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Preface

Over the past few years, the use of aircraft in what can be termed long range and/or long endurance operations has proved tobe a
successful use of military resources. Operations such as tactical strikes mounted from bases thousands of miles away, to the use
of long endurance patrof aircraft over either the battlefield or the maritime environment demonstrate the ability now contained
in the NATO operational forces. The use of military airlift to position forces where they are most needed clearly is another
operation where the range and endurance of the aircraft are pivotal to the success of the operation.

Technologies which improve the range and endurance of aircraft have seen considerable advances over the past ten years.
Aircraft design for these features has matured considerably while the procedure of air-to-air refuelling has made global
deployment and 24+ hour operations a reality. While not generally perceived as long range aircraft, the possible range and
endurance of fighters (both subsonically and supersonically), V/STOL aircraft and even rotorcraft have improved considerably
over the last generation of vehicle design.

With the current requirements to fly farther and longer, this Symposium was conceived to summarize the latest technological
advances in the various fields which in a combined manner define the range and endurance of airborne vehicles. The
Symposium was divided into four specific elements:

@ airframe design technologies, including aerodynamics and structures,

® propulsion technology,

® the human factors problems associated with these types of missions and,
® air-to-air refuelling technologies and procedures.

The Symposium was opened by two Keynote Addresses, the first by M.Gen Breeschoten of the Royal Netherlands Airforce
which described a military perspective on long range and long endurance operations, and the second by Burt Rutan of Scaled
Composites Inc. which described the variety of technological and human challenges invelved in the record breaking flight
around the world of the Voyager aircraft.

Préface

Au cours des dernieres années, le déploiement de 'aviation pour des missions dites a longue distance et/ou de longue durée a été
une réussite du point de vue de I'utilisation de ressources militaires. Des opérations telles que les frappes tactiques lancées a
partir de bases éloignées de milliers de kilometres de la zone de l'objectif, ou le déploiement d'avions patrouilleurs a longue
distance soit au dessus du champ de bataille, soit en milieu maritime, montrent les capacités actuelles des forces opérationnelles
de 'OTAN. L'emploi du pont aérien militaire pour positionner les forces de fagon optimale fourni un autre exemple d'une
opération ol Pautonomie et 'endurance de I'aéronef sont cardinales pour la réussite de la mission.

Les technologies susceptibles d’apporter une amélioration du rayon d’action et de I'endurance ont progressé considérablement
au cours de la derniére décennie. La conception des avions dans ce domaine a connu un développement significatif, tandis que la
technique du ravitaillement en vol a permis le déploiement global vingt quatre heures sur vingt quatre. Bien que
traditionnellement, ils ne soient pas considérés comme des avions a grand rayon d’action, la distance franchissable et
I'endurance des avions de combat (tant en subsonique qu’en supersonique), des avions V/STOL et méme des aéronefs a voilure
tournante se sont améliorés au cours de la derniére génération.

Pour tenir compte de la tendance actuelle d’aller plus loin, et plus longtemps, ce symposium a été organisé pour faire le point des
derniéres avancées technologiques réalisées dans les différents domaines et qui, combinées, concourent a définir le rayon
d'action et I'endurance des véhicules aériens. Il compte quatre parties:

® les technologies entrant dans la conception de la cellule, y compris I'aérodynamique et les structures
® les technologies de propulsion

® jes problemes associés au facteur humain dans ce type de mission

® ies technologies et les procédures du ravitaillement en vol.

Deux allocutions ont été prononcées en ouverture du symposium. La premiére, qui a ét€ donnée par M.Gen. Brecschoten du
Royal Netherlands Airforce, a porté sur les perspectives d'avenir pour les opérations a longue distance et de longue durée, et la
seconde, par Burt Rutan de Scaled Composites Inc. a fourni la description des différents défis, humains et technologiques,
présentés par le vol record de circonscription du globe effectué par 'aéronef Voyager.
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TECHNICAL EVALUATION REPORT

by

F. MARY
23, Rue de la Croix du Val
F-92190 MEUDON
FRANCE

1. SUMMARY

This report reviews the lectures presented at the
82nd Flight Mechanics Panel Symposium on
"Recent Advances in Long Range and Long En-
durance Operation of Aircraft". The purpose is
to analyse the various papers and try to make a
synthesis of the subject, setting it in the scope
of the present World aeronautical as well as po-
litical and economical environment. Though the
initial prospect was a military one, in the frame
of AGARD and for the benefit of the NATO
Forces, civil transport and scientific applications
have also been taken into consideration. An
attempt is made to propose some recommen-
dations for the future activitics of the Panel.

2. BACKGROUND

Technologies and techniques which contribute
to improve the range and endurance of aircraft
have considerably progressed over the last ten
years. However, very little was devoted to this
topic in the past of the Panel, even in such
symposia as "Improvement of Combat
Performance for Existing and Future Aircraft"
(April 1986) and "Progress in Military Airlift"
(May 1990).

But the changes in Eastern Europe and the
evolution in the World political situation resul-
ted in a new challenge for the NATO Forces : in
place of a well identified threat to which a
strategy had been tailored for years, they have
now to get prepared for types of conflicts not
well defined, neither in form nor in location.
Happening at a moment when the World Eco-
nomy slowdown imposes drastic reductions in
military expenses, this means that the existing
(or even reduced) military fcrees must be used
as efficiently as possible. An extended range is
among the ways to improve this efficiency. It
was the motivation of the Pilot Paper n°® 195 (a
summary of which is appended to this report),
proposed to the Panel and eventually imple-
mented in this symposium.

3. INTRODUCTION

The 82nd Symposium of the AGARD Flight
Mechanics Panel was held in the Hague, the
Netherlands, from the 24th to the 27th of May
1993. More than 100 participants were regis-
tered, representing 12 of the 16 NATO Nations.

The goal of this symposium was to review the
various means available to extend the range cr
endurance of aircraft in all categories and to
induce progress by discussion between the
various parties involved.

Insufficient range of various categories of Wes-
tern military aircraft was evidenced in such con-
flicts as Tchad, Falklands, etc. This prompted
the writing of the Pilot Paper n° 195, the validity
of which was eagerly confirmed by the Gulf
War. Therefore the initial purpose of this Pilot
Paper was essentially military, but the subject
turned out to be of interest for the civil transport
and scientific communities as well, which con-
siderably extended the scope of the papers
presented at the Symposium.

As suggested by the Pilot Paper, the contribu-
tion of other Panels was requested; papers were
presented by the Structures and Matenals Panel
(SMP), the Fluid Dynamics Pancl (FDP), the
Propulsion and Energetics Panel (PEP) and the
Aerospace Mec .:.. Panel (AMP).

The symposium comprised 2 keynote addresses
and 26 papers, broken down into four sessions:

SESSION ONE. AIRFRAME DESIGN FOR
LONG RANGE AND ENDURANCE.

SESSION TWO. PROPULSION SYSTEM
CONCERNS FOR LONG RANGE AND
ENDURA~CE OPERATIONS.

SESSION THREE. THE HUMAN FACTORS
SIDE OF THE PROBLEM.

SESSION FOUR. AIR TO AIR REFUEL-
LING.

Technical Evaluation Report nn Flight Mechanics Panel Symposium on ‘Recent Advances in Long Range and Long Endurance

Operation of Aircraft, May 1993.
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It is not attempted to make abstracts of the
papers themselves, but the questions and dis-
cussions related to the subjects are summarized.

4. HIGHLIGHTS

From the evaluator's stand point and due to the
interest they raised at the Symposium, the
following lectures are considered outstanding
and recommanded to the time-limited reader :

- Second keynote address from Burt Rutan (if
paper is available in the Proceedings) for the
mix of professional experience and pioneering
spirit shown in the "Voyager" project.

- Paper S for the comprehensive review of the
present status and perspectives in the airlift area,
including Eastern programmes.

- Paper 6 showing how to reduce dramatically
the production costs of the weight-saving com-
posite structures, thus allowing to carry a higher
fuel load.

- Paper 7 showing how to reduce drag by natu-
ral and artificial boundary layer control.

- Papers 11 and 13, showing, each in their
domains, that in the very competitive civil
transport area, every detail improvement is
worth being considered to reduce drag or fuel
consumption.

- The whole Session three (Papers 15 to 18) for
its outstanding presentation of the importance of
human factors in long dwration flights and of
means to reduce their effects on the crews.

- Papers 21, 23, and 24, for a review of the
status and prospects in Air Refuelling.

5. TECHNICAL PROGRAMME
5.1 Keynote addresses

To introduce the symposium, two very different
lectures were provided, the first one considering
the military aircraft in the present World political
perspectivc and the second one telling of a
"Round the World" record flight. The interest
thai buih Speakers raised in the floor set up the
spirit of the symposium.

With his long experience as a military and test
pilot as well as due to his present position of
Head of (ﬁerations at the Royal Netherlands
Air Force Head-Quarters, the first Speaker was
well qualified to introduce the subject on the

military side. His views on the changes in the
World poiitical and economical situation, and
their consequences on the NATO strategy were
based on firsthand information. The main
feature of future likely conflicts is to have no
specific features, in terms of opponent, type of
threat and location. Under these conditions,
defining, preparing and organizing forces is
difficult. One thing is certain: the importance of
long distance intervention. As an example, in
the Gulf War, some operations were impaired
by the limited number of tankers. In addition,
the Defense budgets in the NATO Countries
have lost their priorities and are shrinking. The
lecturer elected to draw, from these conditions,
tentative general specifications for the future
NATO aircraft of all types, pointing out, among
others, the particular aspects concerned with
long range or long endurance.

With the second Speaker, this was a completely
different picture. The earnest military realities
were forgotten. A pioneering spirit, of the
eighties vintage, allied to a first class scientific
and technological knowledge resulted in the
design and building of a wonderful and fragile
aircraft that flew round the World non stop.
Humour was always present in the presentation
of this story, which did not prevent Burt Rutan
emphasizing how =very technical choice was
"long range minded"; and reading the paper
shows that the technical conflicts were many,
including the human factor aspects of the pilots'
accomodation.

A film presented the main phases of the aircraft
building and of the flight tests. But the most
impressive part was the take off for the record
fiight, when tne tuel overloaded wing scraped
its tips on the runway for many hundred feet
before leaving the ground and eventually lost
both winglets at the beginning of the flight. The
film showed that the risk of failure was not zero
but one understand that the safety margin asses-
sed was not that bad.

As a conclusion, the Speaker indicated that what
could appear as a mere technical challenge and a
sport feat would have more positive fall out (the
Raptor project was mentioned). Of course,
many of the technical solutions should be
adapted or redesigned, for safety and reliability
reasons, but the dedicated spirit of simplicity
and invention will still be ihere.

5.2 Airframe Design for Long Range
and Endurance

This first session comprises 10 papers, spread
over one and a half day. It is therefore divided
into two subsessions which do not differ




technically. It is a mix of analyses, overviews,
technological developments and programme
descriptions, which reflect the multiple facets of
the subject, depending on the areas concerned:
civil transport, military aircraft, unman-ned air
vehicle (UAV), research aircraft, etc.

In Paper 1, the subject is not very different from
the second keynote's one, but it is treated in a
more conventional manner and for a UAV. It is
still a paper project whose parametric study is
cost oriented. A lot of various missions, civil
and military, are planned for this vehicle, the
size and shape of which results from the need to
carry an ADI radar antenna. The choice of a
four engine configuration could be explained by
the availability of relevant powerplants and the
ability to operate at low weight on two engines.
Concern appeared in questions from the floor
about the uncommon configuration of two
fuselages with no tail interconnections: is the
structure stiff enough ? what about the flying
and handling qualities ? were the stability and
manoeuvrability on the ground assessed ? one
question tried to compare the structural weight
with Voyager's one, but this comparison is
biased because of the different load factors,
safety coefficients, etc.

Paper 2 is a similar parametric study. It reviews
all kinds of missions that a HALE-UMA (read:
High Altitude Long Endurance - UnManned
Aircraft) can fulfill, in the civil and military
areas, in some cases as a complement of satellite
and aircraft surveys. Though a drawing of the
vehicle is displayed, the study does not seem to
have got into detailed design, as far as structure
and systems are concerned. A review of the
possible propulsion systems resulted in the
choice of 2 supercharged reciprocating engines,
allowing a symmetrical one engine operation at
low weight. But comparing the powerplant with
that of paper 1, one finds a much better weight
coefficient, in spite of a more ambitious cruise
altitude (82,000 ft in place of 65,000ft) which
would probably require a more sophisticated
supercharger and heat-exchanger system.

Paper 3 is in the very opposite corner of the
picture: it speaks of supersonic transport and
Concorde is used as a reference throughout the
lecture. A traffic survey, primarily on maritime
airways requires a minimum range of 6,000 km
(approx. 3,250 nm), for which Concorde is
short-legged. The market survey for a super-
sonic transport with enough range seems opti-
mistic but could well depend upon the World
economics situation. A complete review of the
main features (acodynamics, structure, propul-
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sion, temperature control, etc) and of the spe-
cific airworthiness requirements (sonic boom,
NOX, noise in the airport areas, etc) is illus-
trated with the "Alliance" project. One may only
regret that this paper was not presented, in a
synthetic perspective, as a "struggle for range".

Paper 4 deals again with another comer: surface
effect. Preliminary aerodynamic studies, infor-
mation from Russia and flight experience on
several aircraft converge: surface effect at high
speed reduces drag and smoothes ride.

From these findings, the Author devises a va-
riety of large military vehicles capable of a wide
range of specd and altitude and even of being
operated from the water. These vehicles could
fly very long routes, partly at high altitude,
partly in the surface effect. Curiously enough,
no mention is made of the powerplant that could
operate efficiently in all this range. In the same
way, little was said on civil applications, which
would probably raise problems of passenger
transfer, weather comfort, traffic, etc.
Questions focused on manoeuvrability, change
in contiguration, efficiency, rough sea, etc.
Apparently much research and study remains to
be done before any development conld be
launched.

Paper 5 was a last minute offer to replace a can-
celled paper. It is an overview of a Symposium
held in Strasbourg, France, on "the Future of
Large Capacity Multipurpose Aircargo Fleets",
with the participation of Eastern and Western
Countries. It emphasizes the importance of long
haul in the civil cargo traffic (5,000 km on
average). It is also the opportunity to recall the
impressive airlift operation of Desert Shield/
Desert Storm, a precious indication on future
needs in airlift fleets.

A large array of super-airlifters was displayved.
As a complement, two films were presented:
one about two very long range Russian airlifters
and the other on the Airbus Super Transporter
(AST), derived from a standard long range Air-
bus A300-600 with an enlarged fuselage dia-
meter (o carry oversized cargo .

