
On these basis, it is possible to consider the equivalence, in terms of survival
probability in penetration, of the optical and radar tracking AAA systems, if the
intruder is equipped with efficient penetration aids.
The target must be considered heavily defended, both by AAA and SAMs.
It is essential therefore to minimize the time spent over the target; as a consequence
the navigation system and the aiming/release system performance are the effectiveness
factors that determine the probability to find and destroy the target.
The probability to survive to SAM threat Is related to the time of permanence over the
target area and to the availability of effective defensive aids (AECM, chaff/flare, RW,
IRM), automatically or continuously engaged.
From this survey of the main effectiveness elements during the mission, some first
important indications emerge: penetration/defensive aids availability and IR signature
of the engine produce changes in effectiveness of an order of magnitude higher than
that of possible configurational variations. Therefore it Is reasonable to specify in
the design requirements the installation of penetration/defensive aids and the
utilisation of a dry cold engine, without further examination of cost-effectiveness of
such requirements.
The configurational characteristics that influence the effectiveness must be defined
with the cost-effectiveness approach, considering In the scenario the above specified
features.
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To evaluate the cost-effectiveness it is necessary to implement a cost model that in a
parametric way can give reasonable indication of the cost variation related to
configurational parametric changes over a baseline.
Based on the historical RAND approach, updated for new data and technological
innovation, the cost model works on data generated by a synthesis programme that scales
airframe, engine and general systems of a baseline, in order to respect specified
mission profile and specified configurational characteristics, like thrust to weight
ratio, wing loading and aerodynamic wing characteristics.
In Fig. 8 the results of an exercise, applicable to our considerations, are reported;
the costs normalized in respect to a baseline cost, are evaluated for two different
winp design, a first one with a flight envelope limited at M = 0.9 (transonic wing), a
second one with the flight envelope not limited at sonic speeds (trans-supersonic
wing).
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1.22
1.22

1.

0.8 FIG.5

i L-10-15iTRANS-SUPERSONIC WING
TRANSNIC 111mT/ - 7Z

TIC6 10.5:A 
= 35*

EFFECTIVENESS AND COST-EFFECTIVENESS TRADES

In order to evidence the relative criticality of the different mission phases, the
mission effectiveness analysis model has been applied to an existing light ground
attack aircraft, stripped of all penetration/defensive aids, in a possible modern
scenario.
The results (Fig.9), even if dependent from the scenario assumption, show realistically
how dramatic can be the incidence of the interceptions and penetration phases.
Therefore concentrating the attention on these two phases, the effects on mission
effectiveness of the configurational parameters (T/W and W/S) and of the main scenario
parameters (Probability of Interception and Penetration Altitude) have been analysed.
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In Fig.lO, the two considered scenarios are characterized by the extreme criticality
of the penetration phase. In this environment it is evident as the Thrust to Weight
ratio is the driving configuration parameter even if the interception probability Is
increased. In effect the increase of T/W permits an higher penetration speed with a
reduction of the shot-down probability.
Reducing the penetration altitude, the shot-down probability is greatly reduced and the
mission effectiveness is accordingly increased. The case considered in Fig.1l is
representative of a scenario where the incidence of air combat is predominant on the
penetration phase risks; in this environment the positive influence of the increasing
T/W ratio on the mission effectiveness is mantained, but also the reduction of wing
loading shows a comparable effect. Two remarks are straight forward at this point.

- The mission effectiveness increases obtainable with the reduction of
penetration altitude is considerably greater than the increases obtainable
with reasonable configurational variants (T/W especially); therefore all the
systems that permit to reduce the flyable penetration altitude or the
susceptibility of the configuration, must be carefully considered;

- when the scenario is less demanding for penetration risks, the significant
increase of mission effectiveness obtainable with the reduction of wing
loading can be obtained also increasing the aerodynamic lift capabilities of
the wing.
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Extending this analysis to the cost effectiveness aspects, the introduction of the cost

factor reduces the Influence of the Thrust to Weight ratio.

In the scenario dominated by the risks of the penetration phase the favourable effect
of the increase of the T/W ratio is confirmed also in terms of cost effectiveness, as

it can be seen in Fig.12. where the influence of T/W ratio and wing loading is

evidenced.
In the scenario dominated by the probability of interception (FIg.13), the cost
Increase generated by higher T/W ratio highlights the importance of the low wing

loading or, in comparable terms, of the high lift capabilities.

PARAMTRIC COST EFFECTIVENSS

PI = 0.2

I'I. - FIG. 12

- FTT

NNOGUL DENS ITSITY

10.0.7

GFIG. 13

350 450 550

NV/S .6102

This indication is confirmed also by the cost effectiveness analysis of the influence

of the wing design. i.e. transonic or supersonic wing.
The lower cost and the higher lift capability of the transonic wing configuration give

rise to a better cost effectiveness in both the scenarios.

PI ~~ ~ t - 200 FT 50FCOST~NOIN 60(TIES DENSSITYT

1.2

1.0 Mmim. Eum EIIT! - --- TAI[-fF KHG.

- --- lRlDE SUMLIVIES l0.O

O, ThAMSOICwV
0 FIG. 14

0.2. ______ _______-___18 SWIESOSIIC WING
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Of course the advantage is limited in the scenario dominated by the penetration

(Fig.14) when the interception is the conditioning factor of the scenario rig.lS) the

advantage In cost effectiveness can rise up to the 2o%, at the same configurational

conditions.

This advantage increases to the 25% if the comparison is made for condilins assuring

same take off performance and same ride qualities.

COST EFFECTIVENESS SENSITIVITY

P1 = O.4 ZpEN = 200 FT

K OI .AL GUN DENSITY

1.6 -_ _-_-__---__--_-----------_ _

1.4
]'q TAKE-OFF REQ,

W_ (1- RIDE QUALITIES RE.
- 1.2

U_
--U 1.0 1

L 0.8A
TRASONIC WING

S0.6 t _ _ _ _ _ _ _ _ _ _ _

TRANS-SUPERSONIC VING
FIG. 15

Previous indications about cost-effectiveness sensitivities have been obtained in

scenarios where the threat in penetration is based on optical tracing guns, but the

general trend of sensitivities can be confirmed, considering the more deadly radar

guided guns and SAMs.

With reference to previous consideration on survival probability in penetration phase,

the presence of radar tracking guns in the scenario reduces the effectiveness of the
low level penetration flight; practically, in this case, the scenario is dominated by

the penetration phase also flying at typical 200 ft over the ground.
The installation on the aircraft of penetration/defensive aids and self defence
armament can change the relative criticality of the two determinant mission phases,
interception and penetration.
In fact Electronic and IR Counter Measures are particularly effective against radar and
I based threats. The estimation of the effectiveness of such devices is quite hard due
to the continuous evolution of the offensive and defensive systems.
But assuming an optimistic attitude, Justified by the present superiority of the
counter measure devices, the reduction of hitting probability due to these devices can
be expected up to 90%. In this case , if the penetration level is mantained at 200 ft,
the scenario is again dominated by Interception and air combat, and conclusions
previously drawn for optical tracking systems are applicable.

The effectiveness of defensive aids (AECN) on interception probability is less evident.
Untill the stealth technology at complete airframe level will be adeguately developed,

the possibility to reduce the aircraft detectability from searching radars by means of

active electronic counter measures, seems quite limited.

However defensive aids and self defence armament can influence favourably the survival

probability in combat. Assuming an increase of survival probability of 50%, the mission

effectiveness improvement results in about a 10% In a scenario dominated by
Interception phase. This low figure is a consequence of the assumed ineffectiveness of
the AECM on interception probability.
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In conclusion, the preceding considerations, also if exposed as examples of
effectiveness and cast effectiveness critera applications, permit to identify some

leading design requirements for a light ground attack aircraft capable to afford modern

scenarios.
The electronic war devices are assuming a growing impact on the threat and on the
aircraft armament systems
Presently and in the next future, the penetration phase, in particular, will be

dominated by such devices and, among the configurational characteristics, only those
permitting a very low level flight at speeds of about 470 - 500 KTS can be considered
cost effective: adequate ride qualities, excellent pilot visibility and rational not
task disturbing flight data presentation to the pilot, are the driving design features.
Due to the present inadequacy of the stealth technology to reduce significantly the
interception probability, the configurational characteristics definition, that takes
into account particularly the survival probability in combat, appears the most cost
effective solution; for a light ground attack aircraft fighting against an interceptor
the attained manoeuvrability performance and the low IRS in combat result more cost
effective than the high escape speed.

FIG. 16: AM-X

LI

.... t It 7.
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AN-X - A DEDICATED ATTACK AIRCRAFT

According to the above considerations, the AMX (Fig. 16) has been designed to fulfill a

well defined requirement for a modern, cost effective Weapon System with high

flexibility and growth capabilities adequate to future more demanding operative needs,

mainly in the avionic field, and to cover the main roles of:

- Close Interdiction to hit second line ground enemy forces and support friendly

naval forces;
- Armed Reconalssance;
- Close Air Support of the ground forces in the battle area;

and in addition the secondary roles of:

- Offensive counter air against enemy airfield;

- Air Defence against low flying intruders in limited areas.

The basic requirements to accomplish such missions Include (Fig. 17):

- good take-off and landing performances

- effective penetration capability with high military loads

- excellent low level flight behaviour
- high navigation and attack accuracy

- post failure operability

- penetration aids all embodied in a highly versatile weapon system

that, translated into technical requirements, means:

- high wing loading
- high lift wing
- low S.F.C. in Cruise and Dash speeds

- low vulnerability

- high reliability
- ease of maintenance

- high survivability

- good self protection

AM-X has been designed to fulfill all the above requirements.

ROLES OERTIONAL TECHNIAL CONFiGRTiON
REOUNMMTS ROUIEREIENTS

GiImlM

,0V T AO

M.MIM. Am7M
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The AMX (Fig.18) is a single-seat, medium-high wing aircraft, Powered by Rolls RoyceSPEY MX 807 turbofan engine without afterburner.Good payload radius and combat performance, penetration speed over 470 Ets at lowaltitude with good gust response and high stability during target tracking, lead to awell integrated weapon platform In relation with tasks and roles requested.

As a dedicated attack aircraft, AMX design has been centered around the fundamentalfeatures necessary to perform land or sea missions In a hostile environment with a highprobability of success (Fig.19).
In addition features like readiness, low vulnerability, high survivability and safetyare thus of prime Importance.
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TAneT

Readiness has been enhanced on AMX making an extensive use of line replac- C untii
and adopting the "on condition" maintenance concept.
Built-in test and monitoring systems are integrated, whenever possile. while failure
Information is recorded and displayed on a ground crew accessible Central Maintenance

Panel.
Systems and components are easily accessible to reduce both turn-around time and line
maintenance operations. Inspections say be made through more than 200 access panels and

doors.
Pre-flight checks may be accomplished in 10 minutes (one man) as well as turn around

time (two men).
Mission readiness is also provided by a Secondary Power System (APU) for self starting
capability and continuous air conditioning and essential electrical power for operation
from poorly equipped bases, while take off and landing capabilities allow to operate

from partially damaged runways.

High mission reliaility and low vulnerablilty are enhanced on AMX by the fact that all

systems are designed to assure the successful completion of the mission following a
first failure to a major system and the safe return to base even after a second

failure.

- Redundant and separated Flight Control, Hydraulic, Slectrical, and Avionic systems
allow mission completion after first hit.

- Manual back-up for flight controls and emergency capability on onboard battery allow

a safe return to base after a second failure.

In addition protection of critical components is also assured by the shielding effect
of non-essential equipments or through a battle damage tolerant structure.

The ANX design emphasizes on srvvaility aspects achieved by means of excellent low
level flight behaviour (speed and manoeuvrability) associated with:

- reduced radar equivaient cross section
- low infrared signature

- low noAse level
- small dimension and cmouflage

- highly integratedo ses precin system (Active and Passive ECM, Chaff
and Flares, Radar Warning, Missile Launch an Approach Warning)

- self defence capabilities (A/A m Missie and Guns).

doors.
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Attack accuracy achieved by the use of a dual-channel computerized system for release
or launching of weapons along with the installation capacity, at seven hard points, for
a wide range of ordnance (Fig.20), enables formidable battlefield interdiction and
close air support roles.
The fuselage has also space provision for the Installation of different types of radar
if required for specific roles.
For reconnaissance missions three interchangeable pallet mounted photographic systems
(panoramic, TV and photogrammetric) can be internally carried, while an external

Infrared/optronics pod can be mounted on the centerline station.

Avionics is one of the major elements in mission success and AMX has a full avionic
configuration (Fig.21) covering about 10% of Operational Mass Emity.
The Navigation/Attack system is centered around two main computers connected to the
various sensors and displays via a digital data bus which assures maximum accuracy with
minimum pilot workload.

The system has been designed In term of redundancy and selftest monitoring to permit
successful mission completion in the event of a failure in the flight management system
and the safe return to base even after a second failure.
In addition the modular design and digital data bus allow new systems, currently
undergoing development, to be readily integrated; for example new NATO identification
and data transmission systems JTIDS and NIS, GPS/NAVSTAR for precise navigation and
even MLS can be quickly installed without affecting existing functions (Fig.22).
All avionic equipment packages are ergonomically positioned to allow rapid access for
routine maintenance and configuration changes.

A two seat version of the ANX is envisaged for operational conversion urit and advanced
training for pilots and system operators.
High commonality between the single and two-seat version will be maintained, Including
all the operational systems, facilitating the simultaneous operation of both variants
on the same flight line without the requirement for additional AGE.

FIG. 20
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POLYVALENCE DES SYSTEMES D'ARMES

Un ddfi dconoaique ot opirationnel

per

I. Colonel Jean-Jacques FLOCH

Division NOUVEAUX AVIONS BE COMBAT BE L'Etat-Raioc de 11srate de lair

(FRANCE)

Avec Ildlargissement du concept de systbae dlsrmes, I'exdcution
des missions sariennes conduira llavion de combat des anndes 90
6 rencontrer, au cours d'une m~me mission, des phases de vol
durant losquelies sea capacitdo air-sir et air-aol seront alter-
nativement voire simultandment mises h 1'6preuve.

Cette nouvelle notion de polyvalence doit 6tre prise en compte
dons Is ddf'inition de Ilavion et en particulier dans cales de
son systbme d'arses.

Le concept dlavion de combat polyvalent a fait Ilobjet de nombreux d~bsts mu cours
des dernibrea anndes et compte probablement autant de partisans que de d~tracteurs.

L'application des nouvelles technologies, en particulier celles issues de l'informa-
tique, 6Iis conception et & Is rdaiistion des appareils et de lour systlme d'armes
conduit toutefois & rdviser Ia notion traditionneile de polyvalence.

En effet, mvsc l'dlmrgissement des capacitds opdrationnelles de cheque vecteur at du
systime daermes global muquel ii appartiant, Is polyvmlence requise deviant avant tout une
capacit4 h Templir thaque mission dans un environnoment opdrationnel toujoura plus complae
et trbm dvolutif.

Cette facultd dsadmpter lea capscitds de Ilavion de combat h ildvolution du besoin
opdrstionnel dans Is temps smaccompogne d'exigencem lidem aux contraintes 6conomiques. En
effet, Ilaccroiament des coOts desm atdriels modernes ddpsssant ceiui des budgets disponi-
bias, Ie noabre dmevionm acquis en eat rdduit. L'afficacitd glaole des forces adrionnes
passe donc de plus en plus par Is recherche du meilleur compromis entre lea performances et
Is nombre d'appsreiis soit, en dlautres termes, par Is capacitd de chaque appareil 6 remplir
Is plus grmnde vsridtd de missions.

Un avian est traditionnellement considdrd comae polyvalent lorsqulil peut 6quiper
indiffremment des unitdo da ddfense mdrionne ou d'apput tactique.

La concept de polyvalence nlimplique donc pins ndcessairement une polyvalence das
iquipagas. Coile-ci nest raquise qua dana Ie cooas ofl'unitd concernde se voit sttribuar
daus missions do nature dirfdrenta, Ilune d'elles itant, en i'occurence, clasede mission
principals mmrqusnt sinai une prioritd dana llentrslnement at Is qualification des
dquipmgea.

Qusnt 6 I'svion, Is logique voudrait qua ses performances opdretionneliea aoiant
dlsutsnt meilleures qua Ilon eat parvenu & l'optimiser pour mm mission de base, ce qui
tandrait A maclure Is Polywalenca. L'histoirs noust mantra pourtent qua lea avions lea mieux
rduasim comma Is PHANTOM at le MIRAGE III E posaddaient une cortaine polyvalence, ou plus
omactamant une efficscit6 acceptsble dans un large dventsii de missions.

Laocceptation do ce cospromia mu nivssu do I'officacitd ssaccompagne par silleurs
daevantagoa significatifa i Ainsi, Is cspscit# d'un avion 6 romplir une grande varidtd da

missionsdoncb 6 dquipar un plus grand nombra d'unitds dlergit sa production at rdduit
prprtonl &6.nt Is coOt unitairs do Is g6rne.

La ouplessa doemploi at linteropdrsbilitd aont dgaisment des evantagma essentil$ de
In polyvalence 9 lour importance eat daoutant pius grando quo loa rossources at lee moyans
do IlArmdo do I'.ir utiliastrice sont modastes.
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ite souplesse d'emploi as traduit par une possibilit6 de basculpment de lensemble desforces adriennes dens llex~cutjon de Is mission guimpose Is situation du moment. L'interope-
rabilitC quent A mile 6lsrqit lea possibilitds d'actjon dens Is cadre d'une alliance. L'uneet lautre ont des retombdes logistiques fondementales car elles permettent une rationalisa-
tion de Is gestion, une simplification des procddures et une r~duction des coOts relatifs
aus volants, aux rechanqes et sux inatiriels optionnels.

Malqr6 ces avantages, certeines exigences opdrationnelles contradictoires ont faitobstacle h Is rdslisation d'un appareil vdritablesent polyvslent.

11 seagit, pour Is cellule, de setisfaire lea exigences Iiems aux performances
aupersoniques et au besoin dlegilit6 li toutes altitudes dans is plus grande plaqe devitesse, tout en conservant Is stabilite requise pour Is vol h tra basse altitude.

iLe moteur doit, quant A lui, r~pondre aux exigences les plus contredictoires puisque
son cycle de fonctionnement doit h Is fais respecter lea contraintes lifms aux performancesd'accdl~rstion supersonique, au combat air-air A toutes altitudes, et celles associ~es AI& performance de decollage en charges lourdes et 6 is recherche dun rayon deaction
maximum & basse altitude pour Is mission de pdn~tration lointaine en croisibre tranasonique
(Cs foible).

iLe systbme d'armes enfin, doit offrir Is maximum de capacites tous temps dans lesdiffdrents modes de fonctionnement et lea capacitds de tir dune vaste panoplie darmementsavec Is pr~cision requise par 1'efficacit6 des charges militeires. Ceci implique une adapta-tion des diff~rent5 capteurs embarquds et particulibrement du radar, consid~rd jusgu'hpresent cosine Ie capteur principsl du syatbme de navigation et d'armement. Lea difforencesconsiderables existant entre lea cibles air-air at lea objectifs. sir-Sol, tent Sur le plandes caractdristiques que sur celui de llenvironnement, sont l'une des principales difficul-tea A r~saudre pour llobtention de cette polyvalence. Les performances requises du systbm.d'armes sont en effet imposees h Is fois par Is nature de Ilobjectif h d~truire et parlefficacit6 estiade des divers armaments.

La diversitd des objectife et i'dvolution de leur nature dans Ie temps rendent desurcrolt difficile Ilobtention d'un coispromis fondd our des solutions techniques simplesune v~ritable polyvalence n~cessite done une constants adaptation du systbme et de frdquen-tea remises. & niveau. Ella entralne un in~vitable sccroissement de Is cosplexitd, 6lementfrequemment mis en relief par lea detracteurs de Is polyvalence. Une complexit6 accrue setraduit souvent en effet par un sccroissement de Is masse, donc du coOt. Les gains apportespar 116conomie d'6chelle sont dvidemment tempdrds si Ie coOt de Ia polyvalence s'accrolt.
iusqu'6 pr~sent, Ie concept traditionnel de polyvalence as heurtait donr A des exigencesop~rationnellea contradictoires qua ne pouvaient satisfaire simultanement lea choix techni-ques impos~s. L'acceldration do le6volution technologique A laquelle nous assistons depuis10 ans parmet d'entrevoir de nouvellea solutions su problbme posd. Les retomb~es operation-nelles quelle engendre nous contraignent en revanche A reconsiddrer lea conditions d'exdcu-tion des missions dont I'snalyse aboutit A une nouvelle notion de polyvalence.

Lea commandes de vol Clectriques sont lexemple Ie plus couramment cite de Solutiontechnique au problbme de is polyvalence. El1b8 satisfont en effet Ie coepromis agilit6 -stabilitE en uffrant une menisbilite exceptionneile et une s6curitd accrue tout en gommantleaffet des charges externes. CEis conduisent aurtout au contrdle eutomatigue g~n~ralis6(CAG ou Cel/) qui reprdsents Is pas ddciaif vera une vdritable polyuslence de Is celluleet que concrdtlse lIsile h cambrure variable (M.A.W). La r~duction de masse par lutilisa-tion gdn~ralisee de matirisux composites participe egalement A cot eccroiseeamnt de Iapolyvalence. En effet, A masse 6gale, Is cepacite d'emport d'Equipements et daormements sed~veloppe, de mtine que alem~liorent lea performances.

Pour Is Moteur, Iladoption d'un cycle variable permettant d'adapter lea performances enfonction du type de mission sera, A terme, une solution sat isfsisante. Dana lattente, uneregulation numeriqus permettant dlintgrer vdritsblement le moteur en le rendant accessiblesus exigences op~rationnellea 6labore par Ie syst~me d'armes eat une sindlioration concrbteen faveur de Iladaptation du moteur sue exigences des dirffrentes missions.

Maio caest dana Ie doinains de lldlectronique et des techniques numdriques que legnouvelles technologies apportent lee capacitdo lea plus spectsculaires. Caest par consequentIs conceptio0n du syatbme d'armea at I& qualltd de son int~gration gui persettront de sat is-faire efficacement le besoin de polyvalence. 11 imports qujit Ie gait car cm besoin slaccen-tuera A assure que lea forces adverses ddvelopperont miles sussi ces techniques et quellesdlargiront leur domains d'action.
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Cat dlorgiasemont des capacitia opdrationnelles procide on premier lieu do Is nouvelle
dimension h donner au concept do systbmo dlermes. Compte tonu de Is n~cessitd opdrstionnello
fondomentale de connettre loenvironnoment et coepte tenu du besoin concomitant dlint6grer
do plus an plus dtroitemont lea sources de reasignoments et lee cepteurs, un systbmo d'armes
no pout plus as limiter sux dquipements contonus done Is cellule d'un avion do combat. En
fait, du sstellite pormottant Is localiation du porteur, h Is munition quo Ilon guide vors
Is cible 6 psrtir des donnios avion, Sans oublior Ilsvion do ditoction iointsine qui d6tecte,
localise ot dvaluo lee monscos potantiollos, Is synergie do chaquo moillon do cotto chaine
et ronforcde per is transmission d'ordros ot do donndes reliant cheque 6jimont do ce systbmo
dsarmes considdrd cosine un tout.

