v AD=A060 477  ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPMENT==ETC F/6 21/4

AIRCRAFT ENGINE FUTURE FUELS AND ENERGY CONSERVATION. (U)
SEP 78
UNCLASSIFIED AGARD-LS-96 N

- EEENAENEE
REEEEAEHAEHEREEN

C— p—




s
l2s fles mee




o

ADA060477

DDC FiLe copy

[
L

. P — : —
D\ 7N Y)Y
//(":v \ k i\ s / /C@V [] Li Jl | ./) >
, . J C )

- \\. \ \ > " \ —
C 9c_ 9\ 9C 5 H Y
ADVISORY GROUP FOR AEROSPACE RESEARCH & DEVELOPMENT

J RUE ANCELLE - 92200 NEUILLY SUR SEINE FRANCE

AGARD LECTURE SERIES No. %6

Aircraft Engine Future Fuels and
Energy Conservation

DDC
(RPN

[ DISTAIBUTION STATEMENT A |

Approved for public release;
Distributicn Unlimited

NORTH ATLANTIC TREATY ORGANIZATION

DISTRIBUTION AND AVAILABILITY
ON BACK COVER

78 10 80 140




AGARD—LS-96

NORTH ATLANTIC TREATY ORGANIZATION

ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPMENT

(ORGANISATION DU TRAITE DE L'ATLANTIQUE NORD) (

;\,Q‘]f‘

AIRCRAFT ENGINE FUTURE FUELS AND ENERGY CONSERVATION g
= =- = o - = a

 —

M) DDC

Ffﬂ[f(’“r;’ﬂrln
4 ocT 31 tams

U LJL‘:T]‘UE U W

The material in this publication was assembled to support a Lecture Series under the sponsorship of
the Propulsion and Energetics Panel and the Consultant and Exchange Programme of AGARD
presented on 16-17 October, 1978 in Miinich, Federal Republic of Germany, and 19-20 October, 1978
in London, UK. In addition, a one-day Round-Table Discussion was held in Paris, France on
13 October, 1978.

-€)
('-“

-

00 043




THE MISSION OF AGARD

The mission of AGARD is to bring together the leading personalities of the NATO nations in the fields of science

and technology relating to aerospace for the following purposes:

Exchanging of scientific and technical information;

Continuously stimulating advances in the acrospace sciences relevant to strengthening the common defence
posture,

Improving the co-operation among member nations in aerospace research and development;

Providing scientific and technical advice and assistance to the North Atlantic Military Committee in the field
of aerospace research and development;

Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations in
connection with research and development problems in the acrospace field;

Providing assistance to member nations for the purpose of increasing their scientific and technical potential;

Recommending effective ways for the member nations to use their research and development capabilities for
the common benefit of the NATO community.

The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior

representatives from each member nation. The mission of AGARD is carried out through the Panels which are
composed of experts appointed by the National Delegates, the Consultant and Exchange Programme and the Aerospace
Applications Studies Programme. The results of AGARD work are reported to the member nations and the NATO
Authorities through the AGARD series of publications of which this is one.

Participation in AGARD activities is by invitation only and is normally limited to citizens of the NATO nations.

The content of this publication has been reproduced
directly from material supplied by AGARD or the authors.

Published September 1978

Copyright © AGARD 1978
All Rights Reserved

ISBN 92-835-1297-9

&

Printed by Technical Editing and Reproduction Ltd
Harford House, 7 9 Charlotte St, London, WIP IHD

i




PREFACE

This AGARD Lecture Series No. 96 is sponsored by the Propulsion and Energetics
Panel of AGARD and is implemented by the Consultant and Exchange Poogramme.

Future fuel supplies for aviation is an important matter. If the world continues to
consume its petroieum resources at its current rate of consumption, it will essentially run
out of these resources by the turn of the century. The need for aircraft fuel conservation is
most urgent, if not mandatory, because the future of aviation as we know it today, is at
stake. This lecture series is designed to provide various interested members of NATO with
a better understanding of the problems facing the acrospace community and to provide
an opportunity to review and assess what steps can and are being taken to alleviate this
international problem.