Paper 6 deals with design and manufacture.
Indeed, with composite structures, design and
manufacture are tightly integrated as this paper
will show. Composite is a way to save struc-
tural weight dramatically (15 to 20%) for the
benefit of fuel load, if production is not too
expensive. It is not the case for large complex
parts, for which, until now, prepreg fiber tapes
had to be laid by hand. A new process has
succeeded in laying tapes on complex parts,
automatically and along optimized orientations.
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Compared production rates are very spectacular.
0.3 kg/h by hand vs 9 kg/h with this process.
The interest raised was reflected in the number
of questions about the present limits of the
process, which is still in development for
improvement:

- does it apply to deformable parts or to vibra-
ting parts ? the answer is yes;

- how is delamination taken into account ? by
empirical formulas, since the phenomenon is
still nnt well known; but, in other respects,
buckling was already implemented.

This contribution of the SMP was very much
appreciated.

Paper 7 is also an interesting contribution from
another panel (FDP). Turbulent flow generates
more than laminar flow; thence the interest
to shift the transition as far downstream as
possible. On a given airfoil, a theoretical ana-
lysis (with many formulae!) allows one to
assess to what extent the natural laminar flow
could be maintained. This is markedly confir-
med by windtunnel tests and flight tests.
However, for wing sweep angles higher than
30°, in order to extend the laminar fiow as far
downstream as possible, it is necessary to add a
suction device, which needs a negligible amount
of bleed air from the engines. In addition, the
leading edge must be kept very clean and a
decontamination (liquid oozing) device must be
installed. A first estimate gives a 15% fuel sa-
ving for a fully equipped airplane. To conclude
this very clear and methodic lecture, it was indi-
cated that the prospect was promising enough to
plan equipping a new corporate airplane.

Paper 8 is an interesting demonstration of an
original use of airplane's flight characteristics. It
could be summarized as endurance maxima-
lization through "relaxed” (saw-toothed) altitude
profile. The secret is to use the powerplant in its
better efficiency part of the flight envelope (low
speed) to gain altitude and then "sail* down at
idle with flaps extended in optimal position.
This very clever flight profile raises but one
question: what for ? It is hard to imagine civil
airplanes using such flight plans and still harder
to see combat aircraft missions adapted to this
profile, except perhaps for recovery in case of
fuel shortage, though it was not indicated whe-
ther the range was also improved.

Paper 9 is the mere description of a helicopter,
the 3 engined EH 101, where the Author put
emphasis on its long range capabilities:

. possible flight on 2 engines only,

. all-weather equipment,

. ergonomy (low vibration level),

. air refuelling (yet to be flight tested).

For the time being, military customers are the
Royal Navy and the Canadian Navy. It is worth
mentioning that blades are foldable for carrier
underdeck storage.

Paper 10 is another aircraft description. Still a
paper project, Eurofar is a tilt rotor aircraft . The
formula adds to the helicopter capabilities the
extended range and speed of an airplane. Unlike
helicopters, transition allows keeping the cabin
floor level. A very vivid presentation followed
by a lot of questions:

. rolling take-off ? yes, like helicopters ( 50 m),
. why are the engines not tilted ? for better
ground margin, better IR cancellation in military
operation and better turbine burst containment
for civil airworthiness,

. autorotation ? less efficient than on an heli-
copter, due to the high disk loading and to the
wing screen,

. noise in the cabin ? better than in some turbo-
prop aircraft: the propellers are far enough from
the fuselage and their cruise rpm is 20% less
than at take off, thus avoiding any sonic eifect
at the blade tips.

5.3 Propulsion System Concern for
Long Range and Long Endurance
Operations

This session, prepared in cooperation with the
PEP, has the same diversity as the previous
one: two papers tell mainly of transport
airplanes, the other two of HALE aircraft.

Paper 11 deals with civil transport aircraft
(though it applies to other categories as well). In
this domain, harsh competition leads to various
airplane types being very close to each other, as
far as performance and direct operating costs are
concerned. Therefore, any design solution or
detail adjustment that may result in an even
small improvement in drag or in better ride
comfort is valued, if the corresponding
development and production cost is affordable.
In addition, the CFD (Computational Fluid
Dynamics) has reached such a quality in
simulating airplane aerodynamics that it can
now tackle the problem of airflow over large
and complex parts (if not the whole) of a big
airplane at the project level, allowing to adjust
and compare various solutions before detailed
design is launched and without time and cost
expenses in windtunnel tests. Even if these
goals were not much emphasized in the lecture,
particularily for the purpose of range impro-
vement, this is the target of the three examples
which are very clearly presented in this paper.




It is more convenient to foilow up with Paper
13, written in the same spirit, but from the
engine manufacturer's point of view. The
Author has elected not to speak about the opti-
mal thermodynamic cycles and other theoretical
ways to perform long range, but to tell of some
aspects of the design know-how that allows
these performance to be constant and reliable,
showing at the same time some of the key
points in the architecture of modern large
turbofans and confirming that experience and
common sense are still good arguments.

He explained what seems to be a contradiction,
for these sophisticated engines, between a
search for longer life cycles and shorter times
between inspection. For the combat aircraft, he
also pointed out how much the enginc hot part
life was depending on the high power setting
time in a mission, rather than on range.

He ended up with some hints on the "special
vehicles” (very high speed ones) for which
cooling is a very challenging problem.

We now come back to two HALE papers. Paper
12 is a comprehensive overview of all the
possible solutions to power such vehicles, for
which altitude and loiter time are selection key
paramcters. For the time being, the turbochar-
ged reciprocating engine is the most efficient,
the performance of the turbocharger-heat ex-
changer system becoming determinant as alti-
tude increases. But the Author leaves the choice
open, depending on the mission.

As for fuel cells, they are very promising, but
are prone to stay promising still for some time.

Paper 14 seems an application exercise of Paper
12. The powerplant described is intended for a
high altitude research airplane (up to 24,000 m /
79,000 ft) where turbocharging is a challen-
ging problem. The chosen concept is truly origi-
nal, promising and probably not too expensive.
The design is described with many details.
Indeed one would have traded off some of them
for hints on systems necessary on a manned
aircraft: hydraulics, electricity and above all the
air-conditioning system, with its probable ad-
verse effects on the powerplant efficiency.

In answer to a question about pump cavitation,
tests were ucted down to 30mb without
any cavitation problem.

8.4 The Human Factors Side of the
Problem

This session, fully prepared by the AMP, is
very consistent, T’l;e four Authors seem to be
accustomed to work together and produced
pers quite complementary to one another.

TS

many engineers in the floor, it was the first
opportunity to hear of new matters they would
have to take into consideration in the future, in
the conception and design of manned aircraft.

Paper 15 reviews the various types of fatigue
and describes the main causes of fatigue for the
long range crew members, after a survey on
transport airplane pilots. In the characteristics of
the cockpit atmosphere, it is noteworthy that
relative humidity is very low, lower than in
many deserts. Heavy workload is a source of
fatigue, but lack of workload (during long haul
flights) may impair alertness. Night flight,
ozone concentration, noise, mild hypoxia, etc
were also examined, as well as jet lag, which
creates difficulties for the crews to get asleep
during layovers. Displayed charts raised some
surprise and concern: among the sleeping aids,
alcohol is by far the most used.

In the conclusions, not only does the Author re-
commend the flight planning staffs to take the
various causes of fatigue into consideration, but
he also advises the individual pilots to plan their
rest times according to their own capabilities.

Paper 16 completes the preceeding one by a
survey of the regulations of various airworthi-
ness Authorities on flight time limitation with
two pilots crews and augmented crews. In addi-
tion, an investigation was conducted on true
airline flights, aiming East or West, with qua-
litative questionnaires to the pilots. The results
are: fatigue is mainly influenced "by the dura-
tion of wake time since the last sleep” so that the
flight time is not so determinant as is a combi-
nation of time "on duty" + night flight + jet lag
+ accumulation. Thence, conclusions are not
very different from those of the previous paper:
prevent excessive duty time and provide for
adequate rest periods and sleep patterns. It
points out the benefit of small naps.

Paper 17 derives its findings from another live
experience: American airlift crews during the
Gulf War. These crews wo-ked in very poor
conditions with inadequate, if any, resting or
sleeping facilities. Due to the heavy transport
needs, an experiment was conducted with
several of them to see whether it was possible to
extend the monthly flight time from 125h to
150h. The results were not those expected. First
the investigators pointed out the very adverse
conditions of comfort, both in the airplanes and
on the ground. They confirm the benefit of naps
and, above all, they concluded that the way
pilots spent the recent days (duty, flight, rest,
sleep,...) was more important than the cumu-
lative flight time of the past month.
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The paper suggests to use the DFDR (Digital
Flight Data Recorder) to try to establish a cor-
relation between pilot's log and abnormal
behaviour (on an anonymous basis, of course).
A way to answer the remark from the Author to
introduce his lecture: when an aircraft crashes
for structurzl failure, many investigations and
researches are conducted; if it is for human
failure, nothing is douc.

Last of the session, Paper 18 describes the
study of two main causes of fatigue: jet lag and
sleep deprivation, through the use of a test
battery which mesures psychomotric reactions.
These tests have permitted to define a day
pattern of better sleeping efficiency and
confirmed the benefit of naps. But, still more
important, it was used to assess the effects of
various means to combat fatigue, with emphasis
on drugs, specially one which seems to have no
adverse side effects. However, its use is
recommanded for urgent cases in exceptional
military operations only and, by no means, by
civil aircrews.

This remarkable session was concluded by an
interesting round-table with the four Authors
discussing on the following subject:
"Should the operations be adapted to crew ca-
pacities, or capacities adapted to operations 7"

Whenever it is possible the first part of the
alternative is recommended. The Authors were
unanimous to insist that use of drugs to adapt
the crew capacities to operations should be
strictly limited to urgent military cases. Ethics
forbid using such means to make champions or
robots.
From the floor, a question asked whether, in
war time, a specific medication could facilitate
the adaptation of combat pilots to the fighting
environment. Apparently no study had been
done on that subject and the Authors could give
no answer.
For the civil aircrews at layovers, in addition to
jet-lag, they are confronted with difficulties to
sleep during local activity hours. Moreover,
mainly among young crew members. layover
time may be a bit heavy loaded. In these cases,
soft methods are recommanded: education, a
:Xgienic way of life, some g:\lysical activity
, if possible the days ore flight, a
progressive adaptation to the local time to come.
Another question asked whether physical fitness
would improve the capacities in the cockpit ?
This em is on the agenda of the working
gmu%‘lb;_u-itdoes not seem that the lack of
physical fitness impairs these capacities (neither
does smoking!).

5.5 Air-to-Air Refuelling

This session is the one which best fits with the
original Pilot Paper. It is military and consistent
by nature. Of the eight papers, only one does
not deal with AAR, though its matter still
concerns additional fuel (it replaces a cancelled
paper on AAR).

Nothing new in the systers themselves, except
for some details, but emphasis was on operation
with recent conflict experience. With the Gulf
War, NATO Countries became aware of some
weaknesses in their refuelling capabilities (al-
ready slightly apparent at the Lisbon Sym-
posium in May 1990 "Progress in Military
Airlift") and of interoperability problems
between the different Air Forces.

Paper 19 deals with the development of a dedi-
cated external fuel tank (EFT) which extends
considerably the range of the combat aircraft
concerned, compared to the existing standard
EFT. The paper gives an idea of the important
flight test programme necessary to qualify the
aircraft equipped with this new EFT, principally
in combination with other external stores which
can raise surprises, mainly in flight dynamics
and flutter.

Paper 20 tells of the development of the flight
refuelling of a new combat aircraft for the
French Air Force. It makes obvious the diffe-
rences that can occur in operation be.ind
different tankers: behind a KC 135 equi-,jed
with BDA (Boom-Drogue Adapter), ' sy
approach, touchy fuelling position hold: .g;
behind a Navy combat / tanker aircraft: tric .y
approach (basket whirling in the engine wake .
easy holding. However the outstanding
handling qualities of the aircraft facilitates the
manoeuver. With the quick engine response to
throttle movement, pilots prefer docking with
throttle than with airbrakes.

The lecture was completed by a very good film
which showed clearly the various phases of the
manoeuvers from different sight points (receiver
and side aircraft).

It is convenient to review both Papers 21 and 24
togethe~. They were presented by the same
cooperating teams and deal with tightly connec-
ted subjects.

The first Paper draws from the Gulf War
experience to devise specifications for a future
tanker and indications on the operation of a
future tanker fleet (During "Desert Storm",
more tankers would have been welcome!).
Emphasis was put on timing and interoperability
which was seriously impaired in Desert Storm




by the lack of compatibility between the “Boom
and Receptacle System” on the one side and the
*Probe and Drogue system” on the other side,
even if the BDA has slightly improved the situ-
ation. The development of multipoint tankers is
recommanded to improve flexibility, inter-
operability and rapidity of operations.

The second paper gets into more details of the
refuelling operations to compare both systems
and see how they could be best used in
coordination, assuming a multipoint tanker is
developed. As regards this matter a review is
made among the existing or future civil air-
planes or military airlifters, derivatives of which
could be the successors to the KC-135.

A question was raised about the compared
safety and reliability of both systems. The ans-
wer (given by a boom user) is that the boom
and receptacle system seems to have better
ratings. It is probably the result of a longer and
wider experience.

It is curious to notice that an assumption is
made implicitly: a complete air superiority. It
was true in the Gulf War, but in case it were
not, it would probabiy need changing operation
strategy ( scattering or concentrating ?) and in
any case it would still more favor the fastest
refuelling solution.

The Author of Paper 22, a member of the US
Navy, is on the hose-drogue side. The Navy
has the only aircraft type capable of both means
of refuelling in the same flight (though not at the
same time): the KC-10. The paper starts with a
review of the various airplanes used for refuel-
ling by the US Navy and Marine Corps and
recalls the improvements brought to both sys-
tems: BDA (Boom Drogue Adapter), wing
pods, lengthened hose, variable geometry dro-
gue (to adjust drag to the refuelling speed, for
instance for helicopter ). But the main
subject of the paper deals with flight dynamics
related to the wing pods. The airflow behind the
wing pod, where the receiver is flying, is
ical and conditions could be critical for
the latter. So, before launching a muitipoint
tanker programme, a detailed flight investigation
was de%ilded, dtlhe results oﬂl"e which are displayed
in very clear in the paper.
A good reviewmm of the art.

Paper 23 presents a very methodic and logical
process to define a future tanker fleet:

- review of mission needs,

- Panctionsl equirementy

- requirements,

- measures of effectiveness, including secon-
dary mission capabilities,

- fleet size and hife cycle cost evaluation,

T-7

For every candidate airplane, an assessment is
conducted of the necessary enhancements, to be
injected in the life cycle cost process.