Co nouveau concept do systhmo diargi conduit & Is notion dlonsomble do fonctions opirs-
tionnollom visant h diiivror des armaments sur des objoctifa localisis et identifiim avec
prdcision. A cm titro, is fonction opirationnello correspondent & l'acquisition do Is ciblo
prand on compto l'enseblo des ceptours inortiols, dlectromsgndtiques, infrarougee mane
ndqliger l'osil et Io corveau du pilots, dont Ilefficacitd dovre do plum an plus etre dvalude
on terms do capacitt do gestion du syotbm pius qu'on adroase h piioter Is piatoformo. 1i
on ddcoule sussi quo Ia sophistication dane Is recherche des performances doit atre tranafd-
r~e do Il'vion on tent quo porteur su astbee d'armoe pris doe son ensemble. Le notion de
polyvalence prond slurs 6 116vidence uno touts autro dimension. En raison, tout d'abord du
fait quo ce nouveau concept do astbme daermes oat 6gsiement pris en compte per lea forces
adver sea.

Lee conditions d'exdcution des miasions 'jant probablement 6voluer avec loaxploitation
do plus on plus pouss6e do technologies nouvellas. Le domaino d'utilisstion des systhoes
d'armos m'glergira, particulibrement h trhm basao altitude, do jour commo do nuit ot
r'uelles quo soient lee conditions mdtdorologiquoa. La diversification des moyone offensifs
et difenaifsa inai quo l'accroieseement des cepecitds & lea coordonnor ongondrent inexorable-
mont un environnemont opdrstionnol do plus an pluse mv~re, complaxe et difficile h apprd-
hender par Ie pilots. gus l'ongsgoment des forces adriennes Soit orientd vera Is nicesaiti
do contrer un volume important dsatteques pronancdes aseentielloment & bass altitude ou
yore Ia tentative de rdduiro Ie potentiel onnemi par Is destruction au mol do sea Mayans
adriens, do sea installations ou de see forces terreetras, Is polyvalence des avions dispo-
niblos restore un stout pricieux. Maio Ilexdcution do chaque typo do mission ieplique on
ello mime uno polyvalence cmr, quelie quo soit ]s mission rdalisdo, Il'vion de combat des
snndos 90 roncontrora des phases do vol durant losqualles sea capacitisasir-air ou air-Sol
seront altornativemont voiresaimultaniment misos h i'Apreuve.

A titre d'exempleo une mission de daes adrienno contre des raids pdndtrant 6 bass
altitude no pout, mslgrd lee capacitds "look~ down shoot down" de. avions modornes, a'envia-
ger sans uno cspacitd b suivre le terrain mu plus prbs quelles quo aoient lea conditions
mdorologiques t catto capacitd eat indiapenable & Is fois pour poursuivro une cible
6vesivo ot pour s eoustraire A une riposte dventuelle ou sun coups des difenses aol-air
advorsee. La diversit6 des myene do ddtactian, I& dilution des menaces doe Ilespsco ot
iee performances des armements confondent do plus en plum Is chasseur at Ia cible eccdldrent
sinsi ielternanco des phases offensives at d~fensives.

De Is mime manubre, uno mission do pgndtrstion no pout s'enviaagsr & tors San* uno
capacitd 6 prondre en compte lee menaces air-air suscoptiblee do compramettre i'exicution
do cotta mission. Si Is tir des armamenta dlautoddrense nWest pas Ia but do Ia mission,
l'incepacitd do llexdcuter au moment crucial risque dlen compromaitre lliasue. En tout dtat
do cause, une bonns dvaluation do Is menace est Is maillours garantie d'une pris do
d~cision adaptde, au bon moment.

Cam axigences reprdeentent uno nouvelle forme do polyvalence au niveau du oyotbme
d'armss i celle qui pormot do girer lee diffirsnts capteure at do traitor lee donnes cor-
respondentes@# simultandmant dane diffdrents modes do fonctionnament, considdr~s jusqu'&
preent comma spdcifiquss de missions air-air ou sir-aol. tins tells capecitd implique
I'sdoption do technologies telles quo cellos des circuits intigris tr~s grsnde vitaes.e, du
baisysga radar ilectronique, at do Is transmission do donnema b grand d~bit. Elue reprdsen-
ts un indvitable sccroisemmnt du coat global des systimes qui, campte tenu das contraintes
budgitairs prdvisiblos, risque de limiter lo nambre d'apparails dont pourront disposer
lee forces. Eli. angendra donc pour coo appareils uno ndceesiti accrue do pouvoir effectuer
IlEvantail des missions confides h cos forces.
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Pour r~soudre Is probIbme ainai poad il faut dome orienter Is conception de Ilavion de
combat polyvalent vets un coepromia permettant:

- de rdpondre aux performances requises par lea conditions d'exdcution des diffdrentel
missionsI

- dlintdgrer Ilapparail dons un concept diargi de syatbme d'armes, tel qu'il a 6td prdc6-
demment 6voqud ;

- de prdserver une ivolution ultdrieure engendrde par llapparition de nouvelles techniques
ou le modification des exigences opdrationnellea

- de ripondre 6 diffdrenta niveaux do aplicificationa opdrstionnelles prenant en compte des
contraintes financibres temporaires ou sdsptdea Bsx contingences 6conomiquee.

La prelaibre orientation, concernant Is respect des performances requisea, conduit b
concevoir un systbme d'armes polyvalent dana un porteur satiafaisant Ilessentiel des
performances en air-sir mas prenant en compte lea capacitia dlemport exigdes par lea
missions air-aol.

Le polyvalence du aystilme dargas pout 6tre envisagde A diffdrents niveaux

Nivesu 1 Line polyvalence totale se traduisant par Ia capacitd de chaque appareil A effec-
tuer toua lea types de mission en emportant indiffiremment. d'un Yet b lleutre des
armaments air-sir ou sir-aol et en alintegrant h Is demande h un r~sesu dlinforms-
tions tactiques. Elie implique bien entendu Is capscit4 multifonctions permettant
Is simultanditd de fonctionnement du systbme en mode air-sir et air-aol quand lea
phases de Is mission l'exigent.

Niveau 2 Line polyvalence optionnelle impliquant une reconfiguration de Ilavion pour
Iladapter b un type donnd de mission. Cettle reconfiguration consiste h adapter lea
cspteurs associds sux armamentsaet 6ventuellement & charger le logiciel correspon-
dent. Cleat la polyvalence qui permet de basculer en quelques heures une unitd
compibte dlune mission h une eutre en fonction des impdratifs opdrationnels.
Toutefois, quel qua soit le type de mission choisile Ieystbme conserve Is polyva-
lence minimale permettsnt A llavion isold de faire face A l'alternance dee phaes
offensives et ddfensives qui caractdriee leur ex6cution.

Niveau 3 Line polyvalence modulable permettent, au gein dlune m~ine unitd, d'affecter h
chaque appereil lea capteurm correspondent h so spcialisstion du moment.

Dona cette hypothbse, Is polyvalence nlexiste qulau nivaau de l'unitd ou de patrouilles
constitu~es au gein deaquellas cheque appareil joue un r6le particulier. Cleat Ie concept
de systbme d'srmes de patrouille qui permet h Id6vidence de construire un svion plus ldger,
donc moina cher, misi qui pose un probibme important de geation des mayens (aviona, cepteure
et armamsents) ou niveau de llunitd.

Guel que soit le nivesu de polyvalence choisi ou impo96 par lea contraintea budgdtaires,
un certain nombre de principles doit Otte reapectd dane Is conception du syethme dlarmes.

11 imports en premier lieu de concevoir un systbme de baae so caractdrisant par une
grande aptitude h recevoir un nombre varisble d'dquipementsaet de capteura diffdrents. Dons
la cadre dlune coopdrstion cattle souplesse doit couvrir l1dventsil des divergs fabrications
at options nationales.

Cette capacitd implique Ia plua grands modulsritd dana Is conception dea logiciels at
une architecture conFiant sux capteurs Ia traitement primaire des mignaux.

11 faut d'autra part prendre en compte dhs Is conception,les dvolutiona ultdrieures
qu'offrira 1I.dvolution des techniques at, partent dlune polyvalence 6ventuellement rdduite,
conesrver su aystbme lea capacitds dlatteindre ultdrieurement Ia polyvalence de niveau 1
qui reste Ilobjectif & atteindre.

11 faut enfin prdaerver lea deue sventages majeura de Ia polyvalence : Is souplease
d'emploi at llinteropdrabilitd.

En conclusion, il apparalt que Is notion traditionnelle de polyvalence a feait place
pour Ilayton de combat moderne, h Ia capacitd de aladapter h Id6volution de l'environnement
opdrationnel. Si lea avantaqes opdrationnels de Is polyvalence mont plus que jamais
daectualitd, des solutions techniques nouvellea permettent d'atteindre un compromis
sat isfaisent.



En ef'fet, cc mont lea performances du ayathme daeraee, prim dane son concept le plus
large sinai qua con potential dsadsptation at d'dvolution qui offrant h lasvion de combat
des enntea 90 l'aaaantial dease polyvalence. Clest mu stade de Is conception qua la sauplesma
de ca cyatbme doit Atre prise en comptea sin de prdmarvar Ilcvanir at de fevoriser ls
coopiratian en permettant h cheque pays d'admpter son outil de difense &sea moyane et 6 sea
exigencas opirationnallac cpdcifiquac.
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S.F. Stapleton Head of Aerodynamics
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British Aerospace P.L.C.,
Kingston upon Thames,

Surrey,
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SUMMARY

The paper reviews the progressive evolution of the BAn Hawk from its original concept as the advancedI'I flying trainer aircraft for the RAP to the currently planned developments as a light attack aircraft.The developmets axe described in aerodynamics propulsion and systems to give improvement Inperformance and weapon delivery capability appropriate to effective light attack operational roles.

1. INTRODUCTION .

The Hawk concept originated from the decision in the 1970's for the RAP to reorganise its flying
training from the previous multi-aircraft system to a more integrated system in which advanced
training could be accomplished on a single aircraft capable of taking the trainee pilot from the
basic level to advanced flying training, weapon training and on to operational training.

In parallel with this RAF concept of integrated training the Hawk was also conceived in design as
capable of development towards a light attack aircraft. These developments from the tvo-seat
training version were through systems, performance and weapon capability developments, within
controlled cost targets suited to potential market opportunities and local defence requirements.

2. DEVELOPMENT OVERVIEW

The original Hawk to meet RAP requirements, designated T Mk.l, was developed to a limited operational
capability with Air-Air and Ground Attack weapons, as a secondary light attack aircraft, T Mk.lA.

The first export development was to meet a requirement for an advanced training and ground attack
aircraft, accomplished by the development of additional weapon carriage and associated systems,
designated the Mk.50 series.

This theme of development for the dual role of flying training and combat capability was taken
further with additional weapon and system capability, performance improvements and uprated engine,
embodied in the Nk.60 series.

Further development was seen on the basis of the developed airframe, for the roles of advanced
systems and crew training and of a light attack aircraft. In the first of these developments, the
Mk.l0O series, enhanced ground attack capability is introduced through improved avionic systems
giving self-contained navigation to targets, greater attack accuracy, versatile programable displays
and a database system to give future system development capability.

The development to a single-seat version of the aircraft had been seen as a logical step to a full
operational light strike aircraft in which the development capability in aerodynamics, performance,
systems and sensors would be justifiable.

This development, the Mk.200 series, is again on the basis of the original airframe, but changing the
front of the fuselage to new equipment and cockpit modules. By this means equipment and weapon
system configurations for a range of operational roles are available and include:

" Night/All weather intercept from airborne alert

* Close support

" Interdiction

" Reconnaissance

" Maritime strike.

The enhancement of systems and performance, coupled with role capability and low visibility make the
Series 200 an effective low cost light attack aircraft.
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3. CURRENT STATUS OP THE HAWK DEVELOPMENT PROGRAMME

The T Mk.l is curreatly in service with the RAP and has achieved a total of 287,500 flying hours.

A number of the T Mk.i aircraft have been converted to T Mk.lA standard and are operational.

The Mk.50 series is in service with 3 other air forces.

The Mk.60 series is in service with a further 4 air forces.

The Mk.l00 series is in the development stage through avionic systems ground rigs and will reach a
flight development stage in 1987.

The Nk.200 series has been designed initially as a demonstration and development aircraft and will
fly in this role in Hay 1986 with further plans to fly specific equipment development versions in
1987.

4. EVOLUTION OF COMBAT DEVELOPHENT

The original concept of the Hawk, in its advanced training role, was to provide an aircraft able to
represent many of the operational characteristics of the front line combat aircraft, within a
limiting cost constraint both in design, development and production, as well as in operating costs.

Thus the aircraft was conceived as a small subsonic aircraft, built around an existing production
engine of reasonable fuel economy, at the start of its development life. The aircraft was sized on
requirements for landing speeds appropriate for flying training and internal fuel for adequate
endurance for the required training syllabus. This led to a modest take-off thrust/weight ratio (I
.5) moderate wing loading and capability for good payload/radius.

From this design concept other characteristics were achieved appropriate to the advanced training

role:

a Good field performance from low speed high lift capability and low wing loading

a Good climb capability from thrust/weight and lift/drag ratios

* Good operational radius of action with substantial payload

a Agility over subsonic Mach number range from low wing loading and combat thrust to weight
ratio

* Capable of demonstrating supersonic operation in diving flight

a Good flying qualities through simple flight control system

* Good weapon/store carriage capability with minimal change in flying qualities.

These features, required for the training role, include many of the necessary characteristics of a
combat capable aircraft and through the aerodynamic, performance and weapon system developments
envisaged lead to a highly capable attack aircraft.

In essence the development philosophy is based on the good payload/radius capability which can be
developed for combat applications:

* Substantial weapon loads from hot or high operational bases delivered to distant targets

* Combat air patrol with air strike capability at substantial distance out from base or
longer patrol time closer in

* Performance and flying qualities appropriate to target acquisition in air-air weapon
attack, delivery of ground attack weapons and anti-shipping strike.

In pursuance of this development to the required combat capability the essential developments are in
aerodynamics, performance and weapon systems, within the basic Hawk airframe and the affordable
engine and equipment availability.

AERODYNAMIC DEVELOPMENTS (PIG. 1)

The flying qualities and performance characteristics referred to in paragraph 4 have been the subject
of design studies and wind tunnel development teats at loy speed, high speed and at high Reynolds

number leading to flight trials.

Improvements of wing performance from the T Mk.l wing configuratian have been achieved vithout major
structural 

changes.

At low speeds, through flap systems and wing flow control improvements the usable high lift has been
increased by 15%.
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At higher speeds the usable maximum lift has been increased by 282 at K - 0.5 and by 22% at N - 0.8.
Initially improvements in the control of flow separation gave higher usable lift through better
handling to higher angle of attack. Further improvements were obtained from application of
leading-edge camber, modification of rear airfoil section to improve rear loading and use of rear
camber by partial flap deflection.

Additionally, aerodynamic developments for weapon and external fuel tank carriage have been necessary
to increase attack effectiveness through range/payload capability. In general these improvements
have been realised through wind tunnel and flight development tests. The Hawk configuration, with a
moderate sweep and aspect ratio ving, and wing section designed for high subsonic Mach number, is
tolerant of store additions under the wing with minimal changes in longitudinal stability and centre
of gravity. Thus a wide range of store types and configurations has been possible in the development
of combat configurations.

6. ENGINE DEVELOPMENTS (FIG. 2)

In parallel with evolution of the aircraft from the training role, progressively towards the Light
Attack role, the need to improve performance, compatible with operational roles and weapon delivery,
has required progressive engine development.

Primary interest has been in improvements in operations with heavy loads in high ambient temperature
at airfields above sea level and in maintaining combat performance particularly in low level attack.

The engine is a development of the non-reheated Adour engine designed for the Jaguar aircraft. It
was selected for Hawk because of its new technology (at the time), its moderate operating
temperatures and pressures, and rugged construction.

The first mark of Hawk Adour was designated the Ilk. 151, and was MoD funded for the Hawk T Ik. 1
aircraft.

An uprated version designated 14k. 861/861A was developed with PV funding for Nk. 60 series export
Hawks. Thrust improvement at SL, ISA, static conditions is 102. Changes include a modified LP
compressor, revised turbine nozzle and exhaust mixer areas, modified fuel system and new HP and LF
turbine blades.

The 1k. 871 engine is the latest standard of Hawk engine. The uprating is achieved by increasing the
max LF speed by 4% to 1082 and raising the turbine entry temperature limit. The major changes (over
Nk. 861A) are shown on Fig. 2. The Mk. 871 engine still features state of the art technology,
leaving scope for still further growth with the use of advanced compressor and turbine technology in
the future.

These engine developments have been achieved without significant changes to the basic engine
dimensions and optimisation for other climates is also possible.

Typical changes in engine characteristics in the development from T Mk.l to 200 Series are:

* Static thrust increase I.S.A., S.L. 13%

* Thrust increase at 0.8 K, I.S.A., S.L. 41%

* Static thrust increase I.S.A. .35
0
C, S.L. 26%

* Thrust increase 0.8 M, I.S.A. +35°C, S.L. 38%

* SFC change at Maximum Rating, I.S.A., S.L. -22

7. SYSTEM DEVELOPMENTS

The systems fitted to the Hawk T Nk.l were kept as simple as possible, but with sufficient capability
to achieve the desired training task. Thus the basic navigation is achieved using a twin gyro
platform and conventional radio and radio navigation equipment. In the advanced flying training role
no weapons system is fitted, in the weapons training role a gyro gunsight is fitted, together with a
simple stores management system to control the centreline gun, and the training stores carried at the
inboard wing pylons. This capability is extended for the T Mk.1A to allow the use of operational
weapons.

For the Mk.50 and 60 Series a more comprehensive weapon control system is fitted, allowing the
carriage of up to nine weapons. A wide range of weapons has been cleared on the aircraft, including
air-air missiles. In all cases the export Hawk aircraft are very comprehensively furnished with
radio and radio navigation equipment to meet individual customer requirements.

An up-dated, programmable, version of the weapon management System will shortly be introduced,
allowing even greater flexibility for future operational stores. The system is currently being
installed in the BAm demonstrator G-BAWK and will fly this year.

BA. recognised that there would be a need for training on more advanced avionic systems, and that,
for operational use, it would not be possible to rely on beacon based navigation aids. Thus an
Enhanced Ground Attack (EGA) system has been designed and is now running on a ground proving rig
which includes a full Hawk cockpit and visual displays. This facility enables the system to be flown
and demonstrated, and will be used during the future expansion and development of the system.

The system employs an Inertial Navigation platform, a Read-Up Display, Head Down multi-colour display
and Hands-on-Throttle and Stick (BOTAS) controls. Coupled with the new Veapon Control System, and a
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comprehensive standard of radio and conventional standby displays the cockpit of the EGA Hawk should
satisfy even the most demanding of pilots!

The EGA system can be fitted to a two seat Hawk, designated the ik. 100 Series, for both training and
operational use. The use of a MIL-STD 1553 B Data Bus simplifies the addition of such equipment such
as Forward Looking Infra-Red (FLIR) sensors, and Laser ranging.

The EGA system also forms the heart of the operational single seat Hawk, the ik. 200 Series. This
aircraft has been designed to allow the greatest possible degree of flexibility to meet individual
customer requirements. The aircraft is fitted with an inboard gun installation that can accept up to
two 25 am Aden guns, although the 30 me Aden could be fitted if required. The use of a "gun pack"
approach enables the gun bay to be used for other purposes if needed, for instance it would be simple
to fit a specialised reconnaissance pack in lieu of guns.

The lines of the aircraft have been chosen with the possible fit of a modern multi-mode radar in
mind. The hinged nose can accept a radar dish of up to 24" diameter. The use of a separate hinged
nose makes it a simple task to cater for other equipment, such as FLIR and Laser, should the aircraft
be intended primarily for day/night ground attack use. With a radar fitted the aircraft would be
more suitable for an anti-shipping or air defence role.

Also under development are the electronic counter measures so essential today. The aircraft can be
fitted with a radar warning system, and with chaff and flare dispensers. Active jamming pods can be
carried on the wing pylons.

The system has been designed with considerable spare capacity to allow for future growth and gives
the Hawk a remarkably comprehensive capability now and in the future.

8. PERFORMANCE (FIGS. 3 - 6)

The performance improvements in terms of mission effectiveness come from the increased capability for

take-off with larger payloads, particularly in the "hot and high" conditions. In addition the
improvement through development in attack speeds and agility enhances the combat capability to give
overall effectiveness in the light attack role.

The developments to improve maximum lift, lift/drag ratio and combat thrust have been taken to a
standard to enhance combat capability through higher agility at maximum usable performance
conditions.

The sustained turn is improved to a higher level and also extended over a wider speed range to give

better minimum turn radius and higher turn rates at operational attack speeds.

The instantaneous turn rate is achieved at low negative specific excess power and low turn radius,
inside 0.3 n.m., and thus gives minimal speed loss in turning manoeuvres, typically less than 20%
speed loss in 1800 turns.

Also the 1 g acceleration is maintained at 5-7 kts/sec. up to the attack speeds and hence small speed
losses in manoeuvre are quickly recovered.

Mission performance has been greatly extended by providing capability for take off with substantial
payload, comprising combinations of air-air and air-surface attack weapons and fuel. In this way
operation at substantial radius of action or for long times on station for air surveillance or
reconnaissance missions can be achieved from relatively short airfields.

Typical gains in performance are:

a Take off distance at 3600 Kg. payload reduced 49%.

a From 4000 ft. runway take-off mass increased 202.

* From 2500 ft. runway take-off mass increased 252.

" Maximum level speed increased from .81 to .85 N at S.L.

* Sustained turn 15 deg./sec. from 0.3 to 0.75 M
and minimum turn radius .22 n.m. at S.L.

a Instantaneous turn 22
0
/sec., .28 n.m. radius at S.L.

Also typical mission performance achievable is:

* Airspace denial (Hi-Hi) 4 hours on station at 50 n.n. (issiles,gun)

a Close Air Support (Lo-Lo) 130 n.m. (5000 lb. bombs, guns)

a Interdiction (Hi-La-Hi) 530 n.m. (5000 lb. bombs, guns)

" Reconnaissance (Lo-Lo) 380 n.m. (Pod, missiles)

a Anti Shipping (Hi-Hi) Strike at 800 n.m. radius (Sea Eagle)

" Perry 2000 n.s.
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9. CONCLUDING REMARKS

Hawk evolution, through the concept of an advanced flying training aircraft with potential for light
attack operational capability, has been carried through at an affordable level.

The objective in this design evolution has been to make available a series of aircraft with
considerable commonality and resultant benefit to costs of ownership of a mix of aircraft in the
series.

At the present time the development has been taken as far as:

Maximum operating weight increased 50%

Maximum disposable load increased 125%

Maximum range increased 65Z.

The planned evolution has been indicated in this paper and extends into the next decade, developing
systems and performance towards improving operational capability to meet role requirements for
specific customer scenarios.
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FIGURE 2
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f( ABSTRACT

It is shown that for highly sophisticated, naturally unstable airplanes flying supersonically a joint
| strategy to lay out the flight control system whilst minimizing design loads must be adopted. The selection

of control surface geometry must be performed utilizing all possibilities from overall structural optimi-
zation including aeroelastic tailoring for primary carbon fibre structures.