Current and forecusted world energy demands, growth, and supply are reviewed in
perspective to the status and outlook for future aviation fuels to meet NATO needs. The
special problems associated with the refining of aviation fuels from lower quality
feedstocks (including fuel refined from coal, oil shale, and tar sands) and techniques for
reducing energy consumption in refining processes are examined. Special attention is given
to the chemistry and combustion characteristics of future hydrocarbon fuels and the impact
of using these fuels in aircraft engines and fuel systems. An assessment is made as to what
technology advancements are currently underway and what other advancements are needed
with reference to engine components, engine systems, aircraft designs and operational
procedures to help conserve fuel resources.
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INTRODUCTION AND OVERVIEW

Nelson F. Rekos
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, DC

For many years most of us in the aviation community felt that the conservation of
hydrocarbon fuels was someone else's problam not ours; after all the automobile and
industry in general were the prime users of petroleum-based fuels, not aircraft. But
now, we are rapidly approaching the day where the automobile manufacturers and industrial
communities will have done practically everything possible to conserve enerqy and we in
the aviation community will be asked what we have done to alleviate the energy problem.
From the statistics point of view we are now in a period of time that some consider as
a time of "plenty" and which might last to about the close of this century. We now no
longer measure our o0il resources in terma of centuries, but recognize that a time of
“famine" is rapidly approaching, Simply put, our demand for fuel is outstretching our
ability to supply fuel. Therefore, it appears that now is the time to take some appro-
priate actions and to profit from the early scriptures by making full use of this time
of "plenty" to prepare for the “"famine" of the future., Although none of our lecturers
profess to be like the prophets of old, I think you will agree with me that their
epistles make a great deal of sense and offer us some hope for the future.

The need for aircraft fuel conservation is extremely important, because the future
of aviation as we know it today is at stake. We also know that fuel conservation alone
will not be sufficient to maintain adequate fuel resources for aviation, particularly in
view of predicted aviation growth rates and the probable future petroleum supply aitua-
tion, not juat in regard to quantitiea and econamicsa, but also in regard to the nature
of the crude o0il itself. As our lecturers will point out, the general availability of
previously abundant high-grade crudes is decreasing and will probably continue to &acraa-e
as our search for oil expands to all corners of the earth. The lower grade crudes,
usually degraded by large concentrationa of aromatic hydrocarbon components, will have
the effect of reducing the fraction of the barrel (middle distillates) which is naturally
suited for jet fuels and which requires minimum processing to meet current fuel specifica-
tions. The demand by other users in the energy marketplace for these middle distillates
are also expected to increase in the future, further threatening the jet fuel supply
availability for aviation use. Therefore, in addition to fuel conservation, other
measures must be sought to assure a reasonable fuel supply for aviation use, These other
measures include the use of alternative fuel sources and the creation of a broader spec-
ification for jet aviation fuelsa.

The feasibility and practicality of possible jet fuela other than current specifica-
tion type hydrocarbon fuels has been studied by many investigatorsz. Methanol, methane,
hydrogen, and a range of kerosene-type hydrocarbons made from shale oil, coal, or tay
sands are some of the candidate alternate fuels that were studied., The studiesa indicated
that methanol, methane and hydrogen were not realistic or near-term solutions to the jet
fuels problem, although hydrogen was noted as particularly attractive for very long-term
potentials, beyond this century. The alternative fuels refined from shale oil, coal, and
tar sands appear to have the most potential in terms of availability for future energy
usera including aviation, since these fuel feedastocks are relatively plentiful and can be
made available in the near-term time period. These fuels, if they can be economically
produced without seriously impacting the environment, afford an opportunity to rvelieve
the present total dependence on petroleum as a fuel source,