The paper ends with an interesting review of
technology requirements, where, for the first
time in this symposium, one leams of a tentative
enhanced automatization of air refuelling:

- automatic rendez-vous,

- automatic hook-up,

- higher transfer rates, etc.

Paper 25 tells how the Royal Netherlands Air
Force selected two DC-10 as tankers. Those
aircraft would have a peace time duty: to reduce
noise around air bases in Netherlands, the
fighter aircraft have to practice over the North
Sea and therefore have to be air refuelled.
Among the requirements, the candidates should
be used aircraft, proven tankers and capable of
being used as airlifters, the whole at least cost.
The modification definition was that of existing
KC-10, except for the rear operator's station,
found too expensive because of the structural
modifications; it would be replaced by a palle-
tized "Remote Air Refuelling Operator” station,
in front of the cabin, with video control. This
solution is claimed as being already used on a
B-707, but one may wonder whether its deve-
lopment, for two DC-10 airplanes only, would
not cost more than the standard version.

Many questions were raised, among which:

- accuracy of remote 3D viewing ? claimed as
precise as direct view,

- night operation ? was already experienced
(elsewhere), so there is good confidence; if ne-
cessary, provision is made for IR lighting,

- are two KC-10 not too much an AR capacity
for the RNLAF ? agreements were already taken
with other NATO Nations; moreover, so many
other missions have already been planned that
the Author wonders whether time will be left for
the refuelling missions !!!

In the last Paper 26, the Author describes the
rather different solution elected by the Royal
Canadian Air Force. Five C-130 H from the air-
lift fleet are being converted for air refuelling
capability. They are fitted with two wing pods
(hose drogue system). The cabin conversion
from tanker to airlifter configuration takes 4 h.
The main tanker task is to refuel two types of
combat aircraft, and this is the challenge,
because of the compared flight envelopes.
Flight tests already conducted have defined the
refuelling flight envelopes, which are not very
large, ially with one of the fighters. Once
again, the stabulity of the drogue basket is found
a em.

Further flight tests are being conducted.
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CONCLUSIONS

Comparing the proposed list of topics, given in
the Plp?; lgaper?with the agenda%f the Sym-
posium, one finds that a large part of the aims
was reached and even that, with the con-
tribution of the civil transport and scientific
communities, the scope was still extended.

In the airframe and powerplant sessions, the
contribution of civil transport design reached its
target with matters which could be easily
extended to military aircraft.

However one can regret that the "Influence of
aircraft stores on range" was not dealt with.
Nor were, in the Propulsion session, the im-
portant "Multiple design point" and the "Fuel
choice".

In the other sessions, the subjects were very
much influenced by the present World situation
or by recent events.

The interesting and coherent session on "Hu-
man factors", drew a lot of experience from the
Guif War.

This event was also of great concern for all Air
Forces which were engaged in the conflict, be-
cause of the need to extend the range of com-
bat, airlift and tanker fleets which had not been
planned for that purpose. It was reflected in the
subjects: all were mainly concerned with rein-
forcement of tanker fleets or definition of their
future requirements. But, frustratingly enough,
nothing was said about foreseen technical
improvements in refuelling, save for one or two
lines in a chart.

The appearance of Unmanned Air Vehicles, for
military and civil uses, explains why several
papers were devoted to HALE (High Altitude

Long Endurance) projects, with one or two non
conventional solutions.

Finally this Symposium was somewhat more
interesting than the agenda could suggest. Itis a
pity that attendance was somewhat low, but the
same phenomenon appeared rather consistently
in many other international meetings in that
period, which seems to be a consequence of the
present dull economic situation.

RECOMMENDATIONS

Among its large scope of interest, the Panel will
probably not devote another symposium to
*Long Range and Long Endurance” for some
time. Though it is a very important feature for
all types of airplanes, the means to deal with it
are rather different from one category of aircraft
to another. In addition, it is difficult to treat this
topic independently from other features like
speed, altitude, etc. It would perhaps be more
advisable to include this matter in symnposia
dedicated to specific categories of aircraft, like,
in the past, "Progress in Military Airlift" (May
1990) or "Improvement of Combat Performance
of Existing and Future Aircraft" (April 1986).
As for new systems and techniques like
automatic rendez-vous or automatic hooking,
they could well be dealt with in one of the
frequent symposia on flight tests.

From a wider point of view, it could happen
that the Panel organizes a symposium on the
impact of the changes in the World situation on
the characteristics and operation of aircraft in the
NATO Air Forces. This would be an oppor-
tunity to assess the importance of long range for
both combat aircraft and airlifters.
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ANNEXTOTHET.E R

A Pilot Paper is an internal working document of the Flight Mechanics Panel, through which any
Member of the Panel may make a proposal for a future activity of the Panel (symposium, lectures
series, printed matter, etc). The paper is studied in committee, amenced if necessary and, if
considered appropriate by the Panel at its Business Meeting, is accepted as part of its activity
programme. Due to its internal nature, it is not relevant 1o publish this Pilot Paper in full, but an

extract with the salient features is given below.

Over the past years, long range and long endu-
rance have proved to be very useful in ope-
rations. In the same time, technologies which
improve these features have developed.

For these reasons, it was found timely to
summarize the various aspects of these perfor-
mance areas, which are different, according to
the aircraft types. The contribution of other
Panels was highly recommended.

The resulting suggested programme was as
follows:

- Session 1.- Airframe Design for Long Range
and Endurance.

- optimization of airframe configuration
for higher cruise efficiency,
- structural techniques to increase the
payload weight fraction of aircraft,
- the weight savings provided by non-
conventional (ie "not aluminum®) air-
frame structures,
- techniques to improve the boundary
layer 'character’ on airframes in the cruise
configuration,
- advances in the design and carriage of
aircraft stores.

- Session 2.- Propulsion System Optimization.

- techni to more efficienty inte
m’rsym in the urﬂzne greie

- advances in technologies which directly
improve engine efficiency (ie materials
that withstand higher temperatures, etc),

- the tradeoff between pure performance
requirements and cruise efficiencies (the
multiple design point problem),

- considerations of problems caused by
longer flight times (ie cooling, lubri-
cation, etc),

- fuel choices to enhance range and
endurance and the associated tradeoffs.

- Session 3.- The Human Factors Side of the
Problem.

- the aircrew performance implications of
extended operation times,

- airframe design features which limit the
aircrew performance degradation,

- cockpit and cockpit systems design with
aircrew fatigue in mind.

- Session 4.- Air-to-Air Refuelling.

- design studies of aircraft for modifica-
tion to enable air-to-air refuelling,

- the tradeoffs between air-to-air refuelling
(controlled pod versus drogue and boom),
- the technique of receiver-tanker rendez-
vous and tanker protection,

- design of airframes as tanker aircraft,

- other techniques to increase vehicle
effective range (ie forward staging bases).
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KEYNOTE ADDRESS 1

OPERATIONAL REQUIREMENTS

by

Major-General W. Breeschoten
Director of Operations, RNLAF
135 Binckhorstlaan
2516 BA The Hague
The Netherlands

Ladies and Gentlemen, when I looked at
the subject of this symposium: ‘Recent
advantages in long range and endurance
operation of aircraft”, and noticed
the issues of the associated sessions:
"Air frame design, propulsion
concerns, human factors and air-to-air
refuelling"’, I considered it
appropriate to discuss with you the
source of all these subjects: the
operational requirements. I therefore
decided to talk about the requirements
I, as an operator, would have, if
somebody asked me what a future
fighter aircraft should look like, in
view of the new roles we have to
fulfill in NATO. I will not restrict
myself to those requirements directly
related to long range and endurance,
but I will also mention some
requirements which may impact the
foreseen solutions for the long range
and endurance problems.

The end of the cold war means for us
in Europe the end of the preparations
for a war of which a large number of
factors were assumed to be known.

The threat and the allies were well-
known and called for only one
scenario. The military strategy and
doctrine therefore hardly ever changed
and hence plans and requirements were
more or less stable. And maybe the
most important of all, the military
budgets were secure and allowed for
regular, qualitative improvements of
aircraft and weaponry meaning a
growing defense budget. Those really
were enjoyable times for military
planners in Western Europe. Their
plans indicated that the airwar would
be fought over own, familiar terrain,
which for most NATO-countries was
close to own territory. Many diversion
fields were available in case the home
base could not be reached anymore.

Alrcrew training was virtually
unrestricted and could take place
right over the expected combat area.
Targets were well-known and hardly
ever changed.

Aircraft and helicopters were
designedconcentrated on manoeuvra-
bility, payload and survivability.
Those were enjoyable days for
aircraft designers. Lucky enough we
were never forced to execute the
operational plans.

Today we face a totally different
situation. The old and familiar
threat suddenly has disappeared and
its place has been taken by a bundle
of unknowns. Unknown new threats and
new scenarios asking for unknown new
strategies, doctrines, requirements,
training methods and aircraft design.
With the end of the cold war one
thing immediately became clear: the
chances that the next air war would
have to be fought in and over the
familiar natc territory became unli-
kely. Although the outbreak of a
major conflict still has to be taken
into account, the focus of our
political leaders is aimed at parti-
cipation in multinational peace-
keeping and peace-enforcing
operations in support of resolutions
of the united nations.

For the European NATO countries this
means out-of-area operations with a
limited number of forces. Of course
there will always be a requirement
for a so called main defense force,
but it is difficult to calculate the
required quantity in forces when the
scenario’s are unpredictable.
Especially in our democratic systems,
political issues that require
reprioritisation of financial resour-
ces in the short term are more impor-
tant than a long term insurance
against worst case scenario’s.

Giving a lower priority to defense
budgets in favor of other financial
requirements is in the current
situation fully understandable. If
this is a wise decision can only be
proven in the future when we are
history.

Presented at an AGARD Meeting on ‘Recent Advances in Long Range and Long Endurance Operation of Aircrafi, May 1993

el
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According to current national plans
the number of fighter aircraft in the
central region will for instance be
reduced with about 50%.

At the same time the political will to
support peace keeping and peace enfor-
cing operations all over the world has
increased. The result of this shift in
the use of military power at large
distances from their home base and in
difficult to predict scenario’s,
requires an increased flexibility.

The Gulf conflict, cambodia, and
Bosnia-Hercegovina are just some of
the places where the Royal Netherlands
Air Force participated in operations.
This indicates that the geographical
area, in which our air force may have
to operate, has expanded quite drasti-
cally since the cold war. This means
that also our Air Force has to prepare
itself for out-of-area operations.
Contingency plans have to deal with
the performance of swift deployments
and have to have sufficient
flexibility for the necessary adjust-
ments for the specific area of
operations.

As future conflict areas are unknown,
future threats are also unknown.

The strict division of western
aircraft and air defense systems on
one side confronting eastern systems
on the other side no longer have to be
true. It is more likely that future
opponents will possess a mix of
western and eastern weapon systems. It
even is possible that during conflicts
operations have to be flown against an
adversary with the same weapon system.
It is therefore uncertain what level
of sophistication the weapon systems
of the adversary will be. This level
can range from poor to highly
sophisticated.

Operations with fighter aircraft are
likely to be conducted from airbases
located at a significant distance from
the operations area. These airbases
may differ considerably from the home
airbases with regard to runway length,
available arresting gear, danger of
fod. It is very likely, that (due to
the lack of airbases in the theater)
airbases -ri1l have to accommodate a
larger than usual number of aircraft.

Like in the Gulf it may take months
before hostilities break out. After
arrivar, flying operations will then
consist of air policing operations
along and/or across the border. The
theater commander therefore will
initially require mainly fighter
aircraft to fulfil this role.
However, once hostilities break out,
more and more fighterbomber aircraft
will be required and the role of
fighters will mainly consist of
escorting fighterbomber aircraft to
the target area, or even better, will
be able to switch roles from
defensive to offensive operations.
In another scenario it mat just be
the other way around.

Peace keeping and peace enforcing
operations are conducted right under
the eyes of the media (and therefore
the public). This implies that colla-
teral damage and losses to civilians
have to be kept to a minimum. Chances
of fratricide have to be kept to a
minimum as well. All participating
aircraft should be well protected
against air defense systems.

In air combat a positive identifi-
cation will dictate the range at
which air-to-air missiles can be
deployed. Visual identification may
be required in all cases like in the
curreunt situation over Bosnia-
Hercegovina. But BVR identification
capabilities should be available and
improved. For air-to-ground opera-
tions we need the capability to
provide accurate target information.
Fighterbomber aircraft will have to
hit targets with sufficient accuracy.
This will reduce the number of
sorties required to destroy a
selected target and at the same time
will reduce collateral damage. Real-
time transfer of targetdata from
platforms like AWACS, ELINT, JSTARS
and space based systems to fighters
and fighterbombers is possible right
now. Last month the USAF fired the
first anti-radiation missile from a
F-16, using target information
gathered by a stand-off platform and
transferred in flight to the F-16.
This means that the requirement to
have sophisticated on-board sensors
in all aircraft that have to deliver
ordnance, in the future, can be




reduced.

Certain basic own capabilities will be
required, but the more expensive sys-
tems, or systems that take a lot of
space cr cause large weight penalties
can be put in systems like AWACS or
JSTARS or even space based systems. Of
course the problem then arises that
one becomes dependend on the
organisation that controls these off-
board sensors. From a military point
of view that strengthens the
requirement to maintain NATO, because,
apart from the USAF, only within NATO
all these resources will be available
and hopefully interoperable.

Our F-16 will have a true multi-role
capability after the mid life update
program has been completed. The dis-
advantage of the current generation
aircraft is their range and endurance
capability and their radar cross
section. This is caused by their basic
design and the fact that ordnance,
fuel and, in some cases like our F-16,
active ECM have to be carrried on
outboard stations. Another problem is
the vulnerability for guns at
altitudes below 10000 feet.

This vulnerability is reduced conside-
rably when operations at low altitude
can be performed at night. Of course
there are weapon systems in the
current inventories that can do these
things, but they are available in
small numbers only and especially
designed to operate in a certain
specified role.

An example is the F-117 of the USAF.
The range and endurance restrictions
of the current generation of airplanes
is partly solved by the capability to
refuel in the air. The problem,
however, is the required nr of tankers
when an operation of a somewhat larger
scale has to be executed and the wvul-
nerability of these assets. The
operations in the Gulf have shown that
the number of tankers required versus
the number available very often rest-
ricted the operational planners.

Since the development of new aircraft
becomes more and more expensive, while
the number of aircraft required
decreases, it makes more sense to
concentrate in the future on the
development of a true multi-role air-
craft. Not just an aircraft which can
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perform well in one role and is capa-
ble of conducting other roles. No, an
aircraft which is capable to achieve
well in the air-to-air, air-to-ground
and reconnaissance roles.

The discussion about the further
development of the YF-22, the AX and
in the future the MRF or just forget
the YF-22 and the AX and concentrate
on MRF for both USAF and NAVY also
points in this direction.