In the proposed design philosophy the behaviour of the elastic airplane structure must be introduced

and optimized in the very early design stage.

It is shown in the paper that the required control surface hinge roments can be reduced by optimizing mass
penalties and efficiencies. Minimizing installed hydraulic power supply has also a beneficial effect on engine
performance at low speed, high altitudes.

INTRODUCTION

An integrated structural design procedure was always applied to produce light-weight aircraft structures
in the past. The method used largely depended on the experience and the creativeness of the chief designer.
For modern naturally unstable airplanes with carbon fibre structures flying to supersonic speeds the appli-
cation of

detailed structural finite element models,

early simulation results for flight control system performed
with "elastified" derivatives,

tuning of FCS to minimize loads whilst still respecting performance requirements,

optimization methods to fulfill constraints such as strength and stiffness simultaneously with
minimum weight

is mandatory in an even preliminary design stage, In this paper it is shown how aerodynamic loads
are determined, how dependent they may be on FCS design and how aeroelastic tailoring is applied together
with geometrical parametric studies to achieve maximum roll rates with minimum structural weight /l/. /2/, /4/.

Care Free Handling and Manoeuvre Load Control

A flight control system for a naturally unstable aircraft will limit design parameters - such as acceler-
ations, acceleration rates, velocities, attitudes - in such a way that limit design loads are not exceeded.
These design loads are defined in an iterative process between the FCS design, the loads group and the aero-
elasticians. A few examples of how this is performed and how load envelopes are produced are shown below.
A fighter aircraft is presented in Fig. 1. Its primary control surfaces are:

o inboard flaperons

o outboard flaperons

* foreplane

rudder

Inboard-outboard flaperons and/or foreplane can therefore be used for trimming and controlling the
longitudinal aircraft motion and T-'e-pends on the allocation of stick inputs to these control surfaces.

Fig. 2 shows an example of how much the foreplane and wing trailing edge flap loads can be affected
by an appropriate choice of the initial trim contribution. This applies for the subsonic region - where the
aircraft is unstable longitudinally - as well as for the supersonic region - where the aircraft Is stable.

It is interesting to note, that the aircraft needs only small control deflection angles for initiation
of the manoeuvre - as expected - but the control deflection immediately has to be checked to a large extent in
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order to stop the effect of the instability. Therefore no similarity of the stick input in comparison to
the actual control surface deflections can be seen subsonically, whilst supersonically the usual increasing
control deflection is seen in order to command a steady max. 'g' condition.

If the foreplane/flap schedule is only chosen from a handling and performance point of view, one may
run into problems with the design loads on both surfaces, as one gains advantages on both surfaces by
choosing an optimum loads concept. As demonirited for trim we tried to show the effe-c'f controlling the
aircraft alternatively by foreplane or trailing edge flaps. Fig. 3 shows this effect for the pitch manoeuvre
starting at the near optimal trim of-/P = -5

°
. Again it can be seen, that the contribution of either fore-

planes or trailing edge flaps can strongly affect the respective control surface loads, at least for the
supersonic case. It must be noted that for demonstration of these cases a given control system has been de-
graded by changing the assignment of foreplane/flap command and feedback paths which may be seen in the
non-optimal motion of the 'g' time history (Fig. 3). Fig. 4 illustrates the problem, that MIL-Spec. requirements
no longer represent generally usable structural design conditions for a carefree handling aircraft. It can
be seen, that the MIL-triangular stick displacement initiates a full 'g' manoeuvre with associated high positive
and negative pitch rates and operationally unacceptable acceleration rates - resulting in high inertia loads -
for the pilot. The carefree handling aircraft on the right side of the diagram is controlled to its max. 'g'
by a full back stick and it can be seen that both the max. g-rate as well as the pitch rate are extremely
cut down to operationally meaningful levels by the control system. Naturally, an immedate triangular reversal
is stopping the manoeuvre initiation and one would not reach max. 'g' as with a conventional aircraft, where
the pilot has to be very careful in performing a MIL-type triangular manoeuvre without exceeding the 'g'
limits.

Finally, it should be emphasized that in designing the control system it is very important to feed
in design loads aspects at a very early stage, as can be explained by Fig. 5. It may be accepted from a
handling/performance point of view, to overfulfill the time to bank requirement by an overswinging control
deflection. This clearly increases the control hinge moments and one simply achieves load reductions - in this
case about 36% - by adopting the max. acceptable time to bank.

All the examples shown clearly illustrate the aeruynamic loads produce by manoeuvres depend on
carefully chosen control laws/trim programs of the flight control system.

Real time simulations with measured aerodynamic derivatives, aeroelastic efficiencies and optimized
control laws must be performed and maximum response parameters selected from time histories (Fig. 6).
From these the actual design loads are derived.

Aeroelastic efficiencies of control surfaces can show large reductions vs. airspeed and Mach number
(Fig. 7) and they must be carefully chosen initially so that not too many iterative steps are necessary and
also so that the structural weight which is needed to fulfill certain efficiency requirements is not
prohibitive (Fig. 8).

Static Aeroelastic Consideration

As already stated,there is a strong influence of the aircraft elastic structure upon control surface
effectiveness (Fig. 7) as well as aerodynamic loading (Fig. 9).

This paper describes an approach of how high sustained roll rates can be achieved at high dynamic
pressures with aeroelastic tailoring of a carbon fibre wing, whilst minimizing hinge moment demand and there-
fore hydraulic power and flow requirements.

A certain roll rate was chosen as design aim at Ma 1.6, 20000 ft, which makes the aircraft agile and
competitive. All calculations were performed with the TSO-computer program /3/ with an MBB-modified optimization
algorithm. The program can minimize the structural weight by proper laying of CFC laminates in direction
and thicknesses fulfilling in this case static strength and efficiency (stiffness) requirements simultaneously.
Because a plate model is used for structural representation quick changes of geometry, like flap size, are
possible which would be very time consuming on a finite element model. On the other hand there is a certain
loss of accuracy so that results should be taken as tendencies rather than fixed values of structural weight.

Aim of the Study

The aim of the exercise was to optimize the CFC wing laminates (with respect to weight) in thickness
and direction - always fulfilling the roll rate required - in such a way that the lowest trailing edge hinge
moments could be found. Flap size - chord and length - were varied parametrically. An estimate of the exchange
rate of trailing edge hinge moments with weight is given in Fig. 10. This figure shows that halving necessary
hinge moments could save about 60 kg weight.

In order to have all possible flap travel available it is necessa-y to do all required trimming with
the foreplane.

Search for Optimum Trailing Edge Size

Due to strong influences of elastic deformations on stationary aerodynamic forces at high dynamic
pressures the classical aerodynamic approach with rigid derivatives must be replaced by a method which
optimizes the structural weight fulfilling the roll requirement. It should be emphasized that all parametric
investigations must be done by optimizing the structure for every point investigated - which could mean different
laminate thickness and directions for each point. A study taking an optimized structure for one point and
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analyzing another point could be misleading.

The study was conducted in two steps:

I. Find the maximum possible chord flap.

2. Define a split line for two flaps.

Investigated Flap Geometry

The scope of the study is shown on Fig. 11. Different inboard flap chords were not investigated
because the requirement was also to get the largest chord flaps aeroelastically possible necessary
to assure controllability at high subsonic Mach numbers where longitudinal static instability is the
highest and flap angle may be restrictive.

Results

Fig. 12 shows the hinge moment and required flap angle to fulfill the roll requirement for flap 1.

It shows a steep gradient for hinge moment reduction near the strength design which flattens considerably
at 40 kNm. Flap deflection shows similar behaviour. It should be noted that the flap deflection for the rigid
wing cannot physically be reached with the given t/c ratio and material properties. Rigid flap in this
investigation means a flap which is continously driven. Two optimization runs were made with flexible flap
driven at two spanwise positions (0.2 and 0.5 wing span) which showed that flap angle goes up whereas hinge
moment goes down. These results should not be applied as a general rule as is shown in Fig. 13. This figure
presents results for flap II (40% outboard chord). The behaviour of hinge moment and flap angle is similar
but 40 thm. can be reached with less structural weight. When the flexible flap was introduced the flap angle
went up considerably whereas the hinge moment did not reduce. A boundary for increasing the flap chord
outboard is the flutter speed with tip missile andthe -request for a reasonable torsional box to get a high
enough missile attachment stiffness. As a matter of interest flutter speeds of the clean wing were calculated
and are presented in Fig. 14. From this figure it can be deduced that for the clean wing there is no difference
between wing with flap I or flap II. Flutter speed increases with structural weight because torsion frequency
goes up. In Fig. 15 v-g plots ans vibration modes for one case are presented. In Fig. 16 the added mass (above
the mass for strength design) as a function of the hinge moment is plotted. The optimum hinge moment is about
45 0. for a full span flap. The bigger chord outboard flap II was chosen for further investigations, because
it clearly shows a total mass reduction, against flap I when installing about 45 KNm.

Flap Split Definition

In order to define the flap split spanwise two exercises were preformed. The full span flap was cut out-
board down to 80 and 60% span - always fulfilling the roll requirement with an optimized structure. As shown
in Fig. 17 this is the wrong way to go. Hinge moment and flap deflection increase above reasonable values of

40 kNm and 150

and cannot be reduced by added mass because gradients are too flat.

In Fig. 18 the full span flap is cut inboard to 80% and 54% span. The hinge moment goes down now but
deflection becomes marginal (close to 150) when a 54% outboard span flap is used alone to fulfill the roll
requirement. It is also impossible to install 30 kNm at such a far outboard position as 54%. Fig. 19 shows
clearly that the optimum lies around 35 kNm installed hinge moment, which is lower than for full span flap
(Fig. 16). A possible way to go is shown in Fig. 20 where a flap split is taken at 40% outboard flap span
(referred to total flap span) and different flap angles are used inboard and outboard. Table I shows that
it is best to use maximum deflection from outboard flap respecting the limits

20 kNm and 150 angle

flexible hinge moment

because ratio flexible wing roll moment

is : 1.5 x better than full flap

-. 2 x better than inboard flap

Proposed Flap Split

The following conditions must be fulfilled:

- biggest possible outboard span flap with maximum angle

- not exceed 20 kNm with outboard flap

- not exceed l5 flap angle

Two cases could be calculated ( without changing the aerodynamic grid) shown in Fig. 21. A split of
50% ib and 50% o/b flap was selected. With a linear interpolation of Fig. 21 results this would give an
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outboard hinge moment of 22 kNm

Additionally two benefits of this configuration should be mentioned:

- same actuator could be used for i/b and o/b flap

- about 5 kNm hinge moment is still available at the maximum roll
condition when 40 kNm are installed as a total.

CF. Wing Laminate Thickness and Directions

For the selected case the laminates are shown as isothickness in Fi. 22 . An unbalanced laminate
was chosen because it gives lowest structural weight. It is interesting to note that the +45' layer of
Fig. 22, which is primarily responsible for increasing flap efficiency, is increasing its thickness
outboard to produce higher stiffness.
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Rolls-Royce plc,
PO ox 3,
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) APPLICATIONS FOR VECT0RED THRUST

, The Harrier/AV-8 aircraft, with its Rolls-Royce Pegasus engine, was developed
Sprimarily for vertical or short takeoff and landing operations. To achieve this it

employs nozzles capable of vectoring through more than 90* to provide 'lift' and a
reaction control system to provide aircraft control in low or zero forward speed
operation. These features of the aircraft have also been employed to achieve a

Stactical advantage during combat by vectoring in forward flight (VIFFING).

Operational analysis studies have identified the potential combat advantage of
post-stall manoeuvring (PSM) to improve rate of turn and vehicle/weapon pointing. To
achieve any or all of these capabilities lie V/STOL, VIFF and PSM) will require some
degree of propulsion system thrust vectoring. Some particular requirements that the
need for thrust vectoring place on the engine design and the technologies involved are
addressed in this paper.

SHORT LANDING

A short landing capability is probably essential for the next generation of combat
aircraft to ensure continued operation in the face of hostile airfield attacks. The
achievement of a short landing run hinges on the attainment of a low stable approach
speed as shown in Figure 1. A target landing run of 1000 feet demands an approach
speed of around 80 kts. This implies a relatively high level of powered lift with an
approach thrust/weight ratio of 0.6 or greater and a thrust vector angle in excess of
60* being indicated.

If the aircraft is to be stabilized on the approach path with high vector angles a
thrust vector line close to the aircraft's c.g. is essential if the aircraft is to be
trimmed aerodynamically.

VECTORING IN FORNARD FLIGHT

Vectoring of the Pegasus nozzles in the Harrier/AV-8 during forward flight, even with
the stick neutral, causes an instantaneous nose-up pitch change which can be used to
bring weapons to bear. This pitch change also gives a short term increase in
instantaneous turn rate. The USHC have found that by vectoring the nozzles for as
little as one second they can attain a firing position. No other aircraft, old and
slow or modern and fast, can decelerate more rapidly than the Harrier which, with
nozzles at the braking stop, can decelerate at up to 50 kt a second. Only a few
seconds of VIFF are needed for the Harrier to reach a part of the envelope that is
unattainable by other aircraft.

The Reaction Control System (RCS) provides the ability to orientate the aircraft to
enable the missile to lock-on to the enemy while both aircraft are in the low speed
part of the manoeuvre. This 'point and shoot' technique has been developed by the
USMC and has proved highly successful.

Figure 2 shows four examples where VIFFING and reaction controls are able to give the
Harrier an advantage. An additional and all-important factor is surprise. The enemy
cannot tell when the Harrier is applying VIFF as the nozzles are not easily seen
(unlike airbrakes which can indicate when a deceleration is being initiated). In
combat, the pilots will be mentally computing each other's next manoeuvres; the enemy
will find this unusually difficult as, with the advantage of VIFF, the Harrier's
behaviour is not visually predictable. Deceleration coupled with limited fuselage
pointing are thus the main combat attributes of current VIFF aircraft.

POST STALL MEMRAmNJCVIILITY

Post Stall Manoeuvreability (supermanoeuvreability) is generally defined as the
ability to manoeuvre and control the aircraft at angles of attack beyond the maximum
lift point (see Figure 3). Post Stall flight at high angles of attack has been
experienced with the Ryan X13 and other Vertical Attitude Take-Off and Landing
aircraft. The X13, powered by a Rolls-Royce Avon turbojet, was controlled by exhaust
jet deflection and thrust variation, with roll control supplied by air jets at the
wing tips.



The ability to control and manoeuvre a tactical aircraft in this post-stall regime
will permit short-term 'instantaneous' manoeuvres at low speeds to achieve small radii
of turn and thus provide the aircraft with a tactical advantage in air combat.

A typical combat development into the PSM regime is shown in Figure 4. As incidence
is increased beyond the maximum lift point there is some reduction in the lift
coefficient, and thus the total normal aerodynamic force on the aircraft, tending to
reduce the turn rate. The increased drag force also causes the aircraft to
decelerate. As the incidence increases, however, the engine gross thrust component
normal to the flight path becomes significant in relation to wing lift and turn rate
will thus increase. Structural limitations preclude the use of PSM beyond about Mach
0.5, and the main tactical advantage will occur at speeds below Mach 0.2. The
essential difference between a VIFF manoeuvre, as demonstrated on the AV-8B, and a PS
manoeuvre is the attitude of the aircraft and the magnitude of the forces involved.

The realization of useful VIFF/PSM performance hinges on the ability to generate
adequate control forces when normal aerodynamic controls are ineffective. These
forces will therefore have to be generated by the engine through thrust vectoring
coupled to the primary flight control system. Lift, and hence drag forces, tend to be
larger on an aircraft executing a PSM than one VIFFING, thus correspondingly greater
control forces are therefore required for a PSM aircraft.

AIRCRAFT CONFIGURATIONS FOR THRUST VECTORING

The requirements of STOVL and PSM/VIFF are also quite different in terms of thrust
centre control. While the STOVL requirement demands thrust vectoring with no
significant pitching moment, VIFF/PSM demands pitch and yaw moments from the vectored
gross thrust for rapid manoeuvring. The conventional aircraft configuration, as shown
in Figure 5(a), with the thrust center located well aft of the c.g. of the aircraft,
can utilize nozzle concepts with a limited vector angle capability to achieve PSM.

Projected STOVL configurations using an unmixed engine, such as shown in Figure 5(b),
have the potential to combine both VIFF and PSM capability. If the rear nozzle of
this STOVL aircraft is given the ability to move independently of the side nozzles in
both pitch and yaw, it may provide the control power for PSM while retaiining the pure
VIFF and V/STOL capability.

PROPULSION SYSTEM TECHNOLOGIES FOR VECTORED THRUST

The requirements which will be imposed upon the propulsion system by the need for
thrust vectoring and PS24 operation are as follows.

o Capability to vector the primary thrust in pitch and yaw rapidly and reliably.

o Reaction control system for roll control (at least).

o Integrated flight and propulsion control system.

o Surge-free operation of the engine with the intakes at high angles of attack.

We will now look at each of those requirements in turn and address some of the
solutions available.

NOZZLE CONCEPTS FOR THRUST VECTORING

Counter Rotating Duct System shown in Figure 6 was developed initially for vectoring
in the pitch plane but lends itself readily to all axis vectoring. The wedge angle
between the two bearing planes determines the maximum vector angle. Synchronized
counter rotation of the two moving sections will vector the thrust in a plane while
differential rotation of the ducts will produce a vector in the third dimension. This
system is only proposed for axisymmetric nozzles.

For applications where a fixed area nozzle is required a two bearing system is
acceptable. If, however, a multi-function nozzle is required, ie with area variation,
thrust reverse, etc., then to simplify the transmission of control and actuation power
to the nozzle, it is desirable to prevent the nozzle from rotating by using a third
bearing. By increasing the wedge angle between the bearing planes any vector angle
can be achieved up to 90*. It is therefore mechanically feasible to develop a nozzle
which provides both the two-axis vector capability for eSM, and the high vector angle
required for VTOL and STOVL.

Spherical Bearing Concept again relies on bending the jet pipe upstream of the nozzle.
The spherical bearing permits a modest degree of thrust vector in any direction, but
does present some problems in mechanical design, both structurally and to minimize
leakage. To alleviate the problems of load transfer across the spherical bearing a
gimbal assembly can be used. This can be applied with either a spherical seal or the
counter rotating duct concept to contain the airflow to the nozzle while removing the
axial loads from the bearings. Only limited vector angles are achievable with either
of these two concepts.
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Swash Plate Concept. The potential for a lighter, more compact system can be achieved
by integrating the vectoring function into the nozzle design. A unison ring employed
to coordinate the movement of the convergent flaps can also act as a swash plate to
asymmetrically control the convergent flaps angle and thereby produce a small amount
of thrust vector. Such a system can be employed with both convergent and con-di
axisymmetric nozzles. In the latter case the divergent flaps may be asymmetrically
controlled.

Post Exit Deflector. Model tests have shown that a post exit deflector can produce
deflection angles of 15-20* with only a small performance penalty. Such a concept can
be integrated into a target type thrust reverser design as shown in Figure 7. In this
example a two-door system is shown where independent deployment of the doors will
deflect the nozzle flow. Penetration of the deflector door into the jetstream will
determine the deflection angle, and the door assembly is mounted on a bearing
concentric with the nozzle axis such that the desired thrust vector can be achieved by
rotation.

Simultaneous deployment of the two doors will produce progressive levels of reverse
thrust until the doors meet at the nozzle center-line and act as a conventional target
thrust reverse system. The use of a 3 or 4 door system may eliminate the need for
rotation by decoupled control of the doors.

Non-Axisymetric Nozzle Concept. No range of multifunction nozzle concepts today
would be complete without a non-axisymmetric option, therefore the design of a
variable throat area, variable area ratio 2D con-di nozzle can easily be configured to
provide limited thrust vector in the pitch plane. Various studies to incorporate a
lateral force capability have looked at ports in the side walls upstream of the
throat, hinged sidewalls down stream of the throat and vanes (powered rudder) in the
exit flow.

While hinged side walls proved the most effective approach, simple rorts in the
sidewall are probably easier to engineer. Such a concept is shown in Figure 8.
Ejecting approximately 10% of the flow normal to the mainstream flow axis will produce
an effective yaw vector of 5*. However vectoring the total thrust is a more efficient
way of producing the same yaw force since the Cosine loss of 5* thrust vector is much
less than the axial thrust loss from 10% less flow through the main nozzle.

Each of the thrust vectoring concepts presented above has the potential to generate
the necessary control forces for VIFFIPSM. Each concept however has its strengths and
weaknesses which need to be addressed in development of a flight worthy system.
Figure 9 summarizes some of the features of each concept and identifies limitations
and specific problem areas of each.

REACTION CONTROL SYSTEMS

In hover and partially jetborne flight below the normal aerodynamic stalling speed,
the conventional control and stabilizer surfaces have insufficient effectiveness and
must be augmented by some form of reaction control system. For example, in the
Harrier/AV-8, the RCS system makes use of engine HP compressor bleed air which is
ducted to shutter valves located at the extremities of the aircraft fuselage and
wings.

Figure 10 presents a comparison of 3 methods of providing pitching force on a typical
tactical aircraft, namely:

(a) aerodynamically generated by elevators

(b) jet reaction by engine HP compressor bleed air

(c) jet reaction by vectoring the engine thrust.

It can be seen that at speeds below about 200 kts. a modest degree of engine thrust
vector will provide more pitching moment than either the elevators or 10 lb/sec of HP
bleed. Similarly for yaw, vectored thrust can provide the necessary power to
stabilize and control the aircraft.

For roll control, some form of remote jet reaction is necessary and HP compressor
bleed air is the logical choice. The use of LP compressor bleed for RCS has been
studied in the past but the larger ducting required to pass the greater flow required
to provide adequate forces, adversely affect the vehicle sizing and wing design.
Figure 11 shows the rolling moment which can be generated by 5 and 10 lb/sec of
HP compressor bleed flow relative to that generated aerodynamically by deflected
ailerons.

The use of HP compressor bleed air for reaction control can affect engine operation
and impact on the engine design. Specific features which have to be considered are:

o the need to increase turbine temperature to maintain total thrust (including the
bleed thrust) especially in the hover mode with V/STOL aircraft.
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O changes to the combustion pattern factor, as a result of the reduced combustor
flow and the bleed off-take location, affecting turbine component lives.

o changes in the HP compressor working line as bleed is demanded.

o changes in the engine control characteristics and the need to maintair, engine
protection and handling at various bleed flow levels.

o changes to the engine internal air system and the effects on bearing loads and
leakage.

To minimize the amount of bleed flow required and thus minimize the penalties and
constraints on engine operation, ways of amplifying the effective thrust may be
considered. Various systems have been studied and they fall into three basic
categories:

(a) Energy increase by heat addition to the bleed flow by remote burners.

(b) Increased propulsive efficiency by energy transfer to increase mass flow at lower
pressures. Such systems are rotary inductors, ejectors, fan/cold turbine.

(c) A combination of both a) and b) such as fan/hot turbine and hot bootstrap units.

An alternative approach is to use an auxiliary power source to provide the required
reaction control force. These may be

ia) by direct air bleed from an APU

(b) by power off-take from an APU to drive remote air compressors/fan

(c) direct thrust from small rocket motors at the aircraft extremities.