These alternative fuels must also be compatible with present aircraft systems and
be able to be used without degrading performance or other desirvable operational character-
istica. To make these alternative future jet fuels economically acceptable, a broadev
or more permissive fuel specification than present ones will be required particularvly a
specification which can permit an optimal compromise between fuel refining requirements
and engine and fuel system compatibility requirements. More on this subject will be dis-
cuased by the other lecturers. It is very important to recognize that minimizing total
fuel and energy costs for future aircraft will necesaitate trades among refinery energy
and costs, aircraft fuel costa, and total energy conservation. The adaptation of a
broadened fuel specification to current petroleum fuels will relax the growing pinch on
petroleum basad fuel availability by increasing the fraction of the barrel which can be
used economically for jet fuels, and help provide the user with some relief, at least
until alternative fuel sources come on line in significant quantities,

During this Lecture Series, we will attempt to provide you with a better under-
standing of the energy problems facing the aviation community. Current and forecasted
world energy demanda, growth, and supply will be reviewed in perspective to the status
and outlook for future aviation fuels to meet NATO needs. The special problems associ-
ated with the refining of fuela from lower gquality feedstocks (including fuels refined
from coal, oil shale, and tar sands) and technigues for reducing energy consumption in
refining processes will be examined. The chemistry and combustion characteristics of
future hydrocarbon fuels and the impact of using these fuels in aivcraft engines and
afrcraft fuel systema will receive special attention. Finally, an assessment will be
made as to what technological advancements are currently underway and what other advance-
ments are needed with reference to engine components, engine systems, aivcraft designs
and operational procedures to help conserve airvcraft fuel resources and alleviate this
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international problem. The Lecture Series will be concluded with an Open Forum Round
Table Discussion, at which time, the lecturers, host country guest speakers, and the
general audience will have an opportunity to review the highlights of the Lecture Series

and discuss issues and concerns that may have been overlooked or not adequately covered
during the formal lectures.

In the short time we have for the Lecture Series, the presentations, by necessity,
are somewhat limited in scope and depth. However, I believe you will be able to find
sufficient references in the lecture notes to enable you to obtain a more comprehensive
in-depth treatment of the subject matter discussed in the lectures.
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FUTURE FUELS FOR AVIATION

by
J.J. Macfarlane
Senior Visiting Fellow
Department of Mechanical Engineering,
Imperial College of Science and Technology,
London S.W.7

SUMMARY

The historical background of the current aviation gas turbine fuel specification is described.
Current local supply difficulties are discussed in relation to crude oil availability and the pattern of
regional demand for petroleum products.

The consensus of expert opinion on the effects of predicted future petroleum resource availability
and of various trade and economic factors on future rates of production are described. Recent data on
the demand for petroleum products and the crucial importance of future demand control are discussed. The
prospects for petroleum based aviation fuel are evaluated. The long term sources of aviation fuel are
:scribed and the problem areas enumerated. The need for a research program on alternative fuels is

mons trated.

Previous work using model flames on the effects of fuel composition on rich flame chemistry is re-
viewed and the potential contribution of fundamental research in the altermative aviation fuels program
is outlined.

1.  INTRODUCTION

The motivaticn for this lecture derives from active concermn in the United States of America to se-
cure, for the medium and long term, specifications which will describe fuels for aero gas turbines engines
which can be derived more economically and in sufficient quantity from more restricted fossil fuel re-
sources and which will continue to permit satisfactory engine and aircraft operation.

An increase in research activity in this area, largely under N.A.S.A. sponsorship, was brought to
the author's attention (at that time, Head of Combustion and Instrumentation Technology Department at the
National Gas Turbine Establishment) in the Autumn of 1976, by various United Kingdom visitors to the U.S.A.
from Ministry of Defence (Procurement Executive) {MOD (PE)} and from Rclls-Royce Ltd.