A multirole aircraft should be
relatively cheap, have enough
endurance and inherent aerodynamic
capabilities to fulfil the air
defence role. This would mean an
internal fuel capacity to stay on
station for about 4 to 5 hours. Of
course, this would give also more
range for the offensive role. The
radar cross section should be kept to
a minimum, which means internal
carriage of armament, internal ECM
and external fuel tanks only to
deploy over very long distances. Due
to the increased accuracy with which
conventional weapons can be delive-
red, a reduction of the number of
weapons that internally can be car-
ried is acceptable. Although an
external carriage capability to
increase the number of weapons
carried should be available in
certain scenario’s where radar cross
section is not a player anymore.

To prevent FOD when operating from
less than optimum airbases particular
constraints are placed on the
position of the engine intakes or we
have to install systems to prevent
FOD like the Russians do. To assure
short stopping distances the instal-
lation of a dragchute may be
required. Because airbases in the
operation theatre are probably
congested with aircrart, maintenance
and repair facilities will be
limited. Air~r-¥t systecar should have
extensive self-test and system
monitoring capabilities to limit the
Apart from airframe design, vectored
thrust will play an important part
acquiring these capabilities.

Experiences in the F-22 program show
very positive effects of two
dimensional thrust vectoring.
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Modern means of communication and data
gathering wil increase the amount of
antennas on the airframe. Antennas for
various datalinks, global positioning
system, active missile warning
receivers and interogators will be
added to the already existing
antennas. Some systems will require
multiple antennas to achieve a good
coverage. This inevitably will cause
drag penalties. The development of
antennas that can be blended in with
the aircraft skin are therefore also
important.

The question single versus two men
crew is the next question to be
answered. With the developments in
avionics and advanced computer
programs that will help the pilot in
his decision process tremendously, a
single seat will be capable to perform
the majority of tasks and therefore,
according to me, will be acceptable
and more affordable for those coun-
tries that will have to replace their
F-16's in the future. However, for
more complex tasks (like for instance
laser designation at night) the
possibility should exist to accomplish
these tasks from two seat aircraft. An
important factor here is that extra
room needed for the second seat should
have no impact on fuel quantity and
hence range, but should be found by
other means (by for instance a
reduction of the amount of internal
carried weapons).

The choice between a single and a two
engine version is another subject for
debate. Ideally speaking it should be
possible to develop a multi role
fighcer in a single engine and a two
engine version. In that case each
country could select the type which
would fit its requirements. I immedia-
tely admit, that this is easier said
than done. The amount of engines
required is a major factor in aircraft
design and the question can be raised
how much commonality in the design
would be achieved and, if therefore, a
multi version design appraoch would
prove to be beneficial.

The single engine version will be
cheaper but will have a slightly
higher peace time attrition. For the

smaller air forces this most probably
will be acceptable.

Also an air force that needs large
quantities, like the USAF, may go for
the single engine version. The US
Navy most probably will require the
two engine version. All this requires
a modular approach and a lot of
common sense of all participating
parties.

I must admit that these requirements
for a theoretical fighter aircraft
are a very simple approach to a very
complex problem since i left out
variables like interests of national
industries maintaining enough
flexibility in the industrial base
the risks involved in too many eggs
in one basket etc. But maybe the
economic realities will drive us into
the direction of more commonality
within nato and force us to use
economies of scale more and more.
Until we have an airplane with enough
inherent range and endurance, the
requirement for air refueling capabi-
lity will continue to exist.

I think there will always be a
requirement for airrefueling, only
the number of tankers required may be
reduced due to future developments.
The capacity in Europe, however, is
limited. The RNLAF has bought two DC-
10 airplanes that will be converted
to tankers with a boom system next
year. They will be the only two
tankers in Europe that can refuel for
instance F-16 aircraft of which there
will be more than 600 in the European
inventories the coming decades.

During this symposium I understand
you will discuss the technologies
that will make improvements in the
future possible,

Ladies and Gentlemen. I just covered
some of the operational requiremcnts
for a theoretical new multirole air-
craft. I realize that my contribution
to this symposium did not solve any
of the range and endurance problems,
on the contrary, I just added a few.

I wish you a fruitful and pleasant
symposium and I hope you will have a
chance to enjoy your visit to the
Netherlands.
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VOYAGER MILESTONE: NON-REFUELED FLIGHT AROUND THE WORLD
THE DESIGN APPROACH

by

Burt Rutan
President
Scaled Composites
Hangar 78 — Airport
Mojave
California 93501
United States

The Voyager aircraft, which now hangs in the National Air
and Space Museum, was designed to accomplish a feat that
many aerospace people thought was out of reach. This brief
article outlines the design philosophy showing how that feat
was accomplished.

With the singular goal in mind of global non-refueled flight, I
initially planned to design the Voyager for a range well in
excess of that required. This may seem to have been an
impossibility, since the world distance record, held for over
20 years by the B-52H bomber was only one-half the earth’s
circumference. I ruled out trying to modify any existing design
or to use any existing aircraft components. More than anyth-
ing I had done before, this would be a very special aircraft,
with a specific design point-optimizing range with no other
generic compromises.

The basic parameters I used for the design task were the fol-
lowing:

® Ability to just barely takeoff frcm the world's longest air-
port, the 3-mile runway at nearby Edwards Air Force
Base, California.

® Two crew (Dick Rutan and Jeana Yeager) to allow crew to
sleep and share duties. A total weight of 350 pounds
would include their food and water for the entire trip.

® Absolutely minimum cabin size to maximise the range of
the aircraft. Crew comfort was not considered to be a
major issue. They would only have to do the flight once!

® Two engines, to allow staging of power during the flight.
The cruise power during the last stages of the flight with
nearly all the fuel gone would be less than 15% of that
needed for the heavy weight takeoff. Engines are not effi-
cient at these low power settings, so by shutting off the
larger of two engines several days into the flight, the
important last day would have the remaining engine run-
ning with at least 35% rated power for an acceptable
efficiency.

® The engines and propellers would be “off-the-shelf”
standard units with a long history of reliability so there
would be no new developments which might add risk and
cost.

® Only the bare minimum of equipment was to be installed.
Any non-essential weight would shorten range.

® The structure would have to be extremely light and still be
buildable by our small team.

® Risks would be taken. For example, there would be no
protection from a possible lightning strike which could
destroy the structure.

The Breguet range equation which defines the maximum
range of any airplane is a simple caiculation using several
assumed constants regarding the efficiency of the engine and
propeller, the efficiency of the aerodynamic configuration of
the airplane, and the portion of the takeoff weight that is fuel.
Specifically:

PE. L TOW
Range = K|— X — x Ln|——
SFC D Lw

Where:
Range = statute miles
PE.is propeller efficiency = thrust horsepower per engine
horsepower
SFC is engine efficiency, specific fuel consumption — 1b/
HP @ hr
% is airplane aerodynamic efficiency: lift-to-drag ratio
TOW is takeoff weight = landing weight + fuel weight
LW is landing weight
K is a constant = 375 to normalize the units.

Let’s now dissect this equation to discover how [ was able to
achieve over twice the range of any previous record aircraft.
First, by my ground rule of using existing reliable aircraft
engines and propellers, 1 planned no significant improve-
ments on the first term.

For the airplane efficiency, I would use a slender wing with
extremely long span to distribute the weight lightly and evenly
to achieve minimum aerodynamic drag due to lift. The wing
and fuselage would be carefully shaped to optimicze their con-
tours to minimize aerodynamic drag due to skin friction and
local air pressures. The result would be an airplane efficiency
(L/D) of between 32 and 40, depending on how precise the
wing shape could be maintained, to achieve laminar flow.
Extensive laminar flow over wings is rare, since even slight
imperfections or insect strikes cluttering the leading edges
will trip the flow to the turbulent condition, greatly increasing
drag.

Presented at an AGARD Meeting on ‘Recent Advances in Long Range and L.ong Endurance Operation of Aircraft, May 1993.
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The L/D of normal light planes ranges between 9 and about
17, with the slickest airliners around 20 to 24. However, I was
to set no records here, since high performance sailplanes
(devoid of engine installations and other drag-producing pro-
tuberances) are able to achieve L/D values over 50. -

he last term of the Breguet range equation is where the Voy-

ager was to be significantly better than any airplane
previously built. My initial goal was to achieve a fucl weight of
80% of the takeoff weight, a very ambitious goal, especially
for an airplane with long slender wings. Long wings mean high
bending loads requiring heavy wing spars for adequate
strength and stiffness. The 80% fuel fraction would guarantee
adequate range even if laminar flow were not achieved.

My initial design attempts were to lay out a slender fuel-filled
flying wing to distribute all the fuel weight along the span. This
did not work because the proper size wing did not have
enough volume to hold the fuel. Clearly, most of the fuel
would have to be external to the wing. Placing the fuel in an
enlarged fuselage would significantly increase the wing struc-
tural weight. The slender, long wing was too weak and flexible
to support the large mass concentrated at the center.

The solution was obvious. I would have to distribute the
“external” fuel spanwise along the wing. A slender wing is very
weak and flexible in bending and extremely flexible for twist-
ing loads. It was clear that, to support large fuel masses along
the span, the slender wing would have to have some help. The
breakthrough was my unusual configuration of the Voyager.
Two wings, the canard in front and the long wing at the back.
support the fuel-laden “booms” with their relative bending
stiffness. The fuel was adequately supported without depend-
ing alone on the torsional stiffness of a single slender wing.

The key to the remarkable range of the Voyager lies in the
ability to build the structure extremely light, and to not
burden the airplane with unnecessary weight. The structure
would weigh only 9% of the takeoff weight of the airplane.
One pound of weight saved on the structure wouid allow the
airplane to carry an additional pound of fuel without com-
promising its takeoff performance. That pound of fuel would
carry the Voyager as much as eight miles. On the other hand,
one pound of fuel added to the takeoff weight would carry the
airplane only two miles and would reduce the takeoff per-
formance.

To achieve an extremely light structure, the Voyager was fabri-
cated with graphite ¢;~ .y materials. The wing spars were
laminated in hand-made steel molds and cured under pres-
sure at the Hercules autoclave in Salt Lake City. The rest of
the airplane was built right in our small shop by hand laminat-
ing the pre-impregnated graphite fibers in a sandwich form
(two thin, hard skins separated by a lightweight Nomex hon-
eycomb material). After lamination, this sandwich material
was compressed with a vacuum bag and cured at 250°F using
a home-made oven. This resulted in an extremely stiff, light
structural configuration. Nearly all the Voyager components
(wing skins, ribs, fuselage skins, bulkheads) were fabricated in
this way.

During 1983 and 1984, when the Voyager was built at my
small shop, the program was a secret. It was not supported by
volunteers as it was during its flight preparation. The majority
of the fabrication of the airplane was done by three people,
Bruce Evans (who had built an all-composite homebuilt air-
craft) and the crew, Dick Rutan and Jeana Yeager.

When the airplane initially flew, it was not equipped with the
specific engines required for world flight, nor with any of the
expensive navigational gear which would be required for
world flight. It was initially flown “bare bones” in order to
carefully measure its capability so that I could, based on
actual flight test data, specify the world flight powerplant con-
figuration. Before the aircraft flew, I had thought the takeoff
gross weight would be more than 11,000 pounds and the
engine sizes would be 180 horsepower on the front and 125
horsepower on the rear. This would provide good margins on
the range performance required for world flight. However,
during flight tests it was determined that the structural flexib-
ility of the airplane was a mere serious problem than had been
anticipated. As we flew the aircraft with more and more fuel,
serious problems were seen with the turbulence response and
itk the stability charactenstics of the airplane. Above 9,000
pounds gross weight appeared to be extremely risky. This was
a serious problem which threatened the success of the pro-
gram.

The solution lay not in stiffening the structure nor in changing
the airframe, but in breaking an original ground rule of using
only fully developed engines. Teledyne Continental Motors
was developing a new water-cooled aircraft engine which
would have as much as 7% better specific fuel consumption
than standard aircraft engines could achieve While 7% does
not seem like a large margin, it was clear that if that margin
could be achieved, the airplane could be flown around the
world with considerably less fuel, thus eliminating the need to
takeoff at more than about 9,500 pounds.

The new 9,500 pound takeoff weight goal allowed mie to use a
140 horsepower engine in the nose and the efficient water-
cooled 110 horsepower engine in the tail. Thus reconfigured.
flight test data and calculations of the efficiency of the new
engines showed that world flight capability still existed with
the lower weight confienration.

As the program entered its second phase and was turned over
to Dick and Jeana for world flight capability development. it
was clear that the challenges to develop new aircraft systems
were considerably more significant than under the original
ground rules. The first-ever flight of the new water-cooled
engines occurred on the experimental Voyager aircraft.
Uncertificated propellers were also selected and resulted in
some hazardous tests because they failed during evaluation.
Re-equipped with a more standard propeller configuration,
but with new propeller blade contours designed by John
Ronez, my consultant who also designed the airfoils for the
Voyager wings, the aircraft was ready for the world flight in
December 1986.

The graph below summarizes the measured overall efficiency
of the Voyager aircraft. These flight test data overcome the
deficiencies of the Breguet equation, in that the “constants”
which in reality are variables, are all measured together for a
true range prediction. For example, engine and propeller effi-
ciency vary with altitude and speed. Also, the best speed for
optimum L/D is not always flown due to winds. The arca
under this curve is range, in miles. At world flight takeoff, at a
gross weight of 9,700 pounds, the Voyager carried 73% of its
weight in fuel, well down from my original goal of 80%.

A nine day flight, fraught with every conceivable contingency
of weather, turbulence, tail winds and head winds tends to be
a great averager. The performance ot the Voyager actually




turned out to be within one percent of its prediction. The
additional aerodynamic drag, which was experienced because
the wing tips were damaged scraping on the runway during
takeoff and the loss of approximately 100 pounds of fuel
through a leaky fuel cap, reduced the range to a point where
only 1.5% of the takeoff fuel remained (18 gallons) when the

TR U B
~— Landing weight

aircraft landed a. Edwards Air Force Base.

In 1981, when we were planning the program, we had no idea
of the extent of its difficulty and risks. An interesting question
to ask is: "If we had come up short, would we have had the
courage to try again?”
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HIGH ALTITUDE LONG ENDURANCE AIRCRAFT DESIGN STUDIES
by

V.B. Venkayya and V.A. Tischler
Wright Laboratory
Wright-Patterson Air Force Base
OH 45433-7552
United States

ABSTRACT

This paper presents the results of structural optimization studies made on a High Altitude Long
Endurance (HALE) aircraft at Wright Research and Development Center (now Wright Laboratory) during
the late eighties. The purpose of this study is to investigate the feasibility of developing a ultralightweight
airframe that can operate at high altitudes for extended periods of time in order to provide continuous
reconnaissance, surveillance, communications and targeting functions. A variety of structural concepts
and material studies were made prior to settling on a twin boom very high aspect ratio wing airframe.
The wing and fuselage structures are made of truss substructures covered with skins, both made of high
strength, high modulus, lightweight composite materials. Extensive structural optimization studies were
conducted in order to obtain a lightweight structure. The large size of the aircraft drove the design to a
stiffness critical structure.