INTAKE DESIGN

The demands on the intake are driven more by certain mission legs than by the fact
that the vehicle has vectoring nozzles. An obvious requirement for V/STOL or STOVL is
the flow capacity of the intake with little or no forward velocity. For a fixed
geometry intake, auxiliary area such as blow in doors may be required. If high speed
flight is a missions requirement then a variable geometry intake may provide the
necessary area variations.

A further consideration for operation with vectored nozzles is the location of the
exhaust jet efflux in relation to the intake, especially in ground proximity.
Placement of the intakes can therefore affect the risk of hot gas reingestion and must
be evaluated in the context of the specific vehicle and nozzle configuration.

The use of vectored thrust for VIFF does not place any specific requirements on the
intake design since the intake incidence is within the range of normal operation.
However for PSM the vehicle and hence the intake will be operating at very high angles
relative to the line of flight. This presents some unique requirements for the intake
designer who must ensure that adequate flow is delivered to the engine with acceptable
levels of flow distortion and with no adverse effects on the engine handling or
stability.

Operation of air intakes at very high incidence angles requires use of variable
geometry features if operation at other points in the flight envelope is not to be
penalized by design compromise. Figure 12 shows that satisfactory engine face
distortion levels have been achieved at up to 700 incidence angle by use of a shielded
intake with a variable cowl lip. Compare this with the rapid rise in distortion with
incidence angle for a typical unshielded fixed lip intake.

The high incidence performance of shielded side mounted and chin intakes with variable
cowl lip is also shown in Figure 12 to be acceptable over a wide range of Mach
numbers. In general it is considered that the technology to develop an intake for
operation at high incidence required for PSM exists and that these features can be
integrated into a variable geometry intake to also provide good performance over the
rest of the flight envelope.

FLIGHB/PROPULSION CONTROL SYSTEM INTEGRATION

In the vectored thrust mode the propulsion system will be an integral part of the
aircraft flight control system as shown in Figure 13. This will create a number of
interface considerations and design requirements unique to this application. The
propulsion control system must provide adequate response, precision and stability to
satisfy the aircraft handling qualities criteria. It must be reliable and incorporate
acceptable flight safety features; it must be integrated with the inflight diagnostics
system to maximize cost effectiveness1  and it must be a lightweight, highly
maintainable system that maximizes the operational suitability of the aircraft.

In addition to the conventional requirements for an advanced propulsion control
system, when used with a vectored thrust engine the system must be capable of
satisfying the following objectives:
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Precise control of requested thrust levels including compensating for the effects of
variable compressor bleed offtake.

Complete self-limiting engine protection with added complication of changes in engine
running lines due to variable bleed and nozzle vector angle effects on nozzle area.

Mission reliability at maturity equivalent to that of the flight control components.

Control integrity which can be verified before starting and while running to indicate
and display malfunction of any control module.

Propulsion system status and flight-critical data available for display via integrated
inflight diagnostic system.

CONCLUSIOU

The four main propulsion system technology areas that need to be addressed for thrust
vectoring are Vectoring Nozzles, Integrated Flight/Propulsion Control, Reaction
Control Systems and Intakes. The order is also indicative of the level of effort
necessary to develop each technology to an acceptable level. Figure 14 identifies
some specific technologies within each area which need to be addressed. Some of these
are specific to the thrust vectoring application and others, such as materials, are
generic to any advanced aircraft application.

Numerous V/STOL aircraft projects incorporating vectored thrust have flown over the
years and provide a unique background for the development of thrust vectoring
propulsion technologies. Many of these technologies defined in this paper have been
and are being addressed as part of the Rolls-Royce ongoing commitment to V/STOL.

Specific conclusions concerning the development of vectored thrust propulsion related
technologies are:

Some degree of primary thrust vectoring will be required to provide the necessary
control forces in pitch and yaw on future supermanoeuvreable tactical aircraft.

On such aircraft a reaction control system (RCS) will probably be required for roll
control.

The design of intakes for high incidence, low Mach number operation should not present
serious technical difficulty.

From the propulsion system viewpoint, all axis vectoring nozzles and their actuation
systems present the greatest technical challenge.

Several advanced short takeoff and vertical landing (ASTOVL) aircraft concepts already
incorporate vectored thrust based on demonstrated RR technology.

The authors gratefully acknowledge the assistance of their colleagues in the
preparation of this paper.

The authors also thank the Directors of Rolls-Royce plc for their permission to
publish this paper, although the views expressed are those of the authors and not
necessarily those of Rolls-Royce plc.

The authors acknowledge that some of the nozzle layouts discussed may resemble those
designed by other manufacturers but emphasize that the key to the achievement of
acceptable performance lies in the detail mechanical design of the nozzle.

This work has been carried out with the support of the Procurement Executive, Ministry
of Defence.
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Assumptions Wet Runway. Reverse Thrust, L/D-4.0, 6" Glidescope, No Scatter
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-SUPERMANEUVERABILITY

*Th. ability to maneuver control the aircraft at Incidence beyond

maXImum lift.

2
POST STALL MANUEVER REGIME
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STEADY STATE
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*Tactical advantage derives from short term instantaneous maneuvers
and small radii of turn.

*Post stll flight has been experienced (E.G. Ryan X1 3) -

Supermaneuverabllty demands more control power.

Figure 3 Post stall maneuvering
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a) CONVENTIONAL CONFIGURATION

3All axis vectoring of rear nozzle

Large moment arm produces large pitch and
Yaw moments with modest thrust vector
angles

b) STOL AIRCRAFT CONFIGURATIONS

I Independent vectoring of side and rear
nozzles with all axis vectoring on rear

i Shorter moment arm requires larger thrust -

vector angle for same pitch moment but
provides ability to balance aircraft on
propulsive lift for V/STOL operation

Figure 5 Aircraft configurations for thrust vectoring
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Piqure 6 Counter rotating duct concept
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Independent deployment of doors produces
post exit deflection of thrust

Rotation of thrust reverse/deflector
assembly determines thrust direction

Synchronized deployment of both doors
provides modulated thrust for in-flight

deceleration and short landings

Figure 7 Rotating post exit deflector/thrust reverser concept
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Primary thrust vector
-. ' for pitch

% %" May require nozzle area control

coupled with yaw control to
maintain engine operating line

SIDEWALL PORTS
For yaw vector force

Figure a Vectoring 2D-CD nozzle with yaw port



COncept G Ir Coment
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Figure 9 Suary of nozzle concepts
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.-29 INTEE TING ADVANCED T1CNULOOIS

Dr ThwsM. Weeks
Mr Jeins n. lrumer

1-29 Advanced Developmnt Program Office
Flight Dynamics Laboratory

Air Force Wright Aheo Laboratory
Wright-Patterson a

Ohio, 454I3

ahe 1-29 Advanced Technology Demonstrator Program is underway and in flight status at ASA Dryden
Plight Research Facility. The joint US Air Force, NSA, DARPA, Grumna Aerospace Corporation program is
demonstrating a set of advanced airframe teohnologies for consideration by designers of tomorrows combat
aircraft. These technologiea are deacribed and preliminary quantitative resulta are discuased. Theose
technologi a are, furthermore, integrated within the X-29 airframe. Tomorrows combat aircraft will
require new, integrated technologies and will benefit fra the 1-2 integration experience base. The
1-29 aircraft Is being considered for several potential*0test bedAdeinstrtions of new equipment and
airframe concepts and will serve well in this role to eatisfy near term requirements.

INTRODUCTION

The subject of this conference deals with now flight control technology for sir combat performance
Improvement. The Air Foro/NASA/DARPA 1-29 Advanced Technology Demonstrator Program is developing and
flight demonstrating several advanced airframe technologies for tomorrow'a fighters. It is useful to
categorize these technologies Into three major groups; (a) individual technologies (such as
close-oapled canards or three-surface control), (b) Integrated technclogies (aeroservoolastic coupling,
combinticn of individual technologies, high AOA, etc.), and (a) potential flight systems technologies
(including gaseous oxySen/JP Emergency Power Unit, jump-strut, Integrated wheel brake control and
others). The current paper concentratea primarily on current or bugeted technology development within
these groups followed by a brief projection of options for future consideration.

INDIVIDUAL TECmNoLOGIES

It ts worthwhile reviewing briefly what specific technologies are onboard the 1-29 and what has been
learned thus far through flight test and wind tunnel to flight correlation. Figure I shows the highly
Instrumented X-29 in flight test at the NASA Dryden Flight Research Facility at Edwards Ara, CA. Figure
2 lists and describes the individual technologies on board and their payorfs. As of this writing, 39
successful flights have been completed for a total of 46 flight hours. Figure 3 Is a summary of test
points reached. A sumary of information obtained from data reduced thus far, broken out by individual
technology, appears to Table 1. Wile still in early stages of envelope expansion and flight research
data gathering, it Is now apparent that predictions in the aerodynamic, structures and flight controls
disciplines are being mat or exceeded by flight results. When completed, it Is expected that these
results will basically corroborate the benefits or payorf of the individual technologies and demonstrate
their viability for use on tomorrow's combat aircraft. rt will remain to update flying and handling
qualities criteria, factor results into analysis snd design codes, and conduct appropriate design
studies Including operational utility analyses to fully transition these flight validated technologies.

INTEGRATED SECHNOLOGIRS

Mhile made up of several advanced technologies, the 1-29 was designed to develop and integrate
technologies for tomorrows flghtera. It has been stated that technology integration Is a technology In
itself. This haa clearly been the cose for the 1-29. The oat notable of these to date has been the
technology developed in solving the seroservoelastio (ASS) coupling problem encountered during
fabrication. The problem presented Itself as a predicted drastic reduction in flight control system
gel and phase margin in the design portion of the flight envelope (Figure 4) when operating in the
analog reversion backup mode. The genesias of the problem was a combination of (a) high relaxed
longitudinal static stability (b) fixed gae (1e *simple') analog reversion mode (a) flexible fuselage
(d) higher order dynamics effects of the limited band width actuators. The problem threatened to
constrain the available flight envelope to unacceptable Iaits. The solution basically involved the
Introduction of motch filters and gain scheduling (computer hardware mods, Fig 5). Programatically, It
wis necessary to provide en initial fligt control system capable of stable flight in a limited
envelope. In paallel, the full envelope System was completed snd installed on the aircraft after the
20th flight within the limited envelope.

During the developmat of the 1-29, an AM model was prepared. It is now being validated with
flight test results: It should be considered as en *input/outputO tool for use In validatng other ASK
prediction/design methods. Such an APProsch an ward Off ASN problem early in the design process. A
logical extropoiation would then he to exploit ASE coupling to allow more flexible lighter advanced
composite structure with seroelastio made* controlled by the flight control system.

To understand the complex Issues of technology synergism brought about by proper incorporation cf
individual technology elements, s fre examples are given. Figure 6a depicts the basic tendency of the
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forward swept wing to exhibit a reverse stall progression (root to tip) as opposed to the normal tip to
root behavior of aft swept wings. Both oases would result in pitch-up tendencies. By placing a full
authority canard ahead of the wing root region (Figure 6b). the FSV configuration avoids pitch-up and
achieves delayed stall providing full utilisation of the Inboard, large lift contributing portions of
the wing to high angles-of-attack. Lateral control can then be maintained with simple (light weight) tip
region located ailerons. By further integrating negative subsonic static margin and nearly neutral
supersonic static margin, positive lift to trim oan be maintained over the entire envelope. Then, by
further introduction of variable camber and three-surface control, airframe drag can be minimized.

An a second example, consider the synergism resulting fror Incorporation of superritlal airfoil
sections with forward swept wing. Figure 7a depicts both a conventional and typical, aft loaded
superorltical airfoil section for identical lift. The terminal shook is reduced In strength and is
shifted toward the trailing edge. Now, note in Figure 7b, that an aft swept wing application results in
an unaweeping of the terminal shook increasing its strength whereas a forward swept wing application
increases shock sweep further reducing its strength. Thus the synergism of shook strength reduction by
superoritical, forward swept wings results in substantial wave drag reduction. Furthermore, with
reference to Figure Tb where structural sweep (quarter chord) has been kept the same, the PSW has
reduced leading edge sweep. For identical leading edge pressure recovery (leading edge suction) greater
leading edge thrust Is attainable on the FSW. Any supersonic bluntness drag penalty for reduced leading
edge sweep can be offset by maintaining small leading edge radius or deploying leading edge variable
geometry devices. Corresponding weight reduction benefits an be realized if shook swep is held fixed
and PSW structural sweep reduced.

A third example of synergistic advantage is the combined application of a full authority canard
with negative static margin. As previously mentioned, the canard can share lift and load with the wing
yielding positive lift to trim and a combined canard and wing maneuver span load that is nearly
elliptical. This of course assumes that an elliptic span wise load distribution is optimum. Reference 1
points out that for a specified wing weight, an elliptic loading is not exactly optimum and a
distribution more like shown in Figure Sa would produce a lower level of induced drag. It is also
observed In Figure 8b that P8W load distributions for essentially planar wings approaches this flattened
optimum distribution result wherea some twist would be required on ABU. In the case of the X-29
vehicle, Instability is primarily due to the canard, the wing body being nearly neutrally stable. This
keeps the required canard surface rates and actuator power requirements low. Yet another example
addresses the oomblned benefits of variable camber with forward swoep. In addition to the obvious
benefits of variable wing camber, the FSV with its reduced twist requirement allows a simpler, lighter
actuation system.

As indicated, the X-29 utilizes three surfaces for longitudinal control and trim. Initially
designed to augment canard authority for take off and landing only, the stroke flaps are utilized full
tie, In combination with the variable camber system to fine tune the optimum canard position throughout
the Mach and AGA range of the aircraft. The incorporation of three surfaces with static instability is
clearly revealed. The effects of this integration have been noted already in level accelerations of the
1-29 which exhibits a ach smaller deck angle variation than T-38 chase aircraft.

These technologies and their Individual and integrated benefits, while promising substantial combat
performance Improvements, do not come without complex issues in their quantification through flight
test. Thus one Is faced with assigning credit for measured drag reduction to the individual and
combined technologies in a non obvious way. One approach will be through ground flight correlation
where analysis and wind tunnel test methods can exaalne individual effects and contributions towards
total drag. Another approach, already in early Implemntation, Is through employment of the Manual
Camber Control (MCC) aerd. The flaperon position Is fixed for a given flight test condition and (except
for safety override) the canard and strake flap provide the only pitch control and trim. Other
approaches my Include frequency response techniques, using the Remote Augmented Vehicle (RAV) ground
oOmmnd system to provide precise, programmed stick commands for a series of carefully controlled and
repeatable maneuvers

Turning to 1-29 technology integration for high *A research, it is apparent from foregoing
arguments that the X-29 vehicle exhibits important features making it suitable for addressing this
flight regime. Figure 9 depicts stabilized AOA capability for the 1-29. A 70 deg upper liait has been
identified for the current vehicle based on observed departure tendencies on fixed surface models. Pre
flight test on a 161 scale model onduoted at UASA LBRC show that the vehicle In equipped with pitch and
yaw vectoring Is capable of greater sustained A0A, however. Control power comparisons are presented in
Figure 10 Indicating adequate pitch and roll control through 70 and adequate directional control to 40
deg AA on the current configuration (Direct side force or yaw vectoring would be required to augumant
directional control for all axes maneuvering above 40 deg *A).

AIR F Oft F OLLOW-OR PROGRAM

An extension of the original DARPA 1-29 Program has been initiated. The No. 2 aircraft is being
outfitted with a spin recovery chute and a modified instrumentation system and will be transferred to
the NASA Dryden Flight Reseerch Facility to explore the high angle of attack flight regime In 197.
Basic objectives and plans are depicted in Figure 11. Payoffs are shown in Figure 12. As shown, the
bulk of the program will consist of flights up to 90 AGA. 3ome of these flights will involve
Initiation at the design ach number (0.9) and 35,000. A simulated air combat maneuver will be
comanded and as speed bleeds off during transition, a high A0 attitude will be attained. Subsequent
control capability of the aircraft will be exercised and documented.

Air combat benefits for a vehicle capable of maintaining high levels of control authority at high
A*A (post stall regime) are well known. Considerable International attention is being given to the
mans for attaining this capability without oomprolsing other performnce features. Undoubtedly scme
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*form of thrust vectoring vill be required. The 1-29 program doe not nov incorporate plans to employ
thrust vectoring. Studios (Nor 2) have identified several additional benefits of pitch Vectoring
although as seen in Fig 10, the unaugumented vehicle has substantial pitch control authority. Cmmon to

hall ontemporary fighter aircraft, the X-29 runs out of directional control authority at about A A - O.
Taw vectoring, Implemented with yav vanes In & maner similar to that being developed for the NASA NARY
(F-18) Program could be employed to give the 1-29 adequate directional control power. Wind tunnel tests
conducted at NASA Langley on a 16% scale model of the 1-29 equipped vith these yaw vanes ahoy that the
simple type of yav vectoring provides substantial directional control authority.

Although currently limited by directional control authority to 4O dog AOA for all azes maneuvering
and to 70 deg for symmetric pull-up maneuvers, the 1-29 can provide definitive anavers to critical
post-stall maneuver questions. Fig 11 includes representative maneuver envelopes depicting
initialization at the design (combat) Mach number (0.9) and tranaitioning rapidly to a high AOA
maneuver. This type of testing, planned to begin in mid 1987 will allow extensive evaluation of the
contribution of 1-29 Integrated technologies to this new combat arena. Other ongoing or planned flight
test programa will provide additional information toward answering critical post-stall maneuver
(supermaneuver) issues. Table 2 sumarizes these anticipated contributions. Clearly, no single program
can answer all the questions but a well coordinated, combined program will provide near term information
to guide supermaneuver planning.

FLIGHT SYSTEMS TECHNOLOOIES

This final section addresses several new subsystem concepts for potential X-29 Program
consideration. These include gaseous oxygen/JP fuel powered Emergency Power Unit (GOX/JP EPU) and the
jump strut.

GOX/JP SPU

The X-29 currently utilizes an F-16 hydrauine fueled emergency power unit. Because of apace
limitations, the hydrazine supply tank was reduced in volume providing about 7 minutes of emergency
power. It would be highly desireable, therefore, to convert to the OOX/JP system, promising closer to
15 sin. Such a system has been receiving AF attention as an eventual substitute for the highly
troublesome hydrazine system. Possible applications include F-16 EPU ohangeout and transition of the
concept to include autonomous auxiliary power for future or existing aircraft. Breadboard tests shoy
that the system is viable with a high promise of Improved reliability and maintainability. Design
studies show that a GOO/JP system could be incorporated readily into the 1-29.

JUMP-STRUT

The jumpstrut, as the name implies, uses an co-board stored energy source to activate either the
nose or main landing gear (or both) strut extensions to achieve augmented takeoff power. Dramatic
reduction in takeoff speed and ground roll appear possible with this light weight, low cost concept.
Recent Navy high speed taxi tests using a jump noe gear only Installed on a T-38 aircraft, show
substantial reductions in take off speed. Advantages of jump-strut over other technologies such as
"ski-jump' include system autonomy, cross wind tolerance, programmable jump profiles etc. Current Navy
interest is in reducing dependency on carrier based catapault systen as well as in providing aborted
landing recovery.

In separate development programs, F-16 main landing gear will be equipped with jump capability for
eventual F-16 application. As it happens, the 1-29 uses an F-5 or T-38 type nose Sear and F-16 main
gear thus making it a suitable test platform for this high performance/payoff technology.

CONCLUSIONS

The X-29 aircraft has met or significantly exseded all performance expectations. It will develop
and integrate several advanced aircraft technologies for near term exploitation in combat aircraft. It
will serve as a long term demonstrator of on board as well as newly emerging technologies and
subsystem.
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P3 - No adverse damping trends noted
- Good correlation with predicted bend-twist

charcteristics
- No aeromervoelatic anomalies

Close coupled canards - Low levels of atructural acceleration
observed

- Canard activity small

FCS - No anomalies reported in-flight
- Longitudinal trim attained automatically
- Minor transients during mode switching
- Adequate gain and phase margin maintained

Flaperon system - Soam link loads approaching criteria limits

Three-surfaoe control - Relative deck angle reduction
- Near constant drag during pushover-pull ups

Aggregate - Gust response results in linear translation
without signiLficant load faotor oan

- Excessive control stick motion required in
gunaight tracking (lateral)

- Drag significantly lower than predicted
through N-.9

- Subsyateas performance exceptional; maultiple
flights/day (3 so far); one in-flight
equipment failure in 13 montha (AHRS)

- Aircraft handles better than simulator
prediction

Table 1 - Data Sumary by Technology

Program Contribution

F-18 HARY Thrust Vectoring
Control laws (include engine)

V-1S STOL Thrust Vectoring/Rleversing
Aero/propulsive control integration

1-29 HI ADA High pitch rate
Negative statio stability
Control laws
Forward swept wing
Large trim AOA

Table 2 - Existing or near term flight teat program
contributing to supermaneuver.
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Fig. 1 X-29 In Flight Teat at
NASA Drydm Flight Research Facility
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* REDUCE TRANSONIC DRAG
9 IMPROVED DESIGN FLEXlIUTY

AEROELASTICALLY TAILORED COMPOSITE WING CLOSE COUPLED FULL AUTHORITY
CANARD* PREVENT WING INERSENCE * IMPROVE AIRCRAFT AGILITY* REDUCE WING WEIGHT IMPROVE WING PERFORMANCE

SREUCE ORA

NEGATIVE STATIC MARGIN DISCRETE VARIABLE CAMBER
* IMFROVE AIRCRAFT AGILITY 0 IMPROVE OFF-DESIGN PERFORMANCE* REDUCE TRIMDRAG eREDUCECS

DIGITAL FLY-BY-WIRE CONTROLS THREE-SURFACE LONGITUDINAL CONTROLS"SITAIZ ' RCAFT * IMPROVE AGILITY
" TAILOR FLYING QUALITIES * OPTIMIZE PERFORMANCEs OflPMZE PERFORMANCE PREVENT HUNG STALL

Fig. 2 X-29 Tadmologies a payoffs
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EXTENDED MANEUVERS
* DISCIPLINES:

-ARND PE AF
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(b) Flight test details

Pig 3 Current flight test program
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SIMPLER, MORE EFFECTIVE,
LATERAL CONTROL

(a) Reverse stall progression results in FM delayed tip stall

o INHIBITS INBOARD SEPARATION
9 SYNERGISTIC WITH FORWARD

SWEPT WING

II

(b) Adding a dcom expled cwrd delays root stall

Fig 6 FSq stall progressim con qed with ASq
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(a) Supercritical sections result in aft shock location
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NOWREUTSIHR SHOCK SWEEP
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ris. 7 Transonic beneritsa or IpsU
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Fi 9 stabilized AoA capability of the X-29



26-12

M 0.2
ALT - 15K

100 -

-80

~40

20 . - _- - -

.8 .6 .4 .2 0 -.2 ..4 6 -. 80 0 .0 8 ..U -.04 0

PIT'MN MOMENT, CI Nun MOMENT, a YAWN MOMENT. C

Fig. 10 X-29 Unaugmented Control Power at Hig Angle-of-Attack

60 ADA
a= 40o a -LIMIT

50 a'

40

! ~30 -- (()

"20

10

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
MACH NUMBER



26-13

OBJECTIVES: FLIGHT TEST
* HIGH ADA * HIGH ADA

- MANEUVER TO 400 ADA -ALL AXES - 5 FUNCTIONAL FLIGHTS
-MANEUVER TO LIMIT ADA - PITCH ONLY 60 FLIGHTS UP TO 400 ADA

15 FLIGHTS TO ACHIEVE LIMIT ADA
* EXPANDED RESEARCH MOST TESTING AT 35 TO 40K ALTITUDE

- CONTINUE TEST TO FULLY UNDERSTAND X-29
ADVANCED TECHNOLOGIES "EXPANDED RESEARCH

- AIRFRAME AVAILABLE FOR OTHER PROGRAMS " UP TO 2 FLIGHTS I WEEK
DEPENDENT ON RESEARCH REQUIREMENTS
ENGINEERING SUPPORT

Fig. 11 X-29 Follow-on Flight Test Program

" HIGH ANGLE OF ATTACK
* FORWARD SWEPT WING-PROVE I DISPROVE UNIQUE ADVANTAGES
" GENERIC FIGHTER

-UNDERSTAND CLOSE COUPLED CANARD APPLICATIONS FOR IMPROVED MANEUVERING
-DEVELOP UNDERSTANDING OF "WING ROCK" PHENOMENA AND METHODS FOR CONTROL
* DEVELOP AND VALIDATE PREDICTION I EVALUATION CRITERIA
- UNDERSTAND IMPLICATIONS OF STATIC INSTABILITY ON AGILITY

" EXPANDED FORWARD SWEPT WING RESEARCH
" FULLY UNDERSTAND X-29 ADVANCED TECHNOLOGIES AND IMPLICATIONS ON:

* AERODYNAMICS
* STRUCTURES
CONTROLS
FUTURE MILITARY SYSTEMS

" POTENTIAL USE OF AIRFRAME AS TEST BED FOR -PIGGYBACK" EXPERIMENTS

Fig. 12 Follow-on Program Payoffs
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SIMULATION D'UN SYSTEME INTEGRE DE
COMMANDES DE VOL ET DE =M)EDITE DE TIR CANON AIR-SOL

par B. Pang Vu at C. L. Burthe

Office National d'Etudea at de Recherche& A~ropatiales (ONERA)
BP 72 92322 CHATILUON CEDEX

RESUMNE

Un. fiude de simulation au alaulateur de 1'ONERA a ddsiontr6 qu'un syatAme inter6 do comn-

mandes de vol et de conduite de tir (IFFC) r~duit de mandre ai~nificative Ia charge de travail
du pilote pendant In phase de tir canon air-aol. et amfiliore lea qualit~s de vol do l'evion par

II rapport A celles d'un avion convantionnel. Le systAme IFFC a 6t6 ktudi6 dans le but d'utiliaer
uniquerment inatruaantation eabarqu~e clasaique, A Vexclusion de capteurs tivoluko (de type ilectro-
optique par example). 'ne etude pr~liminaire des forces directea latirales a montrb qu~elles n'appor-
tent pas uneambulioration tria aignificative dana Vefficacitk de Isa vis.