At that time, relaxations to the present Jet A; specification (DERD 2494, AVTUR 50) were being can-
vassed, particularly with regard to aromatics content and freezing point temperatures, tc relieve short-
ages which were said to be occurring on the U.S. west coast due to reduced availability of suitable types
of crude oil. These relaxations could be expected to do little however to relieve the more severe short-
fall in jet fuel which was predicted for the medium to long term if expected increases in U.S. demand and
decreases in crude oil supplies were realized. The pattern of U.S. demand for refiied products was such
that any significant increase in the fraction of crude oil being used for jet fuel must imply the inclu-
sion of material from the diesel fuel range. The possibility that the resultant deterioration in iow
temperature properties might need to be alleviated by the inclusion of some gasoline fraction caused
particular concern in the U.K. since it raised important issues of aircraft fuel safety. Indeed, the
U.K. was active in fuel additive research, aimed at eliminating even the more restricted fuel safety
problems experienced with aviation kerosene - particularly those under aircraft crash conditions. The
inclusion of gasoline in the fuel would nullify the effects of such additives.

It was realized that the U.K. aero engine industry would have to pay close attention to these develop-
ments if it wished to remain competitive in U.S. markets. Further, while it could be argued that European
aviation fuel supplies were less likely to be constrained in this way in the short to medium term (5 to
10 years) the problem was Tikely to be encountered there also in the longer term (10 to 20 years).

In order to establish a U.K. view of the gmblems which might arise, a working party under the chair-
manship of the author was convened in March, 1977, comprising representatives of the airframe and engine
sides of MOD (PE) and of the U.K. aero engine industry. A working paper, discussin? the problem and its
implications and outlining a possible program of work required, was presented and discussed at a meeting
of the MOD (PE) Turbine Fuels Committee on the 27th April, 1977. The text of this paper, updated in the
light of comments received from members of the committee is being published (1). The reaction of this
committee to the paper was polarized, predictably enough, between the petroleum industry representatives,
anxious as always to obtain any relaxation of the fuel specification which would ease their supply problem
and the user side, covering both airframe and engine industry representatives anxious, if possible, to
maintain the status quo. In particular, after referring to the potentially high cost of programmes of
empirical engine development to cope with higher boiling range, high carbon/hydrogen ratio fuels, the
users wanted to know what was the likely extra cost of the alternative approach - of making increased
amounts of fuel to the present Jet A} specification by means of established refining techniques of conver-
sion and by hydrogenation. One oil company representative produced, on the spot, a ball park figure of a
5% increase in fuel costs. Subsequent to the above meeting, the N.A.S.A. sponsored activities have been
discussed in detail in several publications (2.3 for example) which have broadly confirmed the word-of-
mouth details on which these discussions were based.

It is evidently of some importanceto N.A.T.0. that the correct choice should be made on how,
collectively, the various member countries in the organization should proceed in this matter. The present
paper can probably best serve this end by making a detailed re-examination of the premises on which the
various arguments are based. This will cover (?) the consensus opinion on the future availability of

petroleum crude, (2; the pattern of demand for petroleum products prior to and since the 1973 crisis in
petroleum supply, (

) the constraints placed on member countries by their individual patterms of demand,




(4) the likely long term methods of aviation fuel production and thence, the most advisable interim pro-
cedure. While wishing to avoid encroaching on the areas covered by later speakers in the team, the
writer's past experience in certain basic areas of combustion research will be called upon, briefly, to
demons trate the constraints of combustion chemistry and fluid dynamics on chofce of fuel.

2. HISTORICAL BACKGROUND OF THE PRESENT AVIATION FUEL SPECIFICATIONS

The first Whittle gas turbine (4) used a combustor design based on the industrial fumace practise
then current. With increased operational safety in mind, the fuel chosen by Whittle for these first tests
was gas oil. When failure of the first combustor design led to experiments with designs using fuel
vapourizer tubes within the primary flame, a fuel with a somewhat lower boiling range - kerosine - was
substituted, This fuel was retained for the subsequent successful combustion system using pressure
atomizers.

For safety in home use, domestic kerosines have flash points above 100°F (37.8°C) and the marketing
practise has grown up of dual branding for domestic and aviation use. A specification fqr aviation kero-
sine - DERD 2282 (AVTUR