INTRODUCTION:

During the late eighties and early nineties a number of government agencies and industries made
preliminary design studies on unmanned aircraft for operaticn: at very high altitudes for an extended period
of time as an inexpensive means for continuous reconnaissance, communications and targeting funcuons.
The Wright Laboratory (WL), then called the Wright Research and Development Center (WRDC),
conducted a preliminary design study on a version of HALE (High Altitude Long Endurance Aircraft)
during 1988 and 1989. The WRDC team was made up of engineers from aerodynamics. structures,
materials, controls, landing gear and propulsion.

At present satellites and manned aircraft are the primary means tor high altitude reconnaissance and
surveillance. However, these systems can only provide continuous coverage for a few hours at a time,
In contrast unmanned high altitude long endurance aircraft can provide continuous coverage for long
periods (several days) of time. Recent advances in sensor resolution, propulsion systems. advanced
structural concepts, materials. controls technology and modern avionics can provide a high degree of
reliability for the autononous flight or vie unmauned aircraft. Some of the key requircments of a HALE
aircraft are high aerodynamic efficiency, minimum weight (both structural and nonstructural components),
minimum power for maximum endurance, robust controls and a variety of advanced subsystems. An
adequate wing surface and an efficient airfoil configuration are essential for low subsonic flight at high
altitudes. The low air density and slow speed may not provide adequate lift or control power to stabilize
the aircraft. In addition, the airspeed must be sufficient to overcome high altitude winds. Lightweight
structures are necessary in order to maximize the mission payload. A variety of high stiffness/high
strength and lightweight composite materials are available for HALE applications. However. they nced
to be tested for environmental stability at high altitudes. The severity of the ozone environment at high
altitudes may be detrimental to organic composites. In addition, the application of modern optimization
methods in structural design can significantly enhance structural, aerodynamic and control efficiencies
while minimizing the weight. They in turn can reduce the power requirements. A variety of propuision
systems such as turbocharged engines, chemical fuels (hydrogen), solar power, beamed microwave energy
and nuclear isotope power must be considered in order to obtain a high degree of propulsion efficiency.

Presented at an AGARD Meeting on ‘Recent Advances in Long Range and L.ong Endurance Operation of Aircraft. May 1993,




emphasis on its long range capabilities: goals were nol much €mpnasized 1n tne ietuie,

. ible flight on 2 engines only, particularily for the purpose of range impro-
. mf:'f:athergequipment,gl y vement, this is the target of the three examples
. ergonomy (low vibration level), which are very clearly presented in this paper.

Environmental conditions such as wind, hail and icing play an important role in the safe operation of
HALE aircraft. The total payload must include the needed redundancy for weather related extension of
the mission.

The primary mission of the HALE aircraft is reconnaissance and surveillance. The military mission
is for the detection and tracking of low observable targets including aircraft surveillance for the protection
of air and ground forces and the Navy fleet. The civilian mission may include search and rescue, drug
interdiction, ocean mission fisheries patrol, mapping, atmospheric sampling, etc. The payload and mission
profile of the aircraft were derived from the Air Defense Initiative (ADI). Two ADI radar antenna sizes
were considered for the HALE application. The smaller antenna is 50 ft long and 7 ft high, while the
larger one is 70 ft long and 16 ft high. Total budgeted weight of the two antennas are 4125 lbs and 14400
Ibs respectively. The mission profile for the HALE aircraft is shown in Fig. 1 (Ref. 1). The HALE
structural design optimization, which is the main focus of this paper, is based on high strength, high
modulus composite materials. Details of the structural design study were documented in references 1-3.
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Fig. ! HALE ADI nominal mission profile

HALE AIRCRAFT CONFIGURATION

A twin fuselage configuration was selected for this study, and it is shown in Fig. 2. A number of
performance and economic advantages were cited for the twin fuselage vehicle over the conventional
single fuselage concept: (1) sharply reduced aircraft/payload interference, (2) reduction in wing weight
due to the load (bending moment) alleviation between the fuselage segments, (3) reduction in overall

‘ landing gear weight etc. The rotating propellers, in particular, reflect signals to the antenna and cause
i interference. The antennas on the outboard side of the two fuselages could significantly reduce the
interference problem due to reflection from the propellers as well as from the wing.
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Wing Span = 270 ft
Aspect Ratio = 30
TOGW H-8a 18000 Ibs. H-8B 25000 lbs

Fig. 2 HALE H-8B point design

However, one of the major drawbacks of a twin fuselage plane with a connection only at the wing (no
connection at the tail) is that the demand on the flight control system would be scvere in order to maintain
the fuselages alignment with control twist only. The wing twist control is important to maintain the
“optimum* 1ift distribution along the wing span. However, it is much easier to control the wing-angle-of
attack variation along the span in a twin-fuselage configuration. Fig. 3 shows the bending moment
variation along the wing span for a twin fi:selage and a single fusclage configuration. By appropriate
selection of the spacing of the two fuselage. the severity of the wing bending can be reduced by as much
as 50%. The reduction in wing bending moment allows for a lighter wing structure. However, any
increase in fuselage weight will be more than offset by a reduction in wing and landing gear weights.
Another advantage of the twin-fuselage configuration is the increased volume available for payload which
mainly consists of radar antennas and fuel. The fuel in this case is likely a hydrogen fuel.

Basically two aircraft configurations were considered in this study. Both were twin fuselage aircraft
as shown in Fig. 2. The two fuselages were connected only along the wing. The power plant consisted
of four engines in push propeller configuration mounted on the center wing. The two configurations,
called H-8A and H-8B, differ only in the total takeoff weight and the number of days of endurance. The
H-8A is the lighter of the two (18000 1bs versus 25000 Ibs takcoff weight). Correspondingly the H-8B
is intended for a six day mission compared to a four day mission for the H-8A. The fuel requircments
are about 50% for the H-8A compared to the H-8B. There is little difference in the structural arrangement
of these two configurations. A patrol altitude of 65000 ft and a true airspeed of 200 knots werce
considered to be an optimum combination for mission utility, endurance and radar performance.
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Fig 3. HALE ultimate wing bending moment comparison

The physical dimensions of the two HALE aircraft are summarized in Table 1.

Table 1. The Physical Dimensions of the Two HALE Aircraft

Aircraft H-8A -8B
Payload 18000 1bs 25000 1bs
Endurance 4 days 6d s
Wing Span 270 ft 270 ft
Wing Aspect Ratio 30 30
Air Patrol Altitude 65000 ft 65000 ft
True Airspeed 200 knots 200 knots
Fuel Wt 3500 tbs 7400 1bs
Fuel Hydrogen or JP4 Hydrogen or JP4
Material TS0 (T40) T50 (T40




-5

WING AND FUSELAGE INTERNAL STRUCTURE

Lightweight and adequate stiffness are the two important considerations in the design of a HALE
aircraft structure. The wing design is primarily governed by wing deflection, twist and aeroelastic
stability. Antenna performance is very sensitive to fuselage deflections. In essence both the wing and
the fuselage designs are stiffness and weight driven. It is obvious that lightweight graphite composite
materials offer the best opportunity for high performance at reasonable cost. New composite materials
exhibit high strength, high modulus and the fatigue resistance necessary in HALE applications. A bonded
graphite epoxy structure is the prime candidate in this HALE design. However, thermoplastics are
seriously considered, even though they are more expensive. Nevertheless, they may offer a better
advantage when all the cost drivers such as manufactureability, repairability and toughness considerations
are considered. Material properties used in this study for TS50 (baseline) and T40 graphite ¢poxy systems
are shown in Table 2.

Table 2. Materials Properties

T-50 T-40

Longitudinal Tension

Strength (10**3 psi) 105.5 2350

Modulus (10**6 psi) 35.0 25.0

Poisson’s Ratio 28 33
Longitudinal Compression

Strength (10**3 psi) 70.0 125.0

Modulus (10**6 psi) 35.0 250
Transverse Tension and Compression

Strength (10**3 psi) 2.6 50

Modulus (10**6 psi) 1.06 1.50
Inplane Shear

Strength (10**3 psi) 4.6 7.0

Initial Modulus (10**6 psi) .84 1.0
Notes:  -- Strengths are 50% of dry, room temperature values for graphite/epoxy.

-- T-50 and T-40 are fiber designations.
-- Properties based on Union Carbide ERL-1962 resin and 62% fiber by volume.
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The preferred structural concept for this HALE study is a graphite composite truss substructure
covered with a layered composite skin of the same material. The wing structural concept is shown in Fig.
4. It is a multispar and multirib structure made of graphite composite tubes, with wing skins made of a
0°, 90°, +45° (quasi-isotropic to start) layup. The spar caps and rib caps are acting as both the truss
members and the wing skin panel boundaries. The entire wing box was constructed of bonded graphite
epoxy (or peak/thermoplastic) components. The rib and spar caps were 1.0" channels (inside dimension).
The vertical diagonal members were 1" square tubes (outside dimension). The tubes would be inserted
into the channels and bonded to the inside of the channel walls at the joints. The baseline leading and
trailing esiges utilize prepeg Kevlar cloth and graphite epoxy skins and a Nomex honeycomb core. The
leading <dge uses sandwich skin, and the trailing edge uses a full depth honeycomb.

The stiff substructure breaks the wing skin into a number of panels semirigidly supported at all four
sides. The spacing of the spar and rib trusses is governed by the wing skin thickness failure in a panel
buckling mode. If the trusses are spaced too far apart, the skin needs a honeycomb core support in order
to stabilize the panels.

* STRUCTURAL ARRANGEMENT
* TRUSS STRUCTURE - SKIN COVER - WING
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Fig. 4 Wiug internal structure

In addition, the pressure load on the wing skin can deform it sufficieatly to alter the airfoil shape
and the airflow over the wing. The choice of the wing skin layup as well as the spacing of the trusses
are airfoil and configuration dependent. The wing twist control and panel stabilization considerations may
dictate a larger percentage of +45°. A rib spacing of 2.0 ft was selected in order to prevent the spar caps
from buckling as columns.
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A thin (0.002 in) Tedlar coating of the composite structure is recommended as a protection against
ozone, ultraviolet radiation and moisture. Minimum gage thickness for the wing skin is specified at
0.021", the honeycomb face sheet at 0.0105 in and 0.1 sq.in. for the tube and channel cross-sectional
areas.

The fuselage structure is also a graphite composite structure covered with the same skin as the
wing. The cross-section of the fuselage, Fig. 5, shows the truss skin arrangement. The fuselage is very
lightly loaded during all phases of the mission, and it was established that a minimum gage structure is
adequate. In order to establish the adequacy of the construction, extensive testing at the coupon,
component and full scale level is necessary. In addition a local buckling analysis of the panels and
columns is necessary, Buckling considerations may add additional material at selected locations.

* STRUCTURAL ARRANGEMENT

TANK DIA = &8~
INSULATION O = §7.5"
NOM. CLEARANCE = 125~
MIN FRAME 0EPTH = 3"
CONTRIIOUS RAR.

Fig. 5 HALE H-8B fuselage cross-section
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An estimated weight summary of the H-8B aircraft is given in Table 3.

Table 3. H-8B Weight Summary

weight wing station
1b, in.
Structure 5900 707
Wing 3400 720
H-tail 180 731
V-tail 90 731
Fuselage 1830 722
Landing Gear 200 720
Nacelles 200 318
Propulsion 6055 646
Motors l44 319
Gear Boxes 197 319
Propellers 461 319
Fuel Tanks 1204 720
Compressors 121 720
Scrubbers 312 720
Accessories 607 720
Stacks 1238 720
Inverters 253 319
Radiators 911 695
Heat Exchangers 607 720
Equipment 1375 528
Avionics - fwd 250 720
- afe 100 720
Electrical - wing 719 353
- fuse 156 720
Actuators - fwd 50 720
- aft 100 720
Fuel 7400 720
Payload 4270 761
Radar 2700 762
IFF 70 762
Communications 100 762
IRST 400 750
Antenna Support 1000 762
TOGW 25000 695
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High lift and low drag coefficients are critical for high altitude, low subsonic and long endurance
flight. The LC111A airfoil was considered the most appropriate candidate to satisfy the requirements.
It is a thick airfoil which can easily accommodate the high bay composite lightweight structure. Compre-
hensive aerodynamic and wind tunnel test results are also available for the LC111A airfoil. See Fig. 6.

Fig 6. Airfoil section

HALE AIRCRAFT LOADS

The aircraft is designed for effective static loads, and the loads analysis was performed on the wing
and fuselage separately. The loading conditions are summarized in Table 4. (Ref. 2).

Table 4. Loading Conditions Summary

LOADING
CONDITION DESCRIPTION

Ultimate Positive Lift - full fuel

Ultimate Positive Lift - half fuel

Ultimate Positive Lift - empty fuel

Ultimate Negative Lift - full fuel

Load 1 + Differential Tail Loads (+ve on one tail and -ve on the other)
Load 4 + Differential Tail Loads, but opposite to Load 5§

DN R W N -




The ultimate load factors were calculated as follows:

Clyn =W/ (Quu) X (S))

LLF = (uaf) x (Cl,, / Cl, )

ULF = (n) x (LLF)
where

C1,,, = nominal lift coefficient (level flight)

Cl,,., = maximum lift coefficient (stall condition)

W = aircraft weight

n = factor of safety (1.25 for up and away flight)

Omax = Maximum dynamic pressure

uaf = unsteady aerodynamics factor (1.25)

S = wing planform area

LLF = limit load factor

ULF = ultimate load factor

An unsteady aecrodynamics factor was used to account for the instantaneous higher-than-stall lift.
An elliptical spanwise pressure distribution was assumed. The chordwise lift distribution was interpolated
from wind tunnel pressure data from the L.1003M airfoil at the stall angle-of-attack (14°). Actual test data
matched the theoretically predicted distribution at -10°. A theoretical distribution and an actual test data
showing a stalled condition were available at -15°. Some typical pressure distributions are shown in Fig.

7.

The inertia loads for the flight condition were calculated using the mass distribution shown in Table
3. The fuselage bending moment diagram is shown in Fig. 8.