ABSTRACT

L A fixed baae simulation study conducted at ONERA demonstrated that an IFFC system decrea-
sad pilot workload during an air-to-ground gunnery attack and iaproved airplane flying qualities

Pin comparison with those of a conventional aircraft. The IFFC system was designed to use only stan-
dard on-board instrumentation, excluding sophisticated sensors (e.g electro-optical). A preliminary
investigation of direct aide force showed that it does not provide significant improvements in
aiming effectiveness.

1. INTRODUCTION

Parui lea thches de pilotage, Is tir air-aol eat l'une des plus difficiles en raison du
temps tr~s court iaparti pour la viske et des dangers pr~sentks par la proxisit6 du aol at is
d~fense anti-a~rienne adverse. La r~sultat d~pend du fonctionnenent de la chatne pilote-loi de
coeuande-avion-conduitm do tir-arme-sunition. On examiners done la suite l'influence de Is conduite
de tir et plus particulidrement cells de ls loi de commande.

Sur lea viseurs ruatiquss, l& houss eat affich~e sanuellenent par Ie pilots. Elle est
calcul~e A partir de tables de tir pour des conditions de tir bien d~termins: distance, inciden-
ce, vitesse. pants. ddrapage nul. inclinaison nulls. Ces conditions doivent Atre respectees ai le
pilots veut faire use visA. correcte. L'appsrition des conduites de tir plus 6volutes pour le tir

sir-aol a perms d'6tendre lea conditions de tir :distances. viteases et pentes varibes. Certaines
conduites de tir tiennent 6galement colapta du ddrapage pour la correction tireur at de l'inclinaiaon
pour ha correction de gravitA. On distingue globalement deux modes de fonctionnesent d'une conduits
de tir air-aol :mode CCPL (Calcul Continu doi Point de Largage) pour le bombardement :mode CCPI
(Calcul Continu du Point dlampact) pour le tir canon ou Is boabardement. La hausse devient mobile,
ce qui a priori ne facilite pas Is thche du pilots puisqu'il doit amener en coincidence dans Ie
visur deux points mobiles. cible at r~ticule de tir.

La niveau des qualit~s de vol en tir air-aol rests jusqu'A pr~sent tr~s moyen. La tendance
gkn~rale eat l'utilisation d'une boucle interns d'augientstion de Is stabilit6 unJ~jg pour le tir
de tous lea types d'ars pr~vus sur l'avion, le r~gloea des gains r~saltant d'un comprosis entre
ces diffirenta modes. L'a"~Ioration de l'efficacit6 du tir grace A lsm~lioration des qualitis
de vol a dkjAk fait l'objet d'6tudes meshes sux Etata-Unis plus particulikrseent Lh,2j.parmi lea-
quelles:

- I& programse T~ead (Tactical Weapon Delivery) ;l'autorit6 limit~e du syathme d'aug-

tentation do Is sabilitA (SAS) ds--n F-I. fut ras.,lacba par uns ysthae de commnds augr~en-
t(CAS) A gain dlevA.

- La prograime Multimode Control ; 1* lot do commande d'us A-7 fut adeptte au type d'arae
utilisi mode panta FP (Flight Path) pour Ia boebardement, mode attitude PA (Precision
Attitude) pour he tir canon.

- Ie program.m AFTI (Advanced Fighter Technology Integrator) ,des degrhs de libertk'
aupplhusntairea du mouvement d'un F-16 furent exploiths gr~ce A l'adjonction de gouver-
nee -Ie forces 4irecten.

Per ailleurs, le programsn IFFC (Integration of Flight and Firs Control) L3] a mentr6
rhcamenet l'inthrlt d'une commands sutometique de vol pour Is visha fine, tct grace A l& eisa au
point do capteurs 6lectro-optiques Avoluis.

L'objet do cette comunication eat de prhsenter use Atude entreprise A l'ONERtA dapuis
* 1979 C41 concernant un aysthae intfgr6 do coiandes de vol et de conduits de tir (IFFC) pour Is

tir canon air-sol. L'approche adopt. ea dkcrite at des rhsultats de simulation au aol eront
* donnA.. L'a"~Ioration par rapport A une lot do commande conventionnelles era discuthe. L'inthr~t

d'uno gouverne do force directs lattrale sera essaln6.
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2. SYSTEME INTEiRE DiE COftANDES DE VOL ff DE CONUITE DE TIR

Pour assurer lo pilotage d'un avion, it eat tout A fit envisageable de commander des
variables Airectemsat asocides A son mouvement. Ce Made. dit do "pilotage par objectif" (P0) ais-
pI ifl is 'exicutian de certaines manoeuvres exigeast us action coordosad. our les gouvernes, tache
autrement difficile ai elle eat confide au pilote. Des btudes de PO faites 6 VONERA ont perms
ainsi d'ktablir des lois de braquage des gouvernes approprikes A Ia comndo des variables A' stat
du mouvement (dirs',ge. vitesses de roulis, tangage, lacet.... ). Les essais sur simuisteur avec
pilots humin dons Ia boule ont ms en 6vidence Is pilotabilitL4 de telles lots ainsi que lea quali-
ida do vol amdiliorkes qu'elles conidrent A lsovion.

Pour aefiliorer ie pilotage do l'avion Ados is phase de tir air-sal, ii a ete propoad de
mittre A Ia disposition du pilot* des variables de commando directement assocides A Is viskc. en
loccurencs is position du point A'impact ds abus mu aol. Un tl syotdm e A commande devrait re-
duire de feoan significative is charge A. travail du pilots et auW-tentcrait to pr ciri.rn de lv vi96.
Ce concept. illustr6 sur Is Figure 1, a ith valid6 su simulateur du Centre d'Esais en Vol d'Iatres
E5]. line architecture du systdms ds commando a kt6 prkaenide dena s todidtrence EA] sinti Que is
formulation mothdmatique do Is loi Ao commasd. Le systdme intdgre mne conduite de tir. un regula-
teur ds tir at us rdgulateur de pilotage (Figure 2).

Conduits As tir (CCP1 clasaique)

Le point A'ispact 4I) intantand des obus su aieat calcuid A portir des Maures Ae dis-
tance. d'incidence. de drapsge et des variables d'sttitude do l'avion. to PT eat matdrialiad au
pilate par Ie rdticuls Ao tir. La canduite de tir lui faurnit assi uns indication aur le diplace-

sent ~ ~ ~ ' prvsbe uF n function des ivolutiona de l'avion. L'utilisation A'une conduits As tir
perset essentiellement d'augmenter is fenkre de Lit.

Architecture du svst*doA commnde

Actuelleftent. grAce A l'utlistion dc caiculateurs numkriques. it sat tout A fait envi-
ageable que des changements de lois do commando su travers A'un comutateur Ae mode de pilotage
permettent As modifier lea qualitis Ae vol de sorts 6 optimiser l'avion, plus le systdse As cam-
monde, pour des tiches spiwifiques. Cette possibilit6 n'sst pas tout A fait nouvelle puisque lea
pilotes automatiques persettaient dejiN de rdsliser Aes objectifa priecis dens certainea phases de
vol. lUne des difficultds rencontres eat Is limitation de lseffet des transitoires su moment Ae

Is commutation entre lea diffdrens modes. L'architecture Au sysidus As coovande prdsentde sur Is
Figure 2 permet Ae limiter ces tranaltoirea. Elle se sdcessits par ailleura pas Ae modification
importante du syatime de commands de base Ae l'avion (rdgulateur Ae pilotags). Las objectifa Ac
pilotage choisis ici pour cs regulateur Mont des consignee de vitesses anguisirca Ae lsavion (rou-
Its. tangags. lacet). Le r~gulateuT fournit en sortie lea ordres Ae braquage nicessaires des gouver-
ns Le r~le Au refgulateur Ae tir, placb en amoot, eat Adv6laborsr Aes consignes Ae vitesass ango-
taires de t'avion coryespondant h ue vitesse de rotation Ae Is ligne de visie comandee par le
pilots.

Lois As commando

line formulation methimatique dktailldie des lots Au rdgulateur de tir et Au reguisteur
Ac pilotage a eti prdsentee dana Is Rifdrence C6] . On rappelle seulement que ces lois sont non-
linkaires et assurent un ddcauplage algebrique strict des differentes psires d'entrdes-sorties
C73 . Ainsi, ics non-linbartisde A Is cinematique Ae Is ligne As viske d'une part. Ae Is dynami-
que de l'avion A'autre part sost Lklimins algkbriquement par ces lois. line des consdbquences eat
que le pilotage As Is ligne Ac vie ant pur et Aecouplik quelle que salt I inclinaison de I'avion.

M~odes de trilotane

La concept de pilotage Au PI illustri sur Is Figure I pout Aonner lieu A plusicurs modes
Ae pilotage. La ssnicire Ac piloter chacun Ae ces modes su Mayen Ass organes As pilotage classiques
(Manche, palonnier) au moins classiques (joystick) peut faire A shle seule l'objet d'uuc btude
approfondie. On salt cependant qu on ne pout pas attendre Au pilots qu'il actionne sisultankment
piusleurs conowndes. il eat danc neceasaire Ae rdduire s thche A Aes proportions raisonnables.
Do iem Ia Aiasimilarit6dAu mode nouveau Ac pilotage par rapport au mode As pilotage convention-
nel dolt rester acceptable pour le pilots. Trots modes aocids au concept Au pilotage Au PT sour
illuatriss sur Ia Figure 3:

- mode I :le ddpiscement Au PI eat coommand dana lea ases lids A l'avion. Le Manche en
profondeur commando use vitease de diplacesent Aans Ie plan As symbtrie Ae l'svion,
le Manche en gauchisocasnt cassande une vitessc As dduplacemest dans un plan perpendi-
culaire alu plan Ae symbtrie. sinai qu'un angle As gite dair6 loraque le ddplacement
Aevient important. La palosnier W'est pas utiliad.

- mode 2 :ose principe que prdcedemment maim Is di-placement Au PI eat comand Ana
lea ases lids au al.

- sods 3 :ddpiscement Au PI commandi dons lea ases avion par le Mnche en profondeur
st Ic palonnier. La manche en gauchissement commando use vitease As roulis.

Des assets prdliminsires au samoiteur Au CEY A'latres ES] ant indiqud qu'une commande
bien adaptde pour it t sir-sal posadderait lea caracti-rintiques suiventes
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- acquisition initials facile (amortisseient. rapidit6) avec is commande du manche, i-
clinaison pouvant 6tre tris importante.

- acquisition finale facile avec Ia mime comends du anche, le mode d'alignement "ailes

horizontales" 6tant particulitrement efficace.

- utilisation du palonnier non souhsit~e pendant lacquisition finale.

Lea modes 1 et 2 devrsient permettre de satisfaire ces exigences. Actuellement, seul
le mode I a 6t6 essay6 de maniere intensive au simuisteur de lONERA. La Figure 4 montre que is
lot d'assiette lat~rale de l'avion eot fortesent non-linastre en fonction de Ia cosmnde de gauchis-
sement. L'inclinsison ne devient importante que pour des dhplacements taportants de Is commsands.
Aiusi. l'avion stinciine du c6 de is correction A effectuer, loraque le ralliement eat d'asaez
grande amplitude. Mats le retour vets Vassiette latirale nulie n's pas besoin d'Atre command6
sp~cifiquemeat par Ie pilote, ce retour eat asur6 par le aystime lorsque l'bcart lat~ral A cor-
riger dininue. Une consfiquence originale de cette disposition eat que lassiette maximale acces-
sible en roults doit Atre plafonnse. La valeur retenue eat iNO" pour le pleim braquage du manche
(Figure 4). L'avion eat donc capable de vol dos. mais pas du tonneau.

3. ESSAIS DE SIMLATION

Lea essais ont 6t6 effectu~s sur Ie sisulateur A base fixe de l'OMERA. Le simuleteur
eat organisk autour d'une cabine fixe. d'un systeme de visualisation thte haute et d'une figura-
tion thte basis (Figure 5).

Trois mod~les, semblables d'avion, d~riv~s d'un e~se avion, ont LAt6 prialablement d~fints
A des fins de comparaison (Figure 6):

- avion Xii, avec pilotage conventinnel et bquip6 d'un SAS ;Is validation de cet avion
de base a 6t6 basiescur is jugement quslitatif d'un certain nombre de pilotes qui A
l'unanimiti ont consider6 l'avton Xii come 6tant reprisestatif d'un avion de combat
moderns avec de bosses quslit~s de vol.

- avion XA, avec PO du PI (mode 1)

- avion YA. aver PO du PI (mode 1) et evec gouverne de fnrce directe lat~rale. L'svion
YA se diffirencie de 1'evion XA par Is fait que le pilote dispose en plus d'une common-
de du dkrapage assur~e au moyes d'un joystick montk cur is menche.

Une preire compareisos des epports respectifs du PO et des forces directec letirales
a 6t6 faits cur des scnasrios typiquss de tir air-nol dont us exesple eat illustrk aur Is Figure
7. Les esais ant 6t6 effectuis pour diffkrentes conditions de vent et de turbulence.

Les rkcultats cost composks d'616ments subjectifs (commentaires des Dilotes) et d'4e16ments
objectifa (examen des tracic. 6tuds stetistique).

Conentaires

- .L vis6s eat satistaisants en prisence d'une faible turbulence.

La viske trasversale devient dilicate A stabiliser loraque le turbulence aug-
ments. Lee corrections de viskc longitudisale rectent faciec A exkcuter main
sules sont dktkriorkss par use charge de travail importente en latirsi.

En prisence ds vent de travers. les corrections deviennent difficils 6 faire,
is couplage longitudinal latiral augments notablement Is charge de travail. St

lea rksultats sost mkdiocres.

Pour us tir sur deux cibles. Is 20% cibie 6tant kcartks de 100 is de ie l re,
latkrelesent et longIt ud insl ment. le thangemest de cible per use miss en roulis
de l'evion et rapidesetis pso pr~cis. L'errsur de vis~s restant A annuler eat
relativement importante at Is peu de temps qut Yeats event is ressource ne permet
pasn de faire use viskesaatisfsieante. Par ailleurs, le pilots peut hisiter dons
is choix de Is commands (uianche letkral on pelonnier) pour annuler cette erreur
de vsae ristduelle.

-!2_ evo AIs comparaison eat faits aver 1'avion Xii.

Les commentairs des pilotes most tris favorables. Le pilotage devient beau-
coup plus facile parce qu'il eat ressenti comme plus pur et plus direct. LA
charge de travail eat nettement disinuke. surtout dans Is correction des 6carts
latkrsux. Mate s lebknkfice le pius spectaculaire eat obtsnu lora des ralliements,
A partir d'uns position 3/4 dos per exemple. Par comparaison ever l'avton
Xii, Is manoeuvre et besucoup plus facile, plus rapids et plus nette (Figure
8).

L'seklioration des conditions de tir et epectaculaire par forte turbulence,
tout 6cart d'alignement obserY6 pouvent 6tre contr6 rapidement et etabiltek
(Figure 9).
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En pr~woace de vent de travera, ie pilote trouve faciiement Is quantittA de com-

ed ndcessaire pour contrer at ensuite agit sur Is commaode come s'iI n'y
enavait pas. L'assiette latbraie reate nuile ou foible et lea corrections de

visA. restent faciies A effectuer. Le tir se fait Is plus souvent A 44rapage
non nul ;Ie calcul du PI effectu6 par Is conduite de tir sera donc Maine pr~cis.
It conviendra d'amliorer Is pricision de caicul actuelie des conduites de tir
en prdsence de ddrapage si1 Von veut b~n~f icier des plaina avantages apporrks
par le PO.

Danz is thche de changement de cible, i'efficacitb a kte jug~e un peu foible
et Is pilote veut toujours s'aider de Vinciinaison pour acckl~frer i'sligne-
seat initial. Lea corrections finales sont faites toutefois avec des ordres
faibles au manche, c'est-A-dire pendant que 1 ssiette ist~rale revient A ziro.
L'aigement %ales borizontales" conserve done son inter~t as si le rallie-
meat aur Is deuxidwe cibie eat on pe lointain, Is pertubstion de roulis in-
troduite par in pilore prend un teaps significatif. Elle deneure rourefois tres
infdrieure A celie rencoatr~e en pilotage normal.

avionYA Is comparaison eat faite sync i'avion XA.

*La charge de travail est pratiquesent inchang~e. Come pour i'avion XA, le pilote
dose tr~s fsciiement in taux de d~piscement du PI.

*La reponse de i'svion A Is turbulence semble momns bien smortie, mis Is ata-
bilitA at Is pricision 4e Is visee sent conservkes.

*En presence de vent de travers, Is possibilitA de Valignement "sules horizon-
tales" reare conservkn. Le d~rapage eat par contre constamment nul ce qui amA-
iiore Ia pr~cision du Pl.

*Dens Is tiche de changement de cible, 1'efficacitL& de ialignement "sules ho-
rizontales" a kt6 Jug&n satisfaisante, ais la gain par rapport A iavion XA
n'est pas n !t. Les pilotes prdf~rent souvent accdldrer l'alignement sur Is
deuxibme cibie par une nine en roulis pour disposer de pius de remps pour faire
lea corrections finales.

Etude statistique

Elle a 6t6 faite aur un certain nombre d'indices de performance (erreura de viade, ac-
tivitk du piiote. facteurs de charge. ... ). A titre d'exeapin, Is Figure 10 pr~sente lea scores
slmul~s obtenus sync 'N,. XA er YA, pour trois conditions de vent et deux conditions. de turbulence,
et pour un scdnario de tir sur deux cibles. Lea scores simulds soar meilleura dans rous ins cas
pour XA at YA sync un l~ger avantage A YA. La dispersion des r~sultats eat relativement importante
en raison du foible nombre d'esssis effectu~s en t sur deux cibles.

4. BOMBAgDFI4ENT

Le principe du pilotage du PI ddcrit pr~c~demment pour in tir canon air-aol s'spplique
sans modification importante au bombardemnt en node CCPI ou CCPL. La differ cnce reside uniquement
dana in caicul du PI qui dApend, dana In cas present, essentielinment du vecteur vitesse de l'avion.

5 - CONCLUSION

Une etude de simulation au sisulatnur de 1ONERA a dimontr6 qu'un systeme integre de con-
mandes de vol et de conduite de tir (IFFC) rdduit de sani~re significative is charge de travail
du pilote pendant Is phase de tir canon sir-aol, et am~liore ins quslit~s de vol de l'avion par
rapport A ceiles d'un avion convenrionnel, particulikrement lorsqu'un changeaent de cap important
ear n~ceasaire pour acqubrir Is cible.

La syst~me IP'FC a LAtb 6tudi6 dans in but d'utiliser uniquement l'instrumenration ember-
quke cassique, A i'exclusion de capteurs 6volu~s. de type 6lectro-optique par exemple.

L'srchitecture du syst~me propos6 ne devrair pas n~ceasier de modification significative
du syst~me de cossiande de base de i'avion.

Une Atude prdlimmnsire des forces directes latdrales a montr6 qu'elies nsapportent pas
une am~lioration trbs significative dens i'efficacit6 de Ia viede. 11 nat possible que l'sugmen-
ration d'efficacit6 an manifeste plus nettement dana des scenarios de tir plus finement ktablis
que ceux qui ont fit6 utilisks. Mis ii faudra Atrn s~r que Is comparaison faire entre lea confi-
gurations avec et sans force directe sera vierge de tout biais introduit par Is r~ponse de l'svion
A is turbuince.



27-5

REFERENCES

1. Quinlivan, R. and Tye. G.. Multimode Flight Control for Precision Weapon Delivery. NAECON'72 Pro-
ceedings of the National Aerospace Electronics Conference. Dayton. Ohio.

2. Smith, H. and Carleton, D. Weapon Delivery Iapact on Active Control Technology. AGARD Impact
of Active Control Technology on Airplane Design, June 1975.

3. Huber. R.., Integration of Flight and Fire Control. AGARD-CP272. Advances in Guidance and
Control Systems using Digital Techniques. May 1979.

4. Dang Vu, B., Multivariable Aircraft Control by Maneuver Commands - An Application to Air-to-
Ground Gunnery. Proceedings 12 th ICAS Congress, Munich, 12-17 October 1980.

5. La Burthe. C. et Dang Vu, B. , Essals on simulation de lois de coimndes actives pour le tir
canon air-sol. ONERA RT n' 9/5148 SY. mars 1983.

6. Dang Vu, B. et Mercier, O.L., LoI de commnde non-linhelre pour le pilotage des avions en
phase d'attaque air-sol.
AGARD-CP 349 Integration of Fire Control. Flight Control and Propulsion Control Systems.
mai 1983.