A number of auxiliary computer programs were written to transfer the acrodynamic and inertia
loads data to the structural grid points. One of these integrates the wing pressure data and assigns the load
to structural grid points. The other program transforms the shear-moment-torque diagrams to equivalent
gridpoint loads. The third program is for the computation of equivalent EI and GJ properties (beam
properties) of the composite wing and fuselage components for use in the control system sizing. It first
computes the line of the elastic axis (connecting shear centers) with a complete finite element analysis of
the wing box with a plate-rod elements model, and then determines the EI and GJ properties. This
program needs further testing and validation,
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Figure 7. Airfoil chordwise pressure distribution
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Figure 8 Fuselage bending moment diagram




STRUCTURAL ANALYSIS AND OPTIMIZATION

The primary analysis and optimization program used in this study is called OPTSTAT (Ref. 4).
It is an in-house structural optimization program based on an optimality criterion. It is intended only for
the design of structures subjected to static loads. The structural element resizing algorithm in OPTSTAT
is based on (Ref. 4).

v+l v p v 12
A =A[ZCe]
=gl

where
A" - Design variable vector in the (v + 1) cycle.
A’ - Design variable vector in the previous cycle.

C.

; - Weighting parameters approximated from the Lagrangian multipliers.

e; - Strain cnergy density function in the i element corresponding to the j design condition.
Z - The summation is on the number of design conditions.
The design variables are the sizes of the structural elements.

The same resizing formula (with some modification) is used to determinge both the overall thickness
of the element, and the percentage of fibers corresponding to each direction in the elements. the
advantage of this simple but approximate resizing formula is that it allows OPTSTAT to complete the
design very rapidly, even in the presence of thousands of variables. In most cases it does not take more
than five or six cycles. The program supports only triangular and quadrilateral membrane ¢lements (for

wing skins), the shear panel for spars and ribs, and rods for the spar caps, rib caps and posts.

RESULTS OF THE HALE STUDY

Numerous wing optimization studies were conducted in connection with this HALE design study.
They included many trade studies with different composite materials. The results of the most promising
study is included in this paper. The structural weight summary and the wing tip displacements
corresponding to the first four loading conditions are given in Table §.
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Table 5. HALE Study Results
H-7 - H-8 WING COMPARISON [050+45]

min. size = .021

T-50 (50% ALLOWABLE STRENGTHS) ply thickness = 002625
WEIGHT

ITERATION TOTAL WEIGHT SKIN WEIGHT ROD WEIGHT

1 3266. 2489, 2628. 1999 638. 490,

2 964.  886. 504. 433 460. 453,

3 603.  538. 343, 279. 260.  259.

4 639. 728. 336. 364, 303. 364,

5 679.  643. 349. 334, 330. 309,

6 678.  599. 353. 287 325, 312,

Z - DISCLACENMIINT
NODE LC#1 LC#2 LC#3 LCH#4

1 1652 952 1763 965 1820 940 | 430 -60.9
3 1652 953 1769 966 1832 94.1 433 -60.7
5 1652 954 1773 967 1840 942 | -435 -606
7 1652 95.5 1776 967 1847 942 | 437 605
9 1652 95.6 1782 9638 1860 943 | -439 604
11 1652 958 1792 970 1883 945 | -445 -60.1
FULL TANKS  HALFTANKS  EMPTY TANKS _ FULL TANKS




1-15

The baseline structural concept was a six spar configuration with the spars at 10, 21, 28.5, 35, 47.5
and 70% locations, and they are shown in Fig. 9.

Y/C

Fig. 9 Liebeck laminar rooftop

The six spar configuration was selected to assure against panel buckling and to maintain the airfoil shape
under pressure load in the absence of honeycomb core support for the wing skins. Nevertheless, some
of the strength optimized skin panels were buckling critical. An increase in the number of +45° layers
solved the skin buckling problem. Table 6 contains the results of a number of design optimization studies
(Ref. 2). This design study indicated that much of the HALE structure is governed by minimum sizes
indicating that the structure stiffness is critical and not the strength, Table 6 also contains trade studies
involving 3 and 6 spar wings, T40 versus TS50 materials etc.

SUMMARY AND CONCLUSIONS

This HALE study establishes the feasibility of designing ultralightweight structures for long
endurance. The designs are primarily stiffness critical as opposed to strength. The vehicles are very
lightly loaded and tend to be dominated by minimum gages for the structural elements. The advantage
of structural optimization is that the final designs are relatively insensitive to changes in structural
concepts. This is particularly true where the structure is governed predominantly by minimum sizes.

This HALE delineated the basic clements of the aircraft preliminary design process in a modern
computcr aided design environment. The modern structural optimization tools promote effective
communication between the engineers on various subsystems. They enhance trade studies involving new
materials and structural concepts. They can significantly reduce the cost and product development time
while expanding the performance bounds.
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interference problem due to reflection from the propellers as well as from the wing.

1-16
Table 6. HALE Wing Trade Study Results
maximum vertical
weight tip deflection maximum twist angle
(1b) (in) (degrees)
H-8A 758 +116/-115 -0.6
6.1 (T-50)
H-8B 839 +86/-54 -1.5
T-40 767 +248/-157 -1.3
6.2 (H-8B)
T-50 839 +86/-54 -1.5
Single 981 +279/-184 -2.1
6.3 (T-40)
Twin 767 +248/-157 -1.3
Single 1340 +135/-89 -1.4
6.4 (T-50)
Twin 839 +86/-54 -1.5
1.0 839
6.5 2.0 (T-50) 1282
.54 670
6-spar 839 +86/-54 -1.5
6.6 (T-50)
3-spar 583 (+128) +112/-64 -3.2
[0,90, +45) 583 (+266) +112/-64 -32
6.7 (3-spar)
[+45) 944 +100/-58 +4
Note: - Maximum deflection and twist are due to ultimate load.

- Maximum twist angle is recorded for symmetric load cases
only and is measured relative to aircraft centerline.

- Positive deflection is up and positive twist is pitch up.

- All trades performed on twin fuselage, 6-spar concept with
[+45, 0, -45, 90]s skins unless otherwise noted.

- All weights shown are semi-span wingbox optimum weights.
Weights do not include honeycomb, adhesive, coating, leading
edge, trailing edge, or additional structure required for




attaching fuselages, propulsion system, etc., except the
weights in () in 6.6 and 6.7 which are included for comparison

purposes.
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TECHNOLOGICAL CHALLENGES OF HIGH ALTITUDE LONG ENDURANCE UNMANNED
CONFIGURATIONS

R. Bargetto, R. Spezzaierro

Preliminary Design Department
Alenia Aeronautica
Corso Marche 41
10146 Torino, ltaly

1. Summary

This paper presents the conceptual work performed
in Alenia during the recent ycars for defining some
possible configurations for military and civil HALE
(High Altitude Long Endurance) aircraft capable of
carrying very different kinds of payloads and with
mission durations ranging from one to two days.
Also in relation to the aircrew fatigue implicd by such
a long flight time, they all have been conceived as
UMA (UnManned Aircraft), achicving in that way a
significant reduction of mass and complexity,
withstanding the maturity of automatic control
system.

The acromechanical aspect of the configurations (i.c
aerodynamics, propulsion, structures, systems, weights
and performances) will bc discussed in dctail
considering that HALE-UMA type of aircraft have to
face some technical challenges in many ficlds
generated by the rather demanding requircments in
terms of payload and cndurance.

2. Introduction

In recent years the interest [or some quite innovative
civil roles has considerably .own all over the world.
This fact is duc to the increased concern that is spread
all around the industriglized world for carth
resources, high  atmosphcre  sampling  and
environmental problems monitoring that is promoted
in particular by some organizations in order not to
destroy biological cquilibrium of the world.

On the other hand f.om the mili. ry point of view
the necessity has emerged of efficiently performing
peacctime long range surveillance and intelligence
gathering in risk arcas.

These missions up to now have been only performed
by special versions of already cxisting large and
expensive military aircraft that arc not particularly
suited to these new tasks.

As it will be evident from the following paragraphs
both these role categorics can be efficiently
performed by aircraft capable of very long duration
missions at outstandingly high altiturdcs.

In those conditions the presence of the crew on board
implies heavy penalties to the configuration in terms
of weight and basic systcm complexity.

Moreover it must be also highlighted that for mannced
HALE aircraft the long mission duration dctermines
heavy consequences on aircrew fatiguc thus requiring
frequent crew turnaround with the associated costs.

3. Possible HALE-UMA requirements

At the beginning of 1990 ALENIA decided to explore
this new area, trying to identify the basic requirements
for such new types of aircraft, looking at all possible
applications for both civil and military roles.

Before describing in some detail the conceptual
studies performed it is better to have a brief survey
of the tasks they have to cope with, and the suitability
of HALE-UMA to perform them with high
effectiveness in comparison with more conventional
aircraft and in a cooperative scenario with satellite
based system.

3.1 Civil tasks

Civil versions can have a wide spectrum of
applications ranging from earth monitoring, support
to emergencies and many others by assuring a service
that can be exploited only at much greater costs with
satellites or that cannot be effectively accomplished
at all with any other existing mcans.

3.1.1 Earth monitoring

In this role HALE-UMA aircraft can be considered
first of all as a valid alternative to satellites that have
been used for this kind of applications for many years
since they can cover some specific nceds in a more
cfficicnt way.

In fact, beside the better resolution achievable with
aircraft in comparison with satellites due to the much
lower flight altitude it is also important to stress that
an airplane can be vectored in whatever zone is
nceded to survey in short time and it can perform the
monitoring continuously for a period of onc or two
days if this is required.

During this time a continuous data link with control
station on ground is maintained or acquired
informations are stored on board for eventual
processing,

On the other hand saicllites are bound to
predetermined position in space or can perform only
periodical passages over the zone to monitor with a
forced time lag between two cdnsccutive obscrvations.
In any casc thesc kinds of aircraft and the alrcady
existing satcllites can also be used together to enhance
the cffectivencss of the whole system.

The sensors alrcady uscd in satellites, their spatial
resolution and the time lag between (wo successive
observation are summarized in table 3.1.1-1, while a
possible use of a HALE-UMA aircraft tcaming with
satcllites for this kind of applications is sketched in
(igure 3.1.1-1.

Presented at an AGARD Meeting on ‘Recent Advances in Long Range and Long Endurance Operation of Aircrafi;, May 1993,
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SENSOR SATELLITE TIME INTERVAL SPATIAL
RESOLUTION
Imaging radiometer Meteosat GOES GMS 30 mins 1-7Km
AVHRR NOAA 10 - 12 12h 1-7Km
MSS Landsat 5-6 16 days 60 - 80 m
™ Landsat5-6 16 days 30m
HRV SPOT 12 h, 3 days 10-30m
SAR ERS-1 JERS-1 3 days, 35 days 30m
Table 3.1.1-1
DISASTERS INTERESTED AREA SPATIAL TEMPORAL
[Km2] RESOLUTION RESOLUTION
[m] [min]
Floods 103 - 10° <10 15
Avalanches 102 - 103 10 - 100 60
Earthquakes 102 - 104 <10 1-10
Seaquake 104 10 1-10
Volcano belch 103 - 104 <10 30
Woody fires 102 - 103 10 15
Sea/lake pollution 103 - 106 10- 100 30-60
Air pollution 103 100 15
Table 3.1.2-1

3.1.2 Support to emergencies

In this role HALE-UMA aircraft may first of all be
used to monitor arcas hit by natural disasters.

In fact in case of such disasters it is vital for the
people tasked of the assistance organization to have
the most detailed situation awareness in the least time
and to know preciscly how the situation docs evolve,
in order to take the most suited action.

The usual natural calamitics, the cxtension of arcas
involved and the required resolution in terms of space
and time are summarized in table 3.1.2-1.

In this case we have (o notc that the time in which
the situation cvolves is in any casc longer than 24
hour, thus imposing an hcavy rcquircment in terms
of patrol time.

In the case of performing this task with piloted
aircraft huge cost implications for thcir acquisition
and operation arc to be taken into account.

It is important to stress that such task clcarly cannot
be performed by satellites considering their peculiar
characteristics and in particular their inhcrent
limitations in terms of time lag between obscrvations
that have been already described above,

3.13 Other tasks

An HALE-UMA can find applications in response to
other needs nowadays being increasingly felt by the
social communities all over the world.

The widespread attention to the levels of atmosphere
pollution and to the ovonc depletion has been
enhanced by the awarceness of the damages due to the
today air transportation systcm and, in perspective, to
be expected from the futurc supersonic transport
presently under study.

Shifting to another problem arca the devastations
causcd by drug diffusion have stimulated the
perception of the need for a tighter control of such
culturcs and traffic.

The peculiar features of an HALE-UMA in terms of
outstanding values of patrol time and altitude and the
high resolution achicvable using a SAR (Synthetic
Aperture Radar) make this aircraft perfectly suited
for some scientific applications like high atmosphere
sampling and ozonc measurcment.

Furthcrmore, its difficult detectability from the
ground and all weathcr capability enable it to
stcalthily monitor forbidden trades or some other
illcgal activitics.

The latter of these roles is alrcady being exploited by
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some models of existing aircraft but the high sensor
resolution, long patrol time and payload weight
capability of especially designed HALE-UMA aircraft
can significantly enhance the efficiency of patrolling.
On the other hand the former ones are up to now
performed by balloons equipped by up to 1600 Kg of
scientific apparatus but this sort of flying machines
suffer from the fact that their track is almost
completely driven by the atmospheric winds without
any means of guidance.

3.2 Military roles

Military versions of HALE-UMA aircralt may be
dedicated primarily to long range aerial surveillance,
ballistic missiles launch detection and intelligence
gathering.

A typical scenario in which such airplanes may
operate is depicted in figure 3.2-1.

For almost all these military roles thc extremcly high
patrol altitude, and the use of sensors with long range
detection capability allow this type of aircraflt to fly
over friendly territory thus reducing in that way the
probability of being exposed to hostile fire and
consequently enhancing the effectiveness of the
system; in any case the peculiar characteristic of being
unmanned eliminates human hazard during real war
operations.

3.2.1 Long range surveillance

HALE-UMA aircraft for long range acrial
surveillance can be considered as a really low cost
version of AWACS aircralt since they can carry a
sophisticated high pcrformance radar and have an
extremely high loiter time in the order of one to two
days at an altitude of about 20 Km.

Their characteristic of being unmanned also avoids
the problems, weights and costs associated with the
many crew members necessary Lo AWACS operations
provided that the presence on board of an adequate
ground data link be ensured.

3.2.2 Surface target acquisition

In this role the HALE-UMA with the usc of a
FTi/MTI (Fixed Target Indicator / Moving Target
Indicator) radar can control ground movement of
troops and support the attack operations performed
by hostile aircraft.

Also in this case the high patrol time in the order of
one day and altitude of about 20 Km do cnhance the
cffectiveness of this kind of airplanc configurations in
comparison with today recce systems.

3.23 Ballistic missile launch detection

Ballistic missiles interception can be more effectively
performed in the case of their carly dctection.
When considering the presently used systems it must
be emphasized that the detection capability range of
ground radars is limited by terrain morphology and
AWAGCS or salcllites are rcally cxpensive solutions.
On the other hand in a much less cxpensively way the
enemy ballistic missiles at the moment of their launch

7 o A
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can be dctected by HALE-UMA aircraft equipped
with infrared sensor enabling the activation of suitable
countermeasures for their interception.

Particularly suited for this application are high loiter
altitude and long endurance while payload is relatively
small, as it is in the order of no more than 300 Kg.

3.2.4 Intelligence gathering

At present this task is only performed by special
versions of allready existing large airplanes like
U2/TR1, C130, C135 or by satellites with obviously
heavy costs implications both in terms of acquisition,
operations and maintenance.

Long ecndurance characteristic and adequate
availability of quite high payload weight and volume
make HALE-UMA type of aircraft extremely suitable
for this application, also considering that pilot actions
are really unnecessary during the mission, while fast
deployability makes these airplanes also more suitable
than satellites for this application.

4. Technological challenges

In order to start the preliminary sizing of the
configuration it has been necessary to define the
technological level required to be adopted for the
aircrafl.

The necessity to keep costs at a minimum imposed
to reduce as much as possible weights and dimensions
of the aircraft thus forcing the designers to adopt the
most advanced technical solutions.

On the other hand these solutions have to be all
achicvable at present without a big investment in
research and development that would increase cost
itsclf, so that in many cases they appear to be quite
conventional.

4.1 Aerodynamics

From the acrodynamic point of view the configuration
of any HALE-UMA is hcavily conditioned by
requirements of high aerodynamic efficiency.

As well known, the most rclevant aerodynamic
endurancc parameter for propeller driven aircraft is
E‘CLI/Z; from this the necessity arise of flying at
quite high valucs of lift coefficicnts even higher than
those of maximum cfficiency.

At such high lift coefficient values the wing sections
have to maintain laminar flow over substantial wing
chord fractions at low values of Reynolds number.
In order to cope with this necd a conceptual trade-off
had been done between wing sections ranging from
12 to 19 % that demonstrated the overall superiority
of the thinner one, also considering the relatively high
valucs of local Mach numbers in the design condition.
A bricf survey of this trade-off results is represented
in figure 4.1-1 in which it is evident that the achievable
clficicncy with the 12 % thick wing scction is about
double with only a roughly 12 % increase of wing
weight and 20 % decrease of maximum lift coefficient.
In order to keep also lift-induced drag at a minimum
it is mandatory to usc the highest possible value of
aspect ratio compatible with present tecnological
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limits, illustrated in figure 4.1-2.

A value of 40 has been chosen thus imposing also
very demanding structural requirements to ensure an
adequate wing stiffness to prevent flutter and ailcron
reversal phenomena.

The maximum efficiency and the drag breakdown
relevant to typical military and civil aircraft in
comparison to HALE-UMA configuration are
represented in figure 4.1-3 and 4.1-4.

These diagrams evidence the really superior
aerodynamic performance of this kind of aircraft that
are more comparable to sailplanes from this point of
view being their aerodynamic efficiency from 1.5 to 3
times that of civil and military aircraft respectively,
also taking in account the extremely low value of
design Reynolds numbers that promote usually a drag
increase.

Furthermore, being the radiators drag a significant
fraction of the whole parasitic drag owing to their
dimensions caused by the extremcly low air density,
the feasibility of surface heath cxchangers will also be
investigated.

In fact preliminary calculations have shown that this
improvement to the bascline configuration can
decrease its zero lift drag by about 5 %.

These radiators could be positioned over not heavily
stressed surfaces like fin torsion box pancls in order
to avoid piping failures and liquid leakage due to wing
flexing.

42 Propulsion

At the very beginning of the conceplual phase a trade
off has been performed with the aim of defining the
most suitable propulsion systcm for this kind of
airplanes flying at extremely high altitudes and
relatively low speeds.

This study only considered cngine types that arc at
present technologically feasible without any important
development work.

Thus we excluded from the start all the really exotic
propulsion system like nuclcar, solar/battery, liquid
oxygen and others that are from one standpoints very
appealing but that would have certainly required
heavy investments in terms of time and moncy for
their development.

With these assumptions this study considered only
reciprocating, turboprop and turbojet engincs.

It resulted that without any doubt the old fashioned
turbocharged reciprocating cngine is thc most
efficient solution from the point of view of the total
propulsion weight (engine plus fuel) in the range of
speeds and altitudes requircd for that sort of aircraft.
One of the decisive factors for this choice is the thrust
lapse ratio of turbojet and turboprop in comparison
to flat rated reciprocating engines that is illustrated
in figure 4.2-1.

From this figure it is evident that in order to obtain
the réquired thrust of only 50-60 Kg in thc loiter
condition at 25 Km it is necessary to intall for example
a turbojet engine capable of a static, sca level thrust
of 20 times greater i.c. about 1100 Kg, with a weight

in the order of 250 Kg instead of a reciprocating
turbocharged engine of about 100 HP with a total
weight of about 210 Kg comprising all the accessories.
What is more important is the worse specific fuel
consumption of turbojet and turboprop in comparison
to reciprocating engines that produces a fuel flow
from 1.4 to 2.5 times greater as illustrated in figure
4.2-2.

In conclusion the total propulsion weight obtained
considering engine plus the fuel required for a 24
hours endurance time may be evaluated in about 600
Kg, 1000 and 1300 Kg for recinrocating, turboprop
and turbojet engines respectively like illustrated in
figure 4.2-3.

In any case it is important to stress that the
turbocharged reciprocating engines considered are
required to be flat rated up to the loiter altitude of
about 20 or 25 kilometres: this fact imposes a
noteworthy challenge to the propulsion system
manufacturer, the pressure ratio of the turbocharger
unit being roughly above 20 to 1 or 40 to 1
respectively as it is possible to see in figure 4.2-4.
This last requirement is satisfied by using two or three
stages of turbocharging with intercoolers between
each stage and before feeding the engine.

The propeller also must be designed to achieve an
efficicncy in the order of 90 % by using sections and
blade shapes especially suited to the range of
Reynolds and tip Mach number attainable in flight.
The propellers considered have fixed pitch and are
driven by a variable gear reduction unit because this
solution has been considcred preferable to the most
usual variable pitch propeller taking in account the
single, extremely well defined design condition of the
configuration.

In fact for this kind of airplane it is mandatory to
feature an extremcly high propulsion efficiency in the
loiter condition and just an adequate thrust in the
take off and climb condition.

Therefore the necessity is avoided of having high
propulsion efficicncy in many points of the flight
envelope that is peculiar to and achievable by a
variable pitch propeller, obtaining in that way a
reduction of the weight, complexity and cost of the
whole propulsion system.

4.3 Structure

From the structural point of view the main challenge
is to build the wing structurc stiff enough to avoid
flutter and aileron reversal conditions in all the flight
cnvelope with the least weight considering the
extremely high value of aspect ratio chosen to
improve acrodynamic efficiency.

On the other hand the design flight conditions,
namcly low Mach and Rcynolds numbers, promote
the adoption of rather thick wing sections alleviating
in that way the structural problems,

In order to choose the material for the primary
structures a conceptual study has been performed
whose results in terms of strength and stiffness
rcferred to the weight are bricfly summarized in




figure 4.3-1.

This study considered aluminium alloys, fiberglass and
graphite epoxy reinforced fiber and demonstrated that
by far the latter is the most suitable structural
material when strength and stiffness are required with
the least weight, being their characteristics almost
more than 2.5 times greater than those of the other
materials.

Moreover it is mandatory to prevent wrinkling of wing
surfaces that would destroy the laminar flow over the
wing, and then the adoption of graphite composite
material becomes mandatory.

Considering the present state of the art and the low
values of load factor and dynamic pressure imposed
to that sort of aircraft, a specific weight of about 10
Kg/m?2 referred to the planform surface is considered
feasible for a wing structure using high strength
graphite epoxy fibre. :

This represents a weight target that is from 4 to 5
times less with respect to modern civil and military
aircraft wings as it is illustrated in figure 4.3-2.
Total predicted structural weight savings versus
composite material usage is depicted in figure 4.3-3
as it resulted from previous statistical studics.

4.4 Systems

The main challenges concerning systems arc
generated by the peculiar characteristic of this sort of
configuration of being unmanned.

In particular the avionic and communication system
must be capable of performing the following tasks:

- navigation

- control of flight

- ground and satellite communications

- data exchange betwecen all the on board devices

During each mission the flight will be autonomously
controlled by the airplane itsclf in all the phases but
the take off and landing that on the contrary can be
remotely controlled by a human pilot located in a
ground station.

This does not imply that future UMA cannot be
autonomously landed by MLS (Microwawe Landing
System) connccted with an  autolanding system,
whose know-how can be derived by the experience
gathered from manned aircraft.

Autonomous flight phases may bc programmed
before the take off or reprogrammed during the flight
from the ground in order to overcome particular
events or emergencies not foreseen before.

The on board computer must be ablc to perform the
continuous monitoring of all the flight paramcters
(incidence, heading, speed, altitude ccc.) and to
generate input signals for flight controls.

In addition it is necessary to install on board a
data-link system highly integratcd with the other
navigation, communication, control and payload
systems and capable to transmit to the ground the
flight parameters and to rcceive input signals for the
direct control of flight and for thc mission
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reprogramming.

Taking into account the large distances implied, the
data-link system needs to be operated through
satellite channels.

For what concerns the other systems they don’t pose
particular challenges; it is just worth to say that, as
the dynamic pressure is quite low and the speed of
actuation is not particularly demanding, flight controls
can be of all electric type.

In this case total power generation has to be provided
by starter generators driven by the engines that must
also be capable of providing enough power also in
case of engine/generator failure.

In order to cope with the event of total power
generation loss a reserve battery has to be installed
in order to perform a safe return to home base.

5. Preliminary sizing

Assuming the above illustrated technological levels, a
trade off study of a typical HALE-UMA configuration
has been performed allowing the dcfinition of the
total take-off weight, empty weight and fuel weight
for different values of payload weight and loiter
duration.

Loiter durations of 1, 2 and 3 days with payload
weight ranging from 300 to 1700 kg have been
considered.

These values have been defined to cover the possible
aircraft requircments to perform all the tasks
illustrated in the preceding paragraph.

The mission profile used for this study, typical for an
HALE-UMA aircraft, is composed of the following
phases:

- Take off

- Climb to loiter altitude

- Cruisc of 1000 Km to loiter arca

- Loiter at a speed not lower than 180 KTAS
- Return cruise

- Descent

- Landing with 5 % reserve fucl

Mission fucl and other weights have been calculated
with the classical and well known methods of
prcliminary sizing using acrodynamic, propulsive and
structural paramecters consistent with the assumed
technology levels that have been previously described
and some statistical rclationships derived from the
limited amount of data pertinent to this class of
aircraft.

In figure 5.-1 the results of this analysis are illustrated
in terms of take-off weight versus loiter duration and
payload weight, while a sensitivity study of the loiter
duration relevant to a typical HALE-UMA
configuration is presented in figure 5.-2.

This plot had been obtained by varying the main
acrodynamic and propulsive parameters in order to
asscss the influencc on the most relevant aircraft
performance of cach technology level variation with
respect to the assessed value .

This preliminary sizing proved the feasibility of an
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HALE-UMA aircraft with a reasonable level of
complexity, costs and dimensions consistent with
already existing technological capability; it led the way
to the subsequent configuration definition and
detailed dimensioning already in progress.

6. Selected configuration

On the basis of the preliminary sizing and trade off
studies illustrated in the previous paragraph a rather
detailed configuration layout definition of four
different version of HALE-UMA aircraft has been
performed.

All these four configurations have different payload
weights, dimensions and loiter durations and are
conceived to perform some of the tasks defined
before, both military and civil.

Interest is now focused on the last one and the
description of its requirement and general
characteristics is presented in the following
pharagraphs.

6.1 Requirements

The main characteristic of this configuration is its
extremely enhanced payload modularity.

Thus it has been designed in order to have the
payload housed in a pallet of about 3 m3 of volume
that is completely scparated from the remaining
airframe.

Therefore the aircraft can be casily reconfigured for
different roles, both military and civil, in a very short
period of time simply by changing the pallet, so that
it can be considered a real all purposc configuration.
This version is capable of loiter time in the order of
one day with a palict of 600 Kg at an altitude of 20
Km or at 25 Km if the payload is reduced to 100 Kg.
In such a way both ground surveillance and scientific
mission can be performed with a noteworthy
capability.

6.2 General description

As stated in the previous paragraph the main feature
of this configuration is its capability of carrying a
pallet which can accommodatc many kinds of payload
for different roles and, what is most important from
the configuration point of vicw, [caturing different
weights and dimensions.

Therefore, it is mandatory to position the payload
with its centre of gravity coincident with that of the
complete aircraft in order to avoid balance problems
with payload change.

Moreover a twin engine solution has been chosen for
safety reasons; in order to improve the compactness
of the configuration the engincs have been placed one
in front of and the other bchind the payload bay in
a push pull arrangement.

This solution has been preferred to a more
conventional one with two tractor cnginc nacclles over
the wing and a separate fusclage for some reasons.

In fact, total airplane frontal arca has been reduced,
eliminating two extremcly draggy itcms like isolated
engine nacelles over the wing that havc been replaced

by only one integrated fuse containing th¢ two
engines, the payload and the systems.

Moreover total wetted area of the configuration has
been reduced allowing a further decrease of drag and
weight of the configuration.

Drag is also reduced by having the two propellers
aligned on the same axis and thus only one stream
tube, instead of two, spoiling wing laminar flow.
After this brief description of the reasons that have
led to this configuration shape we can describe its
peculiar characteristics.

The structural layout of the wing is based on a twin
spar torsion box arrangement with sandwich upper
panel and solid laminate lower panel, all made from
high strength graphite epoxy reinforced fibre and that
also forms the fuel tank in his central zone between
the booms.

Roll control is obtained by means of ailerons located
along trailing edge from the booms to approximately
60 % of wing span; this rather unusual arrangement
is due to the need of reducing bending loads and of
enhancing aileron reversal speed.

The ailerons are divided in sections, each about one
meter long, connccted to the others through a joint
in order to avoid hinges jam when the wing deflects
under flight loads.

At approximately 17 % of semispan two tubular,
tapered booms are attached to the wing torsion box;
they carry at their rear ends the empennages that are
joined in order to exploit the mutual favourable
acrodynamic interference.

The central fusclage is connected to the wing with
four fittings and it carrics the payload pallet, the
engines with their turbochaigers, the landing gear and
the systems.

The landing gear is a bicycle type with auxiliary
outriggers located on the wing for ground stability
during taxiing that are jettisoned after the take-off
phase.