7. Mercier, O.L., Calcul de commndes non-interactives pour leas systmes linkaires et non-li-
nkaires. ONERA NT n" 1981-6, novembre 1981.



29-1

THE IMPACT OF FUTURE AVIONICS TECHNOLOGY0 ON THE CONDUCT OF AIR WARFARE

by
Joseph A Daaaro

U.S. Army Avionics Research and Development ActivityFort Monmouth, New Jersey, 07703-5401
United States

SUMMARY

This paper presents a synopsis of the conclusions reached by the Systems Subpanel of
the NATO AGARD workshop on "The Potential Impact of Developments In Electronic Technology
on the Future Conduct of Air Warfare." The workshop was conducted at SHAPE Technical
Center, The Hague, The Netherlands from 21 to 25 October 1985.

1. INTRODUCTION

-,')During October 1985, sixty-five individuals (military and civilian) renresentinp nine
SNATO nations, four AGARD panels, and the NATO staff, participated In a workshop at SHAPF

Technical Center, The Hague, The Nethe lands. The workshop was sponsored by the NATO
AGARD Avionics Panel and the topic was "The Potential Impact of Developments in Electronic
Technology on the Future Conduct of Air Warfare.-

4 
The workshop consisted of subpanel

briefings (Air Warfare, Technology, and Applications), subpanel meetings, and veneral
discussions. The baseline for the workshop was a oresentation of threat and tactics en-
visioned for the 2000-2010 time frame by the Air Warfare subnanel.

Saer presents a synopasa of the conclusions reached by the Systems Subnanel.
The Dauer first describes the new technology of avionic system Integration and the elements
that comprise It; the functions which this new technology enables; a system design method-
olog; and finally, the impact of the new avionic system attributes on operation and sup-
port and the conduct of air warfare.

2. AVIONIC SYSTEM INTEGRATION TECHNOLOGY

The Integration of avionic systems has evolved over the past decade to a point where
It can be considered a technology in and of itself. In the context of the total aircraft
system, it Is an enabling technology, i.e., a technology which allows further enhancements
to the system (such as automation). System integration has been recognized as a necessary
first step in our evolution toward a twenty-first century aircraft system. The key el-
ements that comprise system Integration technology are processors, data communication
paths, software and fault detection/fault isolation. These elements are brought together
in such a way so as to provide an efficient Integrated core system. The manner in which
they are brought together is usually referred to as the system architecture. The follow-
Ing sections present a brief projection of present technology trends in the areas of sys-
tem architectures, processing, data communication paths, software, and fault detection/
fault isolation.

3. SYSTEM ARCHITECTURE

System Architecture can be defined as the overall design configuration with respect
to the positioning of processing functions and the jata path structure established between
the various system and subsystem processors, the system sensors, and the system control/
displays.

An important characteristic of the emerging microcircuit technology is the very na-
tural way in which It allows a system to be modularized. Avionic systems of the future
will be built up of a few types of generic digital elements (processors, memories, network
interfaces, etc.). The avionlc system may Include very large numbers of elements of each
type, but it will be possible to limit the number of different types to only a few. By
properly interconnecting the elements and programming them appropriately, a broad range of
functions can be supported usino only a relatively few different types of system elements.
Thus, high levels of both functional capability and modularity will be achievable with a
correct approach to system architecture.

By configuring the system architecture to be fault-tolerant and reconfivurable, high
levels of reliability, maintainability, and availability can be attained as well as modu-
larity. A fault-tolerant system design, coupled with the modularization described above,
can provide high levels of coverage of failures and the inherent capability to reconfimure
the system after a failure to thereby maintain system capability. In addition, the high
level of fault isolation capability inherent in the fault-tolerant architecture will allow
Isolation of the fault to a module. Thus, maintainability Is enhanced because the failure
Is accurately diagnosed on-line to the level of a module, which can subseouently be re-
placed by a straightforward maintenance procedure. In addition, the fault-tolerant ar-
chitecture can allow the system to function, possibly at degraded but acceptable levels of
performance, for extended periods of time. As modules fall and repeated reconriurations
occur, the aviontc system will degrade gracefully. However, the aircraft will be avail-
able to fly numerous missions, with acceptable levels of performance, before maintenance
actions are necessary,
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The system architecture envisioned here can also support the very high levels of
functional integration that are emerging as requirements for future systems. As mission
requirements increase, more and more of the functions that were formerly separate are be-
coming mutually dependent. Of oarticular significance is the increased dependence of the
flight path control function upon other avionic system functions. Terrain following and
integrated fire/flight control are two examples of this Increasing trend. As the trend
proceeds, more and more avionic functions will become flight critical and the resulting
severe requirements Imposed upon system integrity can only be supported by a modular,
fault-tolerant, architecture.

In addition, integration of Information within the avionic system can serve to en-
hance the fault-tolerance of the system. Failure diagnosis in sensors can often be Im-
proved by comparison of Information from diverse sources. For example, radio navigation
information can be used to diagnose inertial sensor failures. In effect, a highly favor-
able synergystic effect can be envisioned whereby modularization, fault-tolerance and
integration are mutually supportive in achieving performance, reliability, maintainability,
and availability.

4. PROCESSING

Processing Is the primary generic function by which almost all applications functions
within the avionic system are Imnlemented. It also provides the underlying organization
and management of the entire avionic system. As such, the core Information processing
system is crucial to the survival of the vehicle and crew, and must be as reliable and sur-
vivable as other critical functions within the aircraft, such as primary structure and
flight control. This fact, plus the level of complexity required to support the total com-
plement of avionic functions, reouires that the core avionic system be a distributed, fault-
tolerant, reconfigurable processing system.

The processing architecture of tflis system must support local, regional, and global
functions. For example, a local function would involve the processing dedicated to a par-
ticular sensor, whereas a regional function could be the service of all crew displays, and
a global function could be the overall management of avionic system resources. In addition,
the system should be able to support selective levels of reliability of functions in an
efficient manner with minimal complexity.

These requirements Imply a distributed information processing system, implemented In
the form of clusters of fault-tolerant processors, tied together by a set of data busses.
The clusters may be general purpose, parallel processing, signal processing, or other types
of machines.

Integral to this architecture is the concept of reconfiguration whereby the system
automatically adapts to failures or damage to Individual system elements. As failures
occur, the fault-tolerant mechanisms embodied within the system automatically detect and
identify failures. The system is then reconflgured so that the failed elements are re-
placed by on-line spares with no loss of performance. As more failures accumulate and
spares are exhausted, the reconfiguratlon mechanism produces a gradual and graceful devrad-
dation process, whereby the most essential functions are preserved while the least Important
are eliminated. By employing redundancy and reconfiguration in a selective fashion, the
system can thus support functions at various renuired levels of reliability without excess
system complexity.

The reconfiguration mechanism can also be used to concentrate resources of the avionic
system to support particular mission phases. For example, computation resources could be
concentrated on a particular target recognition problem, possibly at the expense of auto-
matic navigation, when the mission phase warrants such concentrated action. Thus a very
hivh level of overall system effectiveness mav be achievable at minlimal cost and cosolexitv.

5. DATA COMMUNICATIONS PATHS

To support the modular fault-tolerant, reconfivurable architecture of future avionics,
several high speed data paths must be available for use in communicating between modules.
Tt will not be necessary that every module be connected to every high speed data path.
This basic system design philosophy will lead to what can be referred to as a "bus
oriented" systems In which all data and control communication requirements are satisfied
by a relatively small set of hard-coupled busses. Also, this philosophy supports the con-
cepts of modularization and reconfiguration as presented in previous sections as crucial
features of future systems. The following naragraphs present a discussion of the various
ideas and concepts which are peculiarly associated with data communication paths.

Data rate requirements for module-to-module communications that seem to be evolving In
avionic systems range no higher than 500 megabits per secpnd in order to cover most appli-
cations (there are, of course, prolectlons, narticularly in the electronic warfare area,
of much higher renuirements which have yet to be quantified with any substantial Justifi-
cation). It is felt that advanced architectures can be supported with an array of, at most,
four data rates: I megabits/s (mb/s), 10 mb/s, 100 mb/s, and 300-500 mb/s. For any In-
termediate or higher data rate than can be Justified, one can assume that a special bus
would be defined. However, these four data rates should each be supported by their own In-
dividual bus technology, in order to assure that the results will satisfy all anticipated
requirements. The four data rates will accommodate most system level control and data
type information currently perceived for avionic systems of the time frame under consider-
ation.
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Transfer medium refers to the material from which the data path is actually con-
structed in order to support the point-to-point communication but excludes any connected
electronics and/or optics devices. The 1 mb/s channel is viewed as a wire bus and the
higher speed busses are probably going to be constructed from an optical medium (i.e.,
fibre optics, light .pipes, air channels, etc.). The dominating problems which have to be
solved are associated with energy losses and, in the case of optical media, mechanical con-
nectability. Current trends indicate acceptable media will be available for military use
in the time frame under consideration.

Physical interfaces refer to the types of devices that will be physically connected
between the path medium and the system, which function to transform the incoming data from
the bus waveform to the system's internal bus waveform and vice-versa. Generally, these
"transformers" are referred to as transceivers and become increasingly complex with in-
creasing frequency of the signals being used. The main technology problems in the area of
physical interfaces are, for the most part, in the high frequency regime, i.e., 10 mb/s
and above. These problems, naturally, lead to reouirements for high frequency electronic
and/or electro-optic receivers and transmitters. Current trends indicate that significant
research and development work must be successfully performed to assure that military use
of high speed transceivers will be possible in the time frame under consideration.

For communication to take place, the system must embody a prescribed algorithm, or
technique, for transferring messages between system components - these algorithms are
usually referred to as "protocols." In order for a system design to be maximally trans-
parent to technology changes, the system communication protocol must be defined and es-
tablished as a standard. Currently a standard exists for the 1 mb/s communication channel
but not for higher data rates. Therefore, there is a reouirement for establishment of
acceptable universally usable interface standards for internal aircraft communication.
The criticality of such standards cannot be overemphasized if modular, reconfigurable, in-
ternationally usable avionic systems are seriously anticipated.

In summary, if future avionic systems are to support the concept of an integrated
system (i.e., modularity, resource sharing, etc.) it seems clear that a well-defined bus
structure will be needed. Such a structure will ensure technology transparency which, in
turn, allows continuous insertion of new technology in an orderly and economic way. At-
tributes of systems with such a structure will include reliability, maintainability, and
availability (RMA) and, as well, survivability. Current projections are that no more than
four different frequency regimes are required for the time frame under consideration and
that research and development is required in high frequency transceivers. Also, work in
the area of communication protocol standards must be established and supported on an in-
ternational basis.

6. SOFTWARE

An Avionic system is only as Rood as the Information It receives, processes and com-
municates either to the automatic elements in the system or to human operators in the air-
craft or on the ground. The processing capability depends upon the availability of proc-
essing hardware and, most importantly, uPon the availablity of a proven suite of flight
worthy software.

Although the Operational Flight Program (OFP) is the final output of the software
development process, it should be remembered that beneath this application software there
is a large amount of support software which is necessary if the design, development, test-
ing, verification, and validation of the OFP is to be undertaken in a timely and cost
effective manner. The need for standards In this field is just as great as in the hard
ware area and the payoffs are of equal or greater value.

Any modern avionic system contains a large variety of embedded software ranging from
complex signal processing programs to flight control programs, all of which renuire ex-
tremely high Integrity. The complexity of this software is reaching the stage where its
development can be a pacing item In the development of a new weapon system.

There is a great diversity in the software (memory, speed, Integrity requirements)
needed for the successful operation of a modern aircraft. Moreover, the requirements for
high integrity in the flight control program are such that the verification and validation
of the software becomes of paramount Importance. To achieve the required low probability
of loss of a military aircraft due to a failure of the Flight Control System (PCS) of
1 x l0

7 
per hour of flight, it is necessary to employ fault tolerance techniques to ensure

that the ?CS systems shall remain operational after a fault in either the hardware or soft-
ware. The trend toward increased Integration of other functions with the outer loop con-
trol functions of the PCS (e.g., TP/TA) will increase the need to apply these failsafe
techniques across a wider range of aircraft functions. This in turn will mean that there
will be an increase in the software Integrity required of these functions.

The processing requirements for sensor systems such as FLIR and Radar are such that
parallel processing methods will be needed to provide the throughput required. While hard-
ware for such processors Is being developed, there is no equivalent software development.
It is doubtful that the software methodologies being developed for current systems will be
suitable for parallel processors; hence, new methods will be needed.
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With this diversity of software requirements there is a real danger that there could
be a mammouth increase in the saupport software needed to develop the various OPPs. Un-
less this Is cont-olled, the support problems encountered on current in-service aircraft
due to the multiplicity of languages used in these OFPs will be repeated in the next gen-
eration of OFFs due to the diversity of the support tools used. It is esaential that soft-
ware support tools are Integrated into a total software support environment and this sup-
port environment be standardized to some level suoh that all avionic software development
teams using the same higher order language use a common set of mature support software.

7. FAULT DETECTION/FAULT ISOLATION

Fundamental to the successful implementation of a modular-based system architecture
is the ability to detect and isolate faults (fault detection and fault isolation (FD/FI)).
FD/FI is essential for maintenance in order to Initiate the removal ard replacement of a
failed module. PD/FI is also essential for dynamic reconfiguration. Prior to reconfigur-
ation, It Is obviously necessary to determine what part of the system has failed so that
a replacement function can be brought on-line.

FD/FI for maintenance is driven by the repair philosophy. If 2-level maintenance is
desired (no Intermediate level), then It will be necessary to detect and isolate faults to
the replaceable subassembly. In a module-based architecture, this requires that each
module shall contain levels of self-test capability approaching 100 percent. This can be
accomplished by techniques such as the utilization of dedicated test chips on each module,
on-chip testing, and by interface wrap-around testing.

The level of FD/FI for reconfiguration will be a function of the system reconfivura-
tion design. This, in turn, will be established by a trade-off of functiona reliability,
cost, volume, etc. For example, if reconfiguration is designed at a module level, then
FD/FI to the module level will be requtred. If reconfiguration is at a cluster of modules,
or at the Line Replaceable Unit (LRU) level, then FD/FI will only be required to that
level. The key issue is that FD/FI needs to be an integral part of the system design at
all levels and is especially important for designing the overall system architecture.
Levels of FD/FI and methods of fault reporting are top down system design issues that need
to be implemented in a consistent, uniform manner; not as an afterthought.

PD/FI for cables and connectors is essential. Data Indicates that failures In cables
and connectors represent a significant percentage of failures particularly in older air-
planes. With higher data rates and lower expected excitation levels in future systems, the
number of cable/connector induced system failures will likely increase. Consequently, it
is essential that comprehensive FD/FI to cables and connectors be achieved.

8. AVIONIC SYSTEM FUNCTIONS

Xvionic system Integration technology is the enabling technology which allows the
achievement of the high level of automation which we are driving toward. A way todescrtte
the application of this technology is to define a set of avionic system functions, which,
when taken together, yield what we commonly refer to as the automated cockpit, These
functions are:

Vehicle management

Display management

Sensor management

Weapons management

Information manarement

Diagnostics management

Total aircraft automation Is achieved by the integration of these functions into an
efficient and orderly operating system. &dditionaliy, many of these functions involve
several avionic sub-functions which also need to be Integrated into the overall opera-
tional system. A brief description of these functions is contained in the following para-
graphs.

The vehicle management function assures the general Integrity of the aircraft by in-
tegrating flight path control, stability systems, navigation, propulsion control, and
power systems. An important part of this function is diagnostic management for the en-
tire aircraft, including mission avionics. Subsystems which are Integrated by this
function include the autopilot, stability augmentatlon, propulsion control, and other In-
tegrated functions such as terrain-following.

The display management function Integrates and manages all display systems, Including
display Information for mission avionics such as sensors and weapon control. The function
is concerned with display data processing and management, but not with the display equip-
ment and presentation design, which is the domain of the display subsystem. Integration
may include engine data, flight data and attitude display, fire control, radar, EW, system
status, and numerical data.
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The sensor management function integrates the various sensor subsystems to respond
to the time-phased needs of the mission and the commands of the crew. The function con-
trols the various modes and sequences of oerations of each sensor, and frequently deals
with sensor data which has been pre-processed to some degree. Subsystems integrated In-
clude sensor functions such as radar, EO and IR.

The weapons management function integrates stores data, weapons fuzing and initia-
tion, and fire control. Typical subsystems in this function include the fire control
subsystem, missiles, weapons release, chaff and decoy dispensers, smart weapon initiali-
zation and guidance, weapon ballistics for free fall weapons, and others.

The Information management function integrates the other functions by providing
sensor information to the fire control subsystem, for example, and vehicle information to
the display subsystem. The emphasis is on information flow, rather than raw data. This
function includes fusion of data from various sources from within the aircraft and from
data from external sources. Automated decision advisories and automated action control
are included In this function as appropriate.

The diagnostics management function oversees the overallhealthof the aircraft and
provides diagnoses of failures within the damage to the aircraft. These diagnostic
functions encompass both the vehicle and all its subsystems, including the avionics sys-
tem itself which is providing the diagnostic function. Overall system resources are re-
configured once an anomoly is identified, to allow the overall vehicle system to continue
to function effectively in spite of failures or damage.

It is clear that implementation of these functions requires intensive application of
processors, data communication paths, software, and fault detection/fault isolation, i.e.,
avionic system integration technology.

9. SYSTEM DESIGN METHODOLOGY

The total development cycle of a weapon system is shown in Figure 1. As can be seen
in the figure, the weapon system is initially specified at a high level and successfully
partitioned into systems and subsystems, with the degree of detail increasing with each
level of partitioning.

---- . Total-- evelopment-- Cycl-
i~n i uf T UINNNMM
-------- -------------------e--------
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If the complexity shown in Figure 1 is to be managed successfully, then a system
methodology must be developed which allows the progression from concept, to require-
ments, through design, software development, integration and testing to occur in an
orderly, controlled, and visible fashion. The system design category is particularly
critical and may be further divided into three phases: functional design, physical
design, and integrated design.

The functional design phase defines what the system is required to do without at-
tempting to specify how this is to be done.

During the physical design phase, the system architecture is structured down to the
various elements which are identified and specified.

The integrated design phase maps the functional design into the physical design and
defines the data interface and control mechanisms.

As shown in Figure 1, verification, validation, and certification requirements
(which also form part of the development cycle) must also be considered.

To enable the system design to proceed, it is necessary to establish a design en-
vironment within which the system design team can operate. This environment is similar
in concept to the programming support environments typified by the ADA Project Support
Environment (APSE) under development as part of the ADA language initiative.

While the APSE is concerned only with the software part of a project, the environ-
ment considered necessary - an Integrated Project Support Environment (IPSE) - should
enable the complete system development environment to be supported. In addition to sup-
porting design development, testing, and validation and verification (V&V), there are
also additional functions which must be included in the IPSE to allow control to be ex-
ercised throughout the design phase. These functions are: (1) Project Management, (2)
Estimation, (3) Documentation, and (4) Configuration Control.

Such an environment does not currently exist although work is proceeding in a number
of areas to establish an IPSE. It is unlikely that the IPSE will be developed as a single
project but rather it will likely be an evolutionary development over a period of time.

In providing guidance for the development of a good development environment, there
are two key factors. These are: (1) A set of standards which will encourage tool devel-
opers to conform to them, and hence will promote the development of flexible and Inter-
changeable tool sets; and (2) A set of measures so that good products can be easily and
widely recognized. It is vitally important that both of these factors should be supported
and able to be adapted to meet changing needs. An adaptable and changing set of standards
may sound like a contradiction in terms, but this is not, in fact, the case. If a stan-
dard changes too quickly, it loses the confidence of its users and becomes valueless; but
equally important, if it changes too slowly, it ceases to relate to the real world and
becomes not a standard but a monument. Change in a set of measures is less unsettling,
but to some extent the same criteria apply.

The advent of the IPSE will be brought closer by establishing an effective research
and development effort to address a number of key areas. Among these are:

(a) System Science. This subject is at a level above that of software science and
computer science. Essentially it is concerned with methods for developing large scale
systems. While there is some academic interest in the subject, it is very much in Its In-
fancy.

(b) Design Methodologies and Tools. There exists a need to produce better design
tools at a system level as well as at the hardware and software levels.

(c) Failure Prediction Techniques. Techniques are needed to predict the probabil-
ity of failure of a system - both hardware and software during the design phase.

(d) Control Techniques of Large Scale Processors. While VLSI technology offers the
promise of large parallel processors, there ls little activity in the design and develop-
ment tools needed to specify and produce software to operate on these processors.

(e) Standards. In order to foster the IPSE concept, a set of interface standards
must be deve-opedto enable the incremental development of the IPSE to take place.

10. IMPACT OF AVIONIC SYSTEM ATTRIBUTES ON OPERATION AND SUPPORT

The impact of the new aircraft system technology on the operational capabilities and
the support requirements in the NATO arena will now be briefly discussed. Although avionic
system architecture and design does not contribute directly to specific flight performance
improvement, it provides the infrastructure which enables the accommodation of elements
which do provide such performance improvement. Its impact on the total force structure
and overall mission efffectiveness falls mainly in three areas: availability and suatain-
ability, mission effectiveness, and cost effectiveness. Each of these Is addressed spe-
cifically in the following paragraphs.
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11. AVAILABILITY AND SUSTAINABILITY

To the operational forces, the availability and sustainability should be the earliest
apparent advantages of the system integration technology discipline. It is estimated that
availability of the total avionic system could improve by approximately 20 percent for
modest complex systems. In very complex avionic systems, the availability improvement
might be as much as 50 percent. These estimates are, of course, dependent not only on
the total avionic system complexity, but also on the specific system architecture chosen
and the degree and depth of standardization applied. It should be noted, however, that
the availability improvements arising from the proposed system integration are in addi-
tion to those obtained from increased reliability or ease of maintainability ascribed to
individual avionics elements.

A large part of the improvement in availability derives from the capability for dy-
namic reconfiguration of the avionic system in flight in response to one or more failures
in the system. The appropriate memory unit, for example, can reassign its function to
another memory unit. This will enable critical functions to be continued while less criti-
cal functions are attended to less frequently or less accurately. The capability to re-
configure the avionics system automatically in case of failures also contributes to sus-
tainability in spite of battle damage, since some missions can still be successfullycompleted even though they would otherwise have been aborted due to battle damage to a

single avionics element. This applies to flight critical functions as well as to those
critical to mission success.

Systems fault tolerance permits deferred maintenance and adds to system availability.
Hence a system will continue to be flight worthy and mission capable after some failures,
so the operational commander can shift the maintenance tc a less critical time. This
places the period of availability more under the management control of the commander, is-
proving the effective availability and allowing higher peak sortie rates. In addition,
improved avionic system availability will permit higher average sortie rates.

12. MISSION EFFECTIVENESS

The system integration discipline provides improvement in overall mission effective-
ness in several ways. One of these is the improved availability and sustainability high-
lighted in the previous paragraphs, permitting, in particular, higher sortie rates.

One of the most important contributions to mission effectiveness is that the design
architecture described will enable fusion of sensor data from within and without the
aircraft. Although the integration discipline alone will not accomplish fusion, it will
provide the infrastructure without which such fusion is probably not practical. The ad-
vantages offered by fusion Include Improvements to survivability, penetration of enemy de-
fenses, and interoperability. The degree of improvement in these factors depends on the

sensor data, how it is fused, and the operational scenario. But the system integration
architecture is the enabler.