This fact is basically due to the presence of a rather
long payload bay that is located near the center of
gravity on a small width fusclage compared to wing
span that prevents the use of a more conventional
tricycle type with the main legs housed in fuselage
side pods.

The reciprocating turbocharged engines are flat-rated
at 110 HP cach up to the loiter altitude of 25
kilometres and drive two 4 m diamcter fixed pitch
propellers by means of a variable gear reduction unit.
The avionics and systems bay, located in the front
fusclage forward of the pallet area, is closed by means
of a large non structural panel with casily removable
latches for better maintainability and serviceability
When speaking about systems it is worth to bricfly
deal with the avionic system, the flight control system
and the clectric system.

The latter provides the total power generation by
mcans of two 6 KW starter generators, each driven
by one engine, and a rescrve battery in case of total
power gencration loss.

This solution has been preferred to the AC power




generation with TRU (Transformer Rectifier Unit) in
order to minimize total system weight and complexity.
The conceptual layout of this system is prescnted in
figure 6.2-1.

G tiie vuei hand the avionic system is compused by
the navigation and control, data link, satellite
communications and air data subsysiems.

As far as navigation and control subsystem is
concerned, it has to cope with the conditions of
autonomous and remotely controlled flight and is
composed by an inertial navigation unit, a GPS
(Global Positioning System) and a NAFCC
(Navigation And Flight Control Computer).
Considering the outstandingly flight time and the
absence of crew, the navigation and control system
requirements are really demanding in terms of
reliability and integration with the other systems, both
on board and on the ground.

The data link subsystem have to receive the input
from ground station for the remote flight control and
to transmit back all the flight parameters and the
payload data; thus also in this case a great integration
with the other systems is required.

The sketch of the avionic conceptual layout is
depicted in figure 6.2-2.

For what concerns the flight control system, as
anticipated in para 4.4 it has been conccived all
clectric in order to save total system weight and
complexity, taking into account its not particularly
demanding requitements in terms of power required
and speed of actuation.

Weights and dimensions of this configuration and its
three view are collected in table 6.2-3 and figure 6.2-4.

7. Ground support

The HALE-UMA system will be interfaced with two
ground based control stations, dedicated to the
payload and to the aircraft respectively and each one
with different functions:

- to perform the processing of the data coming from
sensors and to control the operations of the sensor
itself

- to monitor the mission also interfacing with air
traffic controllers, reprogramming the mission
itself when necessary and to pilot the aircraft
during the take-off and landing phases

For all the applications the ground station dedicated
to payload monitoring will be interfaced with the
appropriate central control station, both military or
civil depending on the application that will be the end
uscr of the data collected by the airplane during the
mission.

Owing to the peculiar characteristics of certain of the
roles envisaged it will also be extremely useful to
locate these ground stations in containers installed on
trucks to provide system mobility and fast
deployment.

8. Conclusions

The preliminary design studies here described have
verificd the  feasibility of HALE-UMA  aircraft
capable of {lying at altitudes up to 25 kilometres with
payload weight up to 1000 kilograms and loiter
duration from 1 to 2 days at a distance of almost 1000
kilometres from the main base.

It has also been demonstrated that such an aircraft
can be realized using technologies already affordable,
although exploited at their highest level, without a
huge investment in new rescarches that would
increase costs and time schedule.
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Avion de Transport Supersonique Futur :
un Défi Technologique pour le Vol Long Courrier

Future Supersonic Commercia! Transport Alrcraft :

A Technological Challenge for Long Haul Trafflc
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J-L. Gaivani
Aerospatiale, Aircraft Division
316 route de Bayonne, 31060 Toulouse Cedex 03, France

Abstract

Long haul traffic is a key sector that is
constantly increasing. Since Concorde entry
into service in 1976, it has iripled and will
again double hv the end of the century. There is
no doubt that this long haul traffic development
will create an increasing interest in high speed.
The entry into service of a HSCT will enable
flight time to be divided at least by 2 on these
long routes, and could capture 20% to 40% of the
long range market.

To face up this future air transport landscape
Aerospatiale, who jointly with  British
Acrospace has accumulated an unique experience
in high speed transport with the Concorde
programme , is studying 2 potential successor :
the Alliance project cruising at Mach 2.

Due to the significant progress in technology
already achieved or foreseen in the near future,
the entry into service of a second generation
supersonic transport can be envisaged as early
as 200S. The success of this project is strongly
linked to the capability of the aircraft and the
engine manufacturers to provide the appropriate

technology level to make the airplane
environmently acceptable and economically
attractive.

A significant effort in R & D is necessary to
make available the challenging technologies
new materials, aerodynamics, propulsion...

Considering the level of investment required and
the complexity of the problems to be solved, a
close collaboration involving indutrial partners
is necessa.y on a world wide basis.
This colilaboration has already  started.
Following a long experience of bilateral
cooperation, Aerospatiale and British Aerospace
joined again in 1990 to study together a second
generation supersonic aircraft around their
respective concepts (AST and Alliance). Both
artners are 8lso cooperating with DASA,

oeing, Mc Donnell Douglas, the Japanese

Industries, Alenia and upolev within an
International Study Group.

List of symbols

CD drag coefficient

MTOW maximum take-off weight

Cs Specific fuel consumption

1. Introduction

Concorde, en service régulier depuis plus de
quinze ans a désormais démontré la faisabilité
technique du transport commercial civil et ceci
en toute sécurité; ouvrant ainsi la voie i la
rochaine génération d'avion supersonique.

es progrés technologiques importants
réalisablec et la croissance du trafic long
courrier au début du 21deme sikcle, nous laisse
envisager la possibilité de lancer un nouvel
avion supersonique avec une entrée en service en
200s.

Toutefois, un effort important de recherche et de
développement est nécessaire afin de préparer
les technologies appropriées pour un tel projet.

Dans cette conférence, les perspectives d'un
transport supersonique de seconde génération
sont passées en revue. Cela inclut notamment le
marché potentiel, les principales contraintes de
définition et les études en cours a 1'Aerospatiale.
On rappellera les efforts de coopération en cours
entre les principaux constructeurs aéronautiques
mondiaux, en insistant sur la nécessité d'une
coopération internationale pour le succes d'un
tel projet.

2. L'acquis Concorde

Concorde reste le seul avion commercial
supersonique en service avjourd'hui.
Conjointement congus et produit par British
Aerospace et Aerospatiale pour la partie cellule,
Rolls Royce et Snecma pour les moteurs, il a
désormais démontré 1a faisabilité technique et 1a
capacité opérationnelle du vol commercial
supersonique.

La flotte Concorde, en service régulier sur 15
ans a accumulé plus de 160000 heures de vol en
opération sur plus de 200 aéroports. Ceci d'une
maniére totalement sure et compatible avec le
trafic subsonique et les contraintes
aéroportuaires (Fig.1).
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En plus de l'unique expérience pratique acquise
par les deux sociétés, Concorde a permis de
réaliser des avancées technologiques
importantes dont ont pu bénéficié les
programmes Airbus. Ainsi parmi les retombées,
on peut recenser :

- les commandes de vol électriques,

- le contrdle du centrage par transfert de

carburant,

- les lois complexes de pilotage,

- les freins carbone...

D’autres produits comme les avions subsoniques.
devraient tirer les bénéfices du saut
technologique réalisable grice au développement
d'un nouvel avion supersonique.

Presented at an AGARD Meeting on 'Recent Advances in Long Range and Long Endurance dperation of Aircraft. May 1993,




3-2

3. Le trafic long-courrier et le marché potentiel

Ce trafic a cru plus rapidement que l'ensembl- du
trafic aérien au cours des 20 dernidres années, et
tout conduit a penser que le besoin en échange
internationaux de biens et de person 1es ass irera
la poursuite de cette évolution (Fig.2)

EVOLUTION OF LONG RANGF " RAFFIC
AVAILABLE SEAT-KM (BILLIONS*

200 .
5 : I

figure 2

Les prévisions réalisées montrent qu'avec une
croissance de 5% le trafic long courrier devrait
étre multiplier par 2 entre 1990 et 2005 et par
5.5 entre 1990 et 2025, pour atteindre environ
400 millions de passagers par année (Fig.3).
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La croissance dev.ait &tre particulierement forte
pour les pays asiatiques 2 fort potentiel de
développement. Dont une conséquence est que
rés de 70% des vols long-courriers continueront
étre effectués sur des trajets essentiellement
océaniques. Ces routes étant fort bien adaptées
pour le vol supersonique (Fig.4).

LONG HAUL TRAFFIC IN 2025

figure 4

r

Sur ces routes, I'avion supersonique offrira une
réduction massive du temps de vol (50%) si l'on
compare aux avions subsoniques. Ce gsin en
temps n'étant que ‘aiblement affecté par le
nombre de M.ch de vol considéré (Fig. 5).
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Pour les routes dont une partie s'effectue au-
dessus des terres, on considére que le survol de
intevdit.

ces zones en supersonique restera
Malgré tout, sur ces routes les paliers
subsoniques ou les détours supersoniques

nécessaires en opération n'affecteront que peu le
gain en temps de vol comme l'illustre la figure
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La part du marché que pourra atteindre cet avion
dépend du niveau économique réalisable en
opération et du prix du billet. De nombreuses
études sont en cours dans le monde poutr
comprendre 1'élasticité du marché en fonction
des différentes catégories de passagers et de la
surcharge tarifaire appliquée.

En considérant les caractéristiques d'un ivion de
250 - 300 passagers volart A Mach 2, le marché
est estimé entre 500 et 1000 avions d'ici 2025
(Fig.7).

En compliément de cette rapide analyse du
marché, on peut envisager un effet "stimulus” du
a la réduction du temps de vol identique & c.iui
observé lors la mise en service de train & grande
vitesse. Cet effet pourrait accroitre la part du
marché de 'avion supersonique.
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pour lesquels les temps de dispersion sont
relativement longs (Fig.8).

4. Le supersonique et l'environnement

Tout en recherchant le succés commercial pour ce
programme, on doit porter une attention
particuliére aux contraintes liées 2
I'environnement. Ce qui signifie le respect de
toutes les réglementations en vigueur ou a veair
concernant le bang sonique, les émissions
moteur et e bruit autour des aéroports.

En projetant les progrés technologiques
réalisables d'ici la fin du siécle, il semble
possible de développer un avion qui n'aura pas
d'impact significatif sur I'environnement.

4.1 Le bang sonique

En croisiére supersonique, un avion produit une

onde de choc qui peut se propager au sol, et crée

une surpression qui peut sembler forte et génante
our 1'oreille humaine.

‘expérience Concorde a démontré que les

populations n'acceptent pas cette nuisance
sonore, et de fait le survol supersonique des
terres est interdit dans la plupart des pays.
Le fait de dessiner un avion économiquement
exploitable pour des niveaux de bang acceptable
n'est pas réalisable avec les standards
technologiques d’aujourd’hui. On considére donc
pour 'ensemble des études en cours aucun survol
supersonique des terres.

4.2 Les émissions moteur

Les quantités de gaz émises par les avions sont
faibles par rapport aux rejets humains ou
naturels, mais elles sont localisées en altitude et
concentrées prés des zones aéroportuaires.

Les résultats scientifiques montre que les
composés d'oxydes d'azote (NO, NO2 aussi
appelés NOx) joue un réle important dans la
chimie atmosphérique. Mais !l'impact des NOx
émis par une flotte d’avions supersoniques sur la
couche d'ozone est incertain et est le sujet
d'importantes recherches scientifiques i travers
le monde.

Cependant, il sera indispensable d'obtenir un
consensus international sur I'impact d'une flotte
supersonique avant de prendre la décision de
lancer le programme.

L'évolution technologique des moteurs montrent
que 1'on peut espérer une réduction importante du
niveaux de NOx émis par les moteurs, qui peut
atteindre 70%.

La sélection de l'installation motrice associé a
un choix approprié de l'iltitude de croisiére (17 -
19 km), 't du nombre de Mach, montre que I'avion
vole a2 des niveaux inférieurs a2 ceux ou l'on
trouve la plus forte concentration d'ozone et
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4.3 Le bniit avion / motewr

Le futur avion supersonique devra étre un bon
voisin autour des aéroports.

Si I'on regarde la décroissance continuelle avec
le temps des niveaux de bruit avion, un saut
technologique important est a réaliser pour
dessiner un avion qui ne fera pas plus de bruit
que les subsoniques de la méme génération. Il
opérera i partir des aéroports et des pistes
existants et ne devra pas excéder les niveaux de
bruit réglementaires imposés par la FAR 36
Stage 3 (Fig.9).
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Aujourd'hui de fortes pressions existent en
Europe pour abaisser encore plus ces limites de
bruit. Dans ce cas, des marges sont & prendre en
compte pour la conception de l'avion et du type
de moteur, de maniére 3 prévenir une éventuelle
modification de ces réglements.

Des technologies moteur trés poussées, comme
'utilisation de nouveaux concepts (moteur i
cycle variable) et des dispositifs d'éjecteurs sur
les tuyéres permettront de réduire la contribution
principale du bruit moteur qui résulte de la
vitesse d'éjection trés élevée caractéristiques des
moteurs supersoniques.

Cependant, du coté du constructeur les actions
entreprises pour améliorer 1'efficacité de la
celiule (aérodynamique, masses) ou des
modifications des procédures opérationeiles pour
les phases de vol 2 faible vitesse, montrent de
bons espoirs pour contribuer a la réduction
globale du bruit du couple avion / moteur.
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S. La configuration Alliance

Les résultats des études de marché, les premiers
contacts avec les compagnies aériennes et les
différentes contraintes nous ont conduit a retenir
une série d'hypothéses quant a la définition de la
configuration de base : Alliance.

5.1 Les objectifs d Alllance

Les objectifs d'Alliance sont résumés sur la
figure 10.

L'avion est prévu pour transporter 250 passagers
sur une distance de 10000 km, méme si la
mission comprend, au début et 3 la fin,
d'importants segments subsoniques.

Ainsi, le rayon d'action spécifique unitaire
(RASU) visé en subsonique, & Mach = 0,95, sera
voisin de celui obtenu en croisiére supersonique,
de fagon que cette partie du vol n'introduise pas
de pénalité sur la consommation en carburant.

Notons que de bonnes performances en
subsonique tendent également 2 réduire le niveau
de bruit de 1'avion 3 faible vitesse et la quantité
du carburant nécessaire pour les réserves.

L'aménagement en trois classes doit offrir un
confort pour le passager équivalent avx avions
subsoniques dont les durée de vol sont voisines.

Les raisons du choix du nombre de Mach = 2,05
sont les suivantes : obtenir une productivité de
1'avion suffisante sans accroitre de maniére trop
significative la complexité technologique, les
couts associés 2 un nombre de Mach plus élevé,
et I'impact des émissions sur la couche d'ozone.
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