Mission effectiveness is also improved by presenting the opportunity for reconfigura-
tion of the aircraft for a different mission. The integration architecture will permit
the addition of special mission payloads, either weapons or sensors, and permit relatively
simple avionic system configuration without additonal hardware changes to other avionics
equipment.

This same attribute will permit evolutionary changes in mission capability throughout
the life of the airframe. The integrated design should allow major avionics changes to
be made in the field, thus further improving the real availability or the aircraft.

13. COST EFFECTIVENESS

The most important impact of the system integration architecture of the 1990s is in
reduced life cycle cost of the avionic systems. Although some potential exists for
savings in initial procurement costs, the real savings occur after deployment.

An architecture with standard interfaces will reduce the complexity of ground support
equipment, particularly that at the operational maintenance level. The increased automatic
fault isolation built into the system for the purpose of dynamic reconfiguration will pro-
vide fault data from the actual time of occurrence of the failure, as well as an estimate
of which device is at fault. This will reduce maintenance time at the operational level.
The standards Imposed by the integration design architecture will reduce the number of
spares required at all levels.

Perhaps the most important life cycle savings will arise from the capability of the
system to accommodate advances in technology. Because of the interface discipline, the
system design will be essentially transparent to those technology improvements which leave
the function unchanged. Thus, improved sensors can be inserted with less down time, not
only reducing upgrade costs, but also improving aircraft availability.

11. AVIONIC SYSTEM IMPACT ON THE CONDUCT OF AIR WARFARE

Technology's impact upon the avionic system and upon the aircraft's operational capa-
bilities has been described In the previous paragraphs. In order to assess the impact of
technology upon the conduct of air warfare, it is necessary to take into account not only
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the benefits which technology affords to the core system itself, but also those to the
sensors and other subsystems comprising the total system.

The primary impact of the new technology is to increase the effectiveness of the total
weapon system in carrying out its mission and in defending itself. For example, the air-
craft will be exposed less to danger while enroute to its target, through the benefit of

flight-path control allowing greater use to be made of terrain-screening and other hiding
mechanisms (e.g., cooperative emission control and jamming). It will be able to make
sIngle-pass attacks through the use of more capable sensors, data fusion, coouerative op-
eration, pilot-aided weapon aiming and release, and smart weapons.

For surveillance missions, the increased capability of the sensors will provide
greater effectiveness and will reduce the time taken from acquiring the raw intelligence
information to tasking the tactical response/initiative. Thus the battle will be faster-
flowing and dynamic; this in turn leading to greater confusion and total dependence upon
the effectiveness of the complete chain from intelligence-gathering through decision-
making to tasking. However, any unnecessary delays in this chain will reduce effective-
ness, thus laying great stress on the successful implementation of C

3
1 technologies.

The new technology, coupled with the system's architecture and design philosophies
and methodologies, will yield more flexible weapon systems. In the first instance, this
will result in greater system's availability through the incorporation of fault-tolerance
and graceful degradation. Thus, the military commander will have a fighting force avail-
able to him for longer; his actions are more sustainabile in terms of higher sortie rates,
and longer times before the system is totally unusable. Secondly, he is able to task his
aircraft more flexibly, changing his sensor and weapon fits more readily, the software
reloads being rapidly incorporated as a result of the modularity of the architecture.

The greater sustainability of the systems, the incorporation of internal self-test
and the greatly reduced dependence upon ground support facilities for turnaround, coupled
with appropriate vehicle design criteria, will permit a much greater flexibility in the
use of remote bases for operation. This will increase the tactical responsiveness of the
fighting force. In addition, the logistic supply problems for remote bases will be reduced
toward the ideal of ordnance and fuel only.

12. SYSTEM TECHNOLOGY NEEDS

Much of the progress in avionic systems that is anticipated depends upon current and
anticipated progress in a number of diverse technologies. Research and development in
some areas is well established, but for other critical technologies progress is less cer-
tain. It is imperative that effort and resources be applied to those areas in futureyears.
The following paragraphs briefly describe some of these system technology needs.

(a) System Design Methodology. There is an insufficient technology base in the area
of large scale system design and development for critical applications. Progress is neces-
sary in developing methods and tools for designing and verifying highly integrated, fault-
tolerant, avionic systems.

(b) High Data Rate Technology. High speed data rate communication technologies are
needed for critical applications in which system integrity is a primary requirement.

(c) System Management Function. The complexity of future avionics systems will re-
fquire a new technology base in the area of automation of system resource management.

Functions of data bus management, data base management, system diagnostics and reconfigur-
ation, must all be largely automated in future avionic systems. Here too, emphasis must

be placed upon the integrity of these functions because of their criticality to overall
system operation.

d) Standards. Much of the success of these future systems depends upon standardi-
zation of both hardware (probably form, fit, function) and software. Current efforts to
standardize must be accelerated.

(e) Software. Software costs are accelerating out of control. More effective
methods of automating software development and tools for validation and verification ofsoftware are critically in need of development.

(f) Parallel Processin . There is an emerging need for orders of magnitude in-
creases in computation throughput in future avionic systems. Parallel processors appear
to be the most promising solution to this problem. There is much effort currently under
way in terms of hardware architectures for parallel macaines. Reliability and integrity
of these architectures for critical avionics must be addressed as well as the entire
issue of flight software for these machines. Artificial intelligence techniques should
be examined as a basis of this effort.

13. CONCLUSIONS

The next generation avionic systems should be designed for fault tolerance and de-
ferrable two-level maintenance with a maximum use of common, functional modules (hardware
and software). NATO Interface Standards (signal input/output, physical and power) need
to be developed as the basis for common modules and for reconfiguration. Particular
emphasis is needed in the architectural design area. Interface standards should result
in improved availability, effectiveness, competitiveness and reduced life cycle costs.
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To capitalize on the significant investment that the NATO nations are making in the de-
velopment of Avionic system software, adherence to NATO adopted standards will be vital.
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This paper describes the theoretical performance benefits that can be obtained by
designing an aircraft that is naturally unstable in pitch and artificially stabilised
by use of active control technology including an integral stall departure and spin
prevention/'g1 limiting function. It goes on to describe how many of these benefits
have been successfully demonstrated during flight trials on the FBN Jaguar
demonstrator aircraft.

The flight trials are briefly discussed including the results of the stall
departure and spin prevention system assessment with examples of severe dynamic combat
manoeuvres made possible by such a system. The combination of leading edge wing
strakes and longitudinal instability gave improvements in aircraft turn rate,
acceleration, and field performance, thus providing a practical demonstration of many
of the theoretical benefits described earlier.

The PON Jaguar flight control system was designed from the outset as a production
system with the aim of identifying production clearance procedures so this experience
leads straight into new combat aircraft such as the EPA.

PART AS DESIGN STUDIRS

1. INTRODUCTION

In combat situations, manoeuvrability and agility are of prime importance in
bringing even sophisticated and capable weapons to bear. Three key parameters to
success can be identified as

aximum sustained (thrust-limited) turn rate (STR)

Maximum attained (lift limited) turn rate (ATR)
Specific excess power (SEP)

The last is a measure of the ability to regain energy by climbing or
accelerating, and the extent to which a pilot can afford to exceed the STR boundary
during combat depends on his ability to regain energy using maximum SEP.

Sustained manoeuvrability is the product of both lift/drag ratio and
thrust/weight ratio. Efficient subsonic cruise and loiter demand high values of
lift/drag ratio over as wide a range of lift as possible. Similarly, high attained
manoeuvrability demands low wing loading and efficient high lift devices. The most
efficient wing for combat performance is therefore one that provides maximum lift with
the lowest drag in manoeuvring flight, over as large a range of lift as possible. In
recent years, advances in wing design methods using powerful computers have enabled
designers to achieve the required pressure distribution to minimise drag at the design
value of lift. However, a high lift wing section is highly cambered, and is
unsuitable for transonic dash and supersonic acceleration.

This has resulted in the widespead use of variable camber wings for high speed
manoeuveing, and these wings aea designed with leading and trailing edge flap
deflections scheduled with incidence and airspeed to provide near optimum performance
over a large part of the design flight envelope.

2. INPOVED CONMAT PERFORNANCE DESIGN

2.1 Combat Wina Design

A typical family of lift/drag curves for a modern combat wing is shown on figure
1, which show. that the minimum drag envelope can be achieved by suitable scheduling
of leading and trailing edges. The benefits produced with an optimum schedule are
shown in figure 2. However, use of trailing edge devices to increase camber generates
increased rear loading on the wing as incidence is increased. On a conventional
tailed aircraft this leads to increasing down loads on the tail to trim, assuming the
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c.g. is positioned for natural aircraft stability. These tail loads ate additive to
the trimming loads required for an aircraft with positive natural stability and are
detrimental to total aircraft performance, and so lead to significant trimmed drag and
lift penalties, thus detracting from the benefits of the variable camber wing design.
If the aircraft were to possess negative natural stability, these two components would
tend to cancel outt i.e. the trailing edge flap deflection itself would be used to
trim the aircraft thus minimising tail loads.

2.2 Relaxed Static Stability

From the above discussion it is clear that the benefits of variable camber wings
can only be fully exploited if associated with artificial stability in pitch, aince
the balancing load on the tail will then be small, or if the aircraft is unstable tail
off, the tail load will be up and beneficial to total aircraft lift (figure 3).

Studies at Sem Marton have shown that for a conventional tailed aircraft such as
Jaguar an improvement of 121 in trimsed lift can be obtained with an aft located c.g.,
both with flaps up and down. This additional lift can be used to improve aircraft
performance, or alternatively the aircraft size can be reduced to maintain performance
as illustrated in figure 4. By taking advantage of the reduced drag, which in turn
leads to reduced fuel requirements and reduced engine size a reduction of more than
12% in wing area is in fact possible. Results of a SR Warton study based on a Jaguar
aircraft are shown on figure 5 which shows the possible reduction in aircraft size
obtained by use of artificial stability while maintaining aircraft performance.

2.3 Canard Configurations

Modern combat aircraft with high supersonic performance requirementa are designed
with low aspect ratio wings, and when coupled with artificial stability in pitch,
these configurations lead naturally to the use of canard configurations. A canard
configuration with natural stability in pitch involves high loads on the foreplane,
leading to high drag in manoeuvring flight. However, use of artificial stability in
pitch leads to a more lightly loaded foreplane. At supersonic speeds, the aerodynamic
centre moves aft, requiring an uploaded foreplane to trim, thus providing a more
efficient solution than a downloaded tail. Another benefit of using this type of
configuration is that it has cleaner afterbody lines and a shorter afterbody, due to
the absence of tailplane and spigot supporting structure, and this leads to lower
supersonic drag.

2.4 Fly by Hire (Active Control Technology)

We have seen that the benefits of variable camber wings can be fully exploited
only if used in conjunction with artificial stability in pitch. This leads to FP9
control systems which allow use of ACT concepts.

Many combat aircraft cannot use the full lifting capability of the wings since
they are limited by lateral/directional misbehaviour long before the wing stalls. The
pilot must therefore allow an incidence or Ig' margin in order to avoid such
phenomena. Sy including stall departure and spin prevention (SDSP) in the FCS design,
the aircraft can safely penetrate the stall region and so exploit its full lift
capability and in addition, provide a carefree manoeuvring capability to the pilot.
Figure 6 illustrates a typical case where use of SOSP results in an improved incidence
and 1g, capability.

The SDSP system is designed to augment stability and restrain the use of
excessive departure inducing control as limiting conditions are approached. The
incidence limiting function is scheduled with dynamic pressure to prevent departures
and coupled with normal g limiting, the FCS has the capability to provide the pilot
with a carefree manoeuvring capability throughout the flight envelope.

When these concepts are coupled with the benefits described earlier of artificial
stability, the designer is fully exploiting the capabilities of the airframe
(Figure 7).

PART S FLIGHT T#T EXPBRIE1CS ON THE FPW JAGUAR

3. THE DONONSTRATOR PROGRANNE

The FUW Jaguar programme represented a research programme whose overall aim was
the design development and flight demonstration of a safe practical full time
fly-by-wire flight control system for a combat aircraft. The prime objective was the
identification of the design methodology and airworthiness criteria necessary for
flight certification of such a system, which was designed as a production system, and
it was not intended to demonstrate the full aerodynamic benefits of ACT. However, the
flight programme included both a demonstration of the effectiveness of the integral
stall departure and spin prevention system (gaSP) and a detailed assessment of the
aircraft behaviour in a series of aerodynamically unstable configurations and the
results of these trials provided a practical demonstration of many of these benefits.
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3.1 Oemofntrato: aircraft

The FeN Jaguar demonstrator is a modified single seat lepecat Jaguar which
started life an a standard production aircraft and served with the AP for several
years before being returned to British Aerospace Marton for modification as a
demonstrator aircraft. Initially, only minor changes to the airframe were made in
order to accomnodate the quadruplex digital flight control system and an extensive
instrumentation system. All the mechanical control rods, autostabilisers and original
powered flying control actuators were remved leaving the aircraft totally reliant on
the digital PCS. Provision was made for non jettisionable internal ballast to be
carried and a spin recovery parachute system could be fitted in place of the standard
brake parachute.

At this stage of the programe, the aircaft was externally little different from
a standard Jaguar but the internal ballast together with alterations to the fuel
system manaqement and carriage of underwing fuel tanks allowed manoeuvre margins of
+15 to -40 AMC to be progressively assessed.

In order to increase the level of aerodynamic instability, large wing leading
edge strakes were then fitted to the aircraft. The effect of theme strokes was to
move the centre of lift forward by about It% ANC which in conjunction with ballast and
underwing fuel tanks enabled flight assessment of manoeuvre margins in excess of -100
ARC to be carried out. This configuration provided a practical demonstration of many
of the benefits which could be achieved with an aerodynamically unstable aircraft.
Figure 8 illustrates the aircraft in its straked configuration and a more detailed
description of the aircraft and its systems can be found in Reference I.

3.2 Flight Control System

The flight control systan (PCS) is basically a quadruples digital system with no
manual reversion. Quadruplex position sensors are use6 to sense pilot control demands
in terms of stick, pedal and trim inputs, and quadruples rate gyros sense aircraft
pitch, roll and yaw rates. Four identical digital flight control computers (FCC) are
used to process these signals together with a variety of other sensors. The resulting
command signals are used to control the two taileron. two spoiler and one rudder
actuators. Tn order to convert the quadruples signals from the FCCs into the
sextuples signals required by the duo-triplex actuators, the four FCC* are
supplemented by two actuator drive and monitor computers. In addition to the
quadruples primary input sensors, sensors of lower redundancy are used for those
functions which may be necessary for optimum handling qualities but which are not
necessary for safe flight. These are dynamic pressure, static pressure, incidence and
sideslip which are all triplex secondary sensors; and flap position and airbrmke
position which are duplex sensors. Triplex dynamic and static pressures are provided
by three pitot static probes (the standard nose boom and two side mounted probes).
Triplex incidence and sideslip signals are provided by four airstream direction
detector probes (ADD) mounted around the nose of the aircraft. A complete description
of the FCS can be found in References 2 and 3.

3.3 Control Lam

The control laws implemented within the digital FCS were designed to give the
aircraft good handlinq qualities over the full flight envelope and the SDSP function
was an integral part of these control laws.

In the pitch axis, pitch rate demand from the stick is compared with pitch rate
and incidence to produce an error signal which is fed to a PID controller. The stick
path also includes a non linear 'manoeuvre boost' path to give rapid initial response
to large stick inputs. Pitch control at all conditions is provided by symetric
deflection of the all moving tailerons. The SOaP function limits incidence to the
design value by reducing stick coemand gain as incidence increases and utilising
incidence feedback.

The lateral control system is a rate demand system where maximum demand rate ts a
function of flight condition, incidence and configuration.

Roll control at low incidence is essentially provided by the spoilers. As
incidence is increased, differential taileron is used to augment the spoilers. A
spoiler to rudder interconnect is provided to improve turn co-ordination and tracking,
and to prevent autorotation at low 'g,. The SOUP function is achieved by limiting the
effective roll stick authority at high incidence.

The yaw channel comprises a wind axis d.c. blocked yaw damper with directional
stiffness augmentation by sideslip feedback. Wind axis yaw rate is synthesised from
aircraft roll and yaw rates using a roll to yaw crossfeed. A second roll rate
crossfeed term is used to improve turn co-ordination at low speed. These ter" are
oumed with rudder pedal and yaw trim cosmands to produce the rudder demand.

Rudder pedal authority is scheduled with airspeed and incidence, the latter
providing the 8OSP function.
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3.4 Flight Test Programme

The overall flight trials programs which was performed in total at Mhe Varton
was divided into 5 phases as described in References I and 4.

Phases 1 and 2 comprised a general aircraft and systems shakedom leading on to
an initial handling asseassment and a flutter teat flight envelope expansion programm.

Phase 3 provided a detailed handling assessment in a number of longitudinally
stable aircraft configurations and included the demonstration of the effectiveness of
the 8OSP function.

Phase 4 comprised an assessment of the longitudinally unstable aircraft at
stability levels down to -4.58 AMC.

Phase S was an assesament of the strated aircraft over the stability range of 34
to -10 ASMC.

The benefits of the 806P function were demonstrated in full in Phase 3 and in
part in Phases 4 and S.

The performance benefits of the PON aircraft were demonstrated in Phase S by
comparing these results with results obtained in Phases 3 and 4.

3.5 Performance Benefits

During the last phase of the flight programs, manoeuvres flown an a part of the
handling assessment were used to gather performance data. In order to do this, the
test technique was modified so that the manoeuvre could be used for performance
analysis without compromising the prime objective of the test point. For example
constant throttle setting was used throughout the manoeuvre in order to obtain drag
factors in the absence of calibrated engines. The results obtained were then compared
with data extracted from similar manoeuvres performed in earlier phases of the flight
trials.

The results of the analysis indicated that the ability to fly the longitudinally

unstable aircraft produced clear improvements in both increased lift and reduced drag.

3.5.1 Lift

In the standard Jaguar configuration, i.e. before the strake was fitted, the
effect of moving the centre of gravity aft is illustrated in Figure 9 where lift
coeficients for two stability levels are presented. Compared with the stable
configuration (a manoeuvre margin of +S1 AMC) , the unstable configuration (-It
manoeuvre margin) produced a lift increase of the order of 108 at moderate CL.

In the straked configuration, the addition of the strake produced the expected
increase in lift and this in itself could not have been realised without the ability
to control this aerodynamically unstable configuration. Figure 10 illustrates the
effect of further increases in levels of instability on measured lift coefficientsand
it can be seen that the highly unstable configuration (-90 manoeuvre margin) produced
lift improvements of the order of 78 at moderate C compared with the moderately
unstable configuration (-20 manoeuvre margin). Figure 10 also illustrates the
combined effect of strake and large levels of instability. Compared with the standard
Jaguar at +5S manoeuvre margin the straked FON Jaguar at -98 manoeuvre margin provided
dramatic increases in lift (nearly 308 at moderate CL).

A similar picture emerged in the take off and landing configurations as
illustrated in Figure 11. For the straked aircraft, the highly unstable configuration
(-108 AMC manoeuvre margin) provided an increase in C of 78 at the take off incidence
and 9% at the approach incidence compared with the jbderately unstable configuration
(-2% manoeuvre margin). When compared with the standard Jaguar the combination of
strake and large levels of instability on the FBw Jaguar produced corresponding
increases in CL of 258 and 22% respectively.

3.5.2 Drag

The combination of strakes and large levels of longitudinal instability produced
the reductions in drag ii2 ustrated in Figure 12. This presents typical plots of drag
coefficient CD against C for the unstable straked FBW Jaguar and a stable standard
Jaguar. Because of thk lack of calibrated engines and specialised instrumentation
parameters, it was not possible to quantify the individual effects. However, the
ability of the FN Jaguar PCS to control the highly unstable straked aircraft produced
considerable drag reductions and these were most obvious at high incidence. It was
also noted by the pilots, that the unstable strtaed PW Jaguar exhibited significantly
improved rates of acceleration at transonic and supersonic speeds compared with the
standard Jaguar.

In the take off and landing configurations, the combination of atrakes and
longitudinal instability again produced significant drag improvements with a 2S
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reduction in drag at take off incidence and a 10% drag reduction at approach incidence
being identified.

3.5.3 Combat Bneefits

In the combat situation. the combination of lift and drag benefits identified
above would increase both attainable turn rate and reduce the energy loss at high
incidence. As an example, at a typical flight condition of 0.7 Nach 10,%00ft. the
highly unstable (-10% manoeuvre margin) atraked PON Jaguar would have a 3.5 /sec turn
rate advantage and, at a high incidence, a speed lose which would be l.7kts per second
leag than a standard Jaguar at +3 manoeuvre margin.

Although not directly related to air to air combat, the reduction in take off and
landing speeds identified for the unstable Jaguar would produce corresponding
reductions in runway requirements. Thus n terms of operation from dispersed
aifields, combat effectiveness would be increased by the reduction in runway
requirements. For example, the benefits identified above would produce effective
reductions of 220 in take off ground roll and 16% in landing ground roll on the highly
unstable TOM Jaguar compared with the standard Jaguar, with corresponding improvements
in engine out performance characteristics.

3.6 8DSP system Assessment

The full flight trials assessment of the SDSP function of the control laws was

performed in a stable configuration with the aircraft fully prepared for such a
potentially hazardous high incidence trial. The behaviour of the aircraft at high
incidence proved to be so good that the trial progressed very rapidly to the combat
assessment stage. Some 43 manoeuvre sequences were performed at full back stick and
despite very aggressive manoeuvrinq, there were no signs of incipient departure and
the aircraft was under complete control at all times.

The actual flight assessment comprised a series of test manoeuvres which provided
a progressively more severe test of the SOSP system. As two pilots were involved, the
majority of the test points were repeated in order to obtain as large a variation on
pilot technique as was feasible within such a limited programme.

The trial commenced with slowdowns, wind up turns and straight pulls to full back
stick with small lateral control inputs. These were then extended by applying full
roll stick and full rudder inputs at 160 incidence and at full back stick in both
trimmed and mis-trimsed conditions. Snatch pulls to full back stick were also flown,
working up to very high rates of stick application (full back stick was achieved in
0.2 secs in the fast snatch pulls). The assessment progressed to more severe control
inputs, including half roll stick rolling breaks to full back stick, 'diagonal' breaks
to full back stick, full roll stick breaks to full back stick, and was concluded with
two 'combat assessments' where a series of manoeuvres were strung together. Both
project pilots were very satisfied with the aircraft behaviour throughout the trial,
and the SDSP system generated a very high level of pilot confidence.

The incidence limiting function was unobtrusive to the pilot but highly effective
in limiting the incidence to the design value as shown in Figure 13. It can be seen
that even the most severe inputs did not result in more than a 3 overshoot of this
value, and the PCS quickly brought incidence back to the limit. The pitch rates which
could be generated were very impressive (up to 36 deg/sec) and always under control.

The control induced departure prevention function of the SOSP was also very
effective in reducing roll and yaw control authority available to the pilot to a safe
level at high incidence. However, even at full back stick, control authority was
still sufficient to provide a highly manoeuvrable aircraft with good roll rates being
achieved throughout the incidence range. This is illustrated in Figure 14 where peak
roll rate as a function of incidence is presented and compared with that achieved on a
standard Jaguar.

The combination of these two functions enabled severe dynamic manoeuvres to be
performed. A typical example is shown in Figure 15 which illustrates a full stick
rolling break. That is, with full roll stick applied at lg, the stick was pulled to
the aft stop as hard as possible and a full 360 roll performed. &a can be seen,
complete control was maintained at all times.

The final test of the SDSP system was a simulated combat assessment. tach pilot
flew a series of aggressive manoeuvres linked together to simulate combat conditions.
One of these sequences is illustrated in Figure 16 and was made up of the following
manoeuvres.

- Rap~d roll into full aft stop rolling break
- 360 roll on aft stop
- Centralised controls and unload to lg
- Snatch pull to aft stop
- Full rudder/roll stick/back stick roll right through 3600 roll
- Unload to Ig wings level and snatch pull to the aft stop and full rudder/roll

stick/back stick roll left through 360
°
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- Unload to Ig and snatch pull to the aft atop, full right stick and rudder then
reverse to full left stick and rudder all on aft stop.

Throughout this series of manoeuvres, which was flown totally without any

constraint being applied to the rate or magnitude of control inputs, the SDSP
functioned impeccably.

With the suocessful completion of these manoeuvres, it was hard for the pilots to
envise anything more that a practical pilot would want to do, other than to allow
the airspeed to fall below g0kta (a limitation imposed by the use of standard
airstream direction detector probes to measure incidence) that the POW Jaguar could
not coge with. The aircraft was easy and straightforward to fly at extremes of the
flight envelope, and was not in any way disturbed by hard manoeuvring. As one of the
project pilots commented *Even a relatively inexperienced pilot would be able to
extract the maximum performance from this aeroplane'.

Although the SOOP function was not specifically assessed during the subsequent
flight trials phases, the presence of the S06P system significantly improved both the
handling qualities of the aircraft and flight safety. For example, when flying in the
first unstable configuration, the presence of the SOIP functions within the control
laws gave the aircraft excellent handling qualities right up to the incidence limit
which was coincident with the SDSP incidence limit. Thus the pilots had great
confidence manoouvring at limiting conditions since rig testing had shown the
continuing effectiveness of the SOUP in preventing loss of control on what was now an
aerodynamically unstable airttaft. A further by product of the control induced
departure prevention function of the SOSP was the excellent handling of the aircraft
at the incidence limit with underwing stores fitted. (This waa true for the strakes
off and strakes on configurations). Handling qualities on the POW Jaguar were far
superior to the standard Jaguar and this enabled the POW Jaguar to manoeuvre at

significantly higher incidence@. In fact the FSO Jaguet had the same incidence limit
with or without stores.

3.7 Combat Senefits

In the combat situation, an SDSP equipped aircraft enables the pilot to manoeuvre
the aircraft with minimal limitations and maximum confidence throughout the incidence
capability of the aircraft. This was graphically demonstrated on the POW Jaguar SDSP
trial where the pilot had no incidence limit and so was able to fly 'head out" at all
times - a prime requirement for close combat. Full control inputs can be applied in
any combination up to the maximum incidence achievable giving the pilot the ability
either to take violent evasive action or to manoeuvre hard to obtain a tracking
solution on a target with no risk of loss of control. Again this was demonstrated on
the PN Jaguar where violent coupled manoeuvres were performed with no build up of
excessive sideslip and the aircraft under complete control at all times.

4. FUTURS AIOCUAPY

Flight experience gained on the PW Jaguar has demonstrated the improved combat
performance available on an aircraft equipped with an integrated flight control system
which can provide excellent handling qualities in aerodynamically unstable
configurations and an essentially carefree manoeuvre capability throughout the flight
envelope.

Combat performance can be further improved on future aircraft such as the EPA by
exploiting in full the benefits of combat wing design and natural instability in the
design stage and using the integrated flight control system to stabilise the aircraft,
provide control of the optimised wing high lift devices and to give the pilot a
"carefree manoeuvre" capability.
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The Ammemt amd Ealuation of Combt ?erformnoo pgacmme

A. G. Ban=.

11r~ Linwashire

V) 1. Itrdcto
)Aircraft performance improvements, for combat or any other operational role, are becoming

Incresingly difficult to achieve. The dramatic year-by-year advances of the forties and fifties
are long gone. Aexodynaicists have a Mich better isdaratanding of the #"yical properties of the
atmosphere and the shapes which can beat be Propelled through It. The relationships between the
energy in fuel, and the conversion process into thrust are wall developed. Structural engineers

unesadthe anchenical properties of materials needed to bild~ uiginea ard airframes. All these
factors have been exploited, and further improvements do not com cheaply. only in the area of
avionics can it be said that large benefits In the weight/oot/performance trade-off can be

expeted.htd~n terne~ g

verheless, the call for imprvmnts in comat performance is as stmqn as ever. Designers

beneficial, in term of operational perfomane. Now, a small improvement in aximum lift, or a
smmll reduction in suesncdrag, may be IsgiiatI moeainlseaiadmyb
the key to success inanther.

2. Modelling in the Design Vrocs

in the broadest sense of the word, models have always been used In aircraft design. Mock-ups, test
specimens, rigs and wind tunnels all have a history which goes back to the beginnings of flight.
The prediction of performance, stability and control, by solving mathematical equations has an even
longer history.

"te Impact of omuters on the design proces parallels the Impact of computers on life in general;
in design, omputers have, secgat other benefits, brought the widespread use of mathematical
models.

First came freedom to solve coplex equations by either analog or digital computers. Gradually
digital computers took over, offering ever-increasing speed and caaity. Then ewe. the terminals
and graphics needed for CREVCAM. Along with these developments, real-time omputing has advanced
the contribution of pilot-in-the-loop simulation, as distinct from mthmatical modelling.

Now, copters are linked Into mssive networks, and the use of 'intelligence' is opening up even
sore possibilities to change the mnethods of design. The integration of these new methods has
bon a critical factor - how best to pull together the specisl isatione, and retrieve the benefits
of the small-tam approach of former yeas.
ones iumportant application of mathematical models which hem emerged In this evolution has been their
use in 7Zraina= Aaysis. operational Analysis is row an essential tool to assese both the
design isrvmnswich can be found in the traditional disciplines, and the more. sideping
changes In operational deployment which follow from avionic fit and weapon system developments.

3. Retaining the Pilot

Many attempts have been me to find alternative. to the manned military aircraft - the past thirty
years has seen the replacoment of some types of manned military aircraft by uapsied alternatives -
ballistic missiles, tactical guided wmons ad ground based defences. Whether the military omibat
aircraft will ever be replaced is isicleer. there is certainly no likelihoiod of this change in the
near future. Carrying a man arowi, and protecting his against most eventualities puts constraints
on the vehicle design. Sut the difficulties of delegating all the tasks he does and the decisions
he sakes to robotics and compters are currently Insurmountble.

of course, there are well supprted progriam In the field of Artificial Intelligece, which lead
to a better widerstanding of various aspects of tsswi behaviour. USm am man trea to thes
progrmms - wideretaing decision processes, modelling of humani semeors, software organization to
imitate humn behaviour. The UiSAF PiotAsoite progrme Is a vigorous attempt to take
advantage of, and to apply these Ideas tota tgeeaincmltry icaf.Aetsoth
pilot's task we delegated to compters, Which mok decisions on Whether Information is available
and advises the pilot on how to V-ocee. Sa tasks will be comleted automaticelly. but the
pilot Is not redumient - the programme objective is to help tie pilot achieve a higher stadard of

There have bean mimed opinions for seventy yewrs on Whether comat aircraft Whould have a one man
or two van crew. gwen now, although the new gumation of fighters (MA, Oripmn, Levi, faf ale) are
all single set, doubts still rmin that one me am fly ad mea all tha systm in a fully
effective way.
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For all the capability which computers give to mocdel operational scenarios, they are still
deficient In representing the range of pilot activities. certain thought processes of a simple
kind, such as the choice of mnmuvre to achieve a position of advantage, can be programed.
others cannot, particularly when conflicting demands arise, and when the informtion on which to
base decisions Is inomlete. Unifortunately, the majority of decisions which pilots are called on
to make are In these categories.
The way ahead lies in manned simulation. Well established msethods to develop flight control and
other aircraft systems can be extended to examine operational scenarios in both air-to-air ombrat
and air-to-gromi comat attack.

4.* Current Simulation Capabilities

Flight Simulators have contributed to aircraft design since the late 1950's. Initial Successes
were soxs AIn the area of flying qualities and flight control. Handling criteria establtished in
simulator tests were used as the basis for the developmnt of current Flying Qualities
Requirements. Consequently, flight control systems designed to meet these requirements received
further evaluation on flight simulators.

More recently, Ruch has been claimed for the combat performance improvement which can be derived
fromnt lcof~ue aircraft - by relaxing the requirement for natural stability and providing
artificai stafltyFithough the control system. Since the safety of the aircraft is now dependent
on flight control system integrity, more demands are placed on simulator and rig testing prior to
flight. It is not an exaggeration to say that the flight control Stem for new fighter aircraft
could not be designed without the use of flight simulators.

of even greater significance in the evaluation of combat aircraft performance has been the advent
of Air Combat Simulation. The most successful air comat simulators employ domes, which contain a
wel1-eijU d cockpt, and display devices to project images of sky, ground and target aircraft
onto the surface of the dam. Contributing to the success is the real-time modielling of the
components of the scenario - aircraft, avionics, radar, missiles, displays and scoring. Table 1
lists sow of the uses which are made of research air combiat simulators.

Table 1

Air Combiat Simulator Applications

Research and Development

Optimisation of aircraft configurations

optimsation of missile configurations
Matching of airframe performance to missile performance

Evaluation of new concepts (VIFF, ST, fuselage stiling)

Evaluation of weapon armsing and sighting system

Tactics In clcae combt and OYR combat

Tactics for engagement and disengagement

Evaluation of competitor and threat aircraft

Multi-mbat

Operational factors - weather, SM.

In Its simplest form, the air at simulator consists of a cockpit Inside a mingle kzwm, onto
which are projected Images of the sky, and a target aircraft. The manoeuvres of this aircraft are
controlled by the copter, which Is programmed to Imitate the tactics used In close cobat. The
tactics are dependent on the types of aircraft in combat, andi on the weapons they carry. The
computer controlled oppnent is a valuable tool, for preliminary asessment of aircraft and weapon
configuratlis. 7Me ompter oponent provides consistent performance, is readily available and
reduces experimental scatter. At the same time, questions arise concerning the validation of the
computer model - should cockpit obscuration of view be sodelled, and should raio effects to
represent pilot uncertaincy or error be Included? Also, to be modelled, the optimum tactics must
be undeood . With now configurations, the optimai tactics have still to be determined.

The twn-om, ans,-versms-aw air comat simulator ovrmes these criticisms. Mest of the twin
dome air comat simulators in the USA and guOxe also calculate and display the fly-cut behaviour
of missiles. The cockpits contain the firs-control system. for various weapon configurations; the
mocdelling wd cockpit displays ambrace thve radar and N envirai to extend thle simulation to
MYOd visual amos combt.

Many leson relating to aircraft and mga system design can be learned froam one-versma-ale
combt elmulat-e. A need still exists to study the tactics ad trade-of fs in mltiple aircraft
comat. Onc asain the need to include the pilot in suh studies is evident. Although 2 w 1 or
even 2 v 2 tactics are innable to analysis, successful. a*-opmrative tactics need skill ad
experience, with rando facos, such am loas s i ai of onam iu t playing a larme Pert th-n
in the cama of one v ocmat.
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Multi-aircraft engagements become a lottery, and strategies change. most pilots would agree that
energy becoaes the critical factor, and that "maintaining a high speed reduces the risk of being
killed. It will, however, reduce the chance of a successful attack. Analytical studies of
multi-aircraft engagements (m v n) regard a battle as won if one side has achieved a favourable
kill ratio. Pilots do not see a mutual kill as having the same score as a mutual escape.
Consequently, high attrition (even when the opponent attrition is greater) is not acceptable, and
will change the tactics.

The provision of additional air target projectors inside a dome can now provide realistic
simulation of multi-cwkbat. The computing overhead of performance and relative geometry can be
provided without undue cost. It is usual, however, to fly soe of the competing aircraft from
individual consoles, rather than provide each pilot with a fully equipped dame and display system.

5. Examples of Combat Simulator Trials

5.1 Validation of a Computer Controlled Opponent (BACAC)

BACTAC is a oamputer programme developed by British Aerospace to replicate the tactics used
by a pilot in close combat. It is used extensively, both for research work and in the pilot
training courses which we regularly give to the loyal Air Force. The tactical rules it uses
have evolved over several years of development in the nineteen seventies.

To engage the pilot, aBCTAC continually re-assesses Its view of the fight. It examines
whether the piloted aircraft is:

ahead or behind,
pointing towards or away,
the range, and the range capability of the weapons.

Fro these decisions follow the choice of aggressive manoeuvres. defensive manoeuvres, or
less extreme manoeuvres which include energy gain or conservation. Ground avoidance is
another possible manoeuvre, end has priority over most other demands. The aggressive
manoeuvres are su-divided into regions of increasing threat to the opponent.

It is usual to justify the behaviour of programes such as HACMW by reference to pilot
testimony. Controlled experiments to corpate directly the success of a computer opponent
with a pilot are rarely made (or rarely discussed). Four years ago, we conducted such an
experiment funded by MDD (PE). Six PAP squadron pilots flew a large number of close-combat
engagemenks, against either DACW or each other. The aircraft types were SE and Phantom
F4. Both aircraft were armed with rear-hemisphere IR missiles. Scoring measurnnents and
pilot oments were recorded, together with all parameters needed to reconstruct each fight.
Table 2 shows sane of the measurements.

1BtE 2

Average Average Average
No. of shots IAS knots g

FS man v man 0.11 0.56 256 265 3.0 3.1

FS man v BACIAC 0.39 0.11 255 244 3.3 3.0

F5 man v F4 man 1.06 0.06 382 491 2.7 2.9

MS man v P4 DATAC 5.39 0.00 295 435 3.4 4.7

MS BAMC v F4 man 1.17 0.00 291 402 2.7 3.3

In the case of the FS v F5 fights, a good validation of BACI's logic was obtained. The
scatter in the number of shots was less than in the man v men case. The speeds and the g
levels are similar. Pilot opinion confirmed that SACIW was fighting in a similar manner.

Validation of BACTAC is allo seen in the scoring comparison of P5 v P4 fights, when BRCTAC is
flying the P5. The P5 has a better attainable turn rate than the P4, and has better
sustainable turn rate at low speed. The only tactic open to the pilot of the F4 is to adopt
high speed slashing attacks, to try to minimise the shot opportunities of the F6. Against
this defence, BACTC and the pilots showed similar tactics.

However, when BlW m given the P4 to fly against the FS, because it had been programmed
to be aggressive rather than to minimise the shot opportunities, it lost heavily.

Other aspects which have been studied in this way include a comparison of escape manoeuvres
against a compiter controlled opponent. Such experiments provide a good Insight into the
programing of computer controlled oponents, and the changes needed to develop them for more
complex scenarios, such as multiple combat.
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5.2 Cuparison of Advanced Combat Aircraft Configurations

The most general use of Air Car*at Simulators in the Research context has been to ompare
the merits of aircraft/weapon configurations. New designs are compared with existing fighter
aircraft (such as F16 and FIa) and with postulated threat aircraft.

In making such comparisons, the type of plots seen on figures 1 and 2 are invaluable. They
present the important parameters which influence success in air orbat; by overlaying plots
for different aircraft, the likely outcome of an engagement, and the tactics most likely to
succeed, my be predicted.

Attainable g Umit Specific 1g SEP

Excess
Turn Power

Sustainable .c No.
a Undt 

g 
umit

_ _ _ _ _ _ _ _ _Figure 2

Mach No.
Figure 1

The plots do not tell the full story, however. Factors such as aircraft handling qualities
(including care-free manoeuvring), cockpit design (visibility, seat comfort, switch
operation), aircraft size and recognition of range can influence air carbat success. Even
more important are:

* the type of weapon carried by each participant

* the skill of the pilots in exploiting such advantage as they
have.

It has been our experience that with improvements in performance of both aircraft and weapon,
the difficulties of assessment in the Air Combat Simulator (or by any other process) have
increased.

In studying the tactics for current fighters, armed with guns, and missiles of limited rear
hemisphere capability, evaluations over many years have shown that sustained turn rate (ST)
eventually wins the fight. If the performance advantage is not large, patience is needed,
tactical mistakes are punished, but the lethality of the opponent is not so great and if the
pilot sticks to a few simple rules, he will win, or keep out of trouble. Tricks like PST and
VIFF are useful, as long as the energy lost in their deployment can be regained rapidly -
implying the need for high thrust/weight ratio (high SEP).

If the aircraft performance is then improved to the level of the new range of combat
aircraft, without improving the missile performance, the chances of a kill by an aircraft
with an STR advantage of 2 - 3 degrees per second is much reduced. The slightly inferior
aircraft can still turn inside the minimum range of the opponent's missile, and so deny him
shots.

Introducing a high performance missile, with shorter minimum range and better off-boresight
capability changes the nature of the fight. Turn rates are high, turn radii are small, and
energy considerations do not inhibit the use of the vertical plane. In these fights, more
pilot skill is needed to recognise firing opportunities, both outgoing and incoming. Split
second timing is needed, and often a firing opportunity is only created by risking an
exchange of shots. One consequence is that attainable turn rate is often used either to
achieve or deny a firing opportunity, so that good ATR is at least as important as good STR.

The critical nature of the fight means that more care is needed in conducting trials on Air
combat Simulators. Pilots must be well briefed and familiar with the simulated aircraft and
weapons systems, and sufficient data must be obtained to see a clear trend in the inevitable
scatter.
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5.3 ?ypical Trade-Off Studies

In spite of the reservations expressed in 5.2, the Air Ombat Simulator remains the most
effective way to evaluate the relative merits of combat aircraft/missile configurations. In
any choice of aircraft characteristics to meet a given operational requireusnt , the sizing of
the aircraft and engine is fundamental, and the Warton ACS has been used to determine the
trade-off between thrust and wing area in suort of such decisions at the conceptual stages
of propoed projects.

As an illustration, Figure 3 defines seven test configurations selected for comparison in the
ACS. Assuming a constant weight, engine thrust and wing area were varied. Increased engine
thrust Impcoves SEP, and sustained turn rate to a small extent, leaving ATR umdhwned.
Increased wing area Improves both SM and ATR, leaving SEP unchanged.

Experimental Cas

x a x x Shot AdvantageThrust~ 1. 4.2 1.
Thus (1. Thut

am II flI
4A

Wing Are&

Figure 3 Figure 4

A large ntmber of 1 v 1 comubat engagements were flown to ompare the seven configurations, all
armed with the saws short-range IR missile. Figure 4 shows the relative shot advantage of one
configuration compared to another. The best and the worst configurations were also flown
against a current fighter and a postulated threat. Frm these results a Iminimum acceptable'
close-corbat line could be constructed (figure 5). Other considerations, from independent
studies (by the |lyal Aircraft EstablisaMent at Farnrough, U.K.) also produced a mininum
acceptable' BVR line. Such graphs form a useful briefing aid to Air Staff and other
officials.

Boundaries of
Requirements

Claos Combat
1111nimumt

Thrust

UVR Combat
Minimum

Wing Ar's

Figure 5

5.4 Orerational Tactics

The basis for success in combat lies in superior equipment, and superior numbers. Not only
can simulator studies contribute to the choice of the best aircraft and weapon configuration,
it can then evaluate the best tactical use of the chosen configurations.
Perhaps the siiplest example is the use of the 1 v 1 Win dome AS to study the techniques
for disengagement fra combat. Limits Imposed by fuel use or expended wespon. are easily
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simulated, and pilots can try repeatedly the techniques required to leave the fight. Against
a superior ppoment, difficulties arise, since the whole basis for escape lies in achieving
sufficient energy to run-out without Ue exposure to a shot. nergy gain cm either
from the low of positional advantage or from height. Also critical in escape awevres is
a knowledge of the capability of the opponmt's weapo against a reoeding target.

Tactics becom soe omplex in mltple-combat. The large dog-fights of VW2 may never be
repeated. Pom all accounts, the greatest danger was that of being hit by an qpponent of
which you were unawae. Although the fighters were only armed with fixed guns, attrition was
high.

It is hard to image the scenario if many modern aircraft amsd with advanced short range
missiles were to engage. ros the pilot's point of view, he has to control a sore oomplex
aircraft, a more camplex weapon system, and he is more vulnerable because of the high P and
large release boundaries of his opponent's weapons. Adding to the confusion ik the
difficulty of ensuring that mapons am in fact released against an opponent rather than a
colleague, or that the weapon does not reacquire after release onto an unsuspecting party. A
further cnideration is the head-on kill capability which the next generation of short range
missiles will have. Unless ounter-msures effective against the head-on attack are found,
the safest tactic is to keep outside the melee, and use high speed slashing attacks. It is
then difficult to see how the dog-fight will develop in the first place.

A more likely scenario for the next generation of fighter is Beyond Visual Range Combat
(MR). Although mathematical modelling will give sue insight into the tactics which may
succeed, the case for manned simulation is even stronger than that for close combat
assessments. The decision process imposed on pilots is more complex. Their information
about their opoents is of poor quality. The radar returns my be subject to interference,
and the displayed Information, when processed, needs interpretation. The flight time of both
the incoming and outgoing missiles is long, so that counter-measures, in the form of
manoeuvres to break lock, can be successful.

Even the simplest case of one v one BVR combat requires a high degree of sophistication in
the simulator to allow representative assesments to be made. The modelling of radar and
missile fly-out must be accurate, together with a simulation of each aircraft which reflects
the workload and performance in subsonic and supersonic flight.

Our experience in simulating one v one M ombat has demonstrated that pilots will adopt
unumal tactics in order to win - tactics which would probably not emerge frm a mathematical
model of the situation. The typical BVR scenario assumes large separation ( 80km) on target
acquisition, and assumes that the weapon is initially relying on guidance from the launch
aircraft, and then locks onto the target. Once the missile is autoncous, the launch
aircraft can look after itself, and the aircraft under attack becomes aware that it is in
iminent danger.

Good SEP and supersonic turning performance is needed for attack and evasion in BYR. one
tactic seen in our experiments negated the SEP advantage. From a neutral starting point
(co-speed, co-altitude) rather than accelerate towards his opponent, the inferior aircraft
turned away from the fight, and so gained time to accelerate, outside the range of his
opponent. At the appropriate time he re-enters the fight, on equal terms with respect of
energy (Figure 6).

One v. One BVR Strategy Figure 6

Aircraft A Aircraft B

(Better Supersonic Acceleration)

A More Energy

Firing Range Greater
(a) Conventional

- A Maximum Energy

B Firing Range Equal

(b) Bet0w Tactic
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Ths other device that pilots enjoyed uaing was to fire a missile outside
its mauximm range. Although it hadZ no chmmo of ficoes, the opponent waa not aware of this,h and in taking avoiding action, wees~ vulnerable to a sei hot. Typical tim-histories
of a MUR engagement terminating in mutual kills, awe seen on figures 7 and G.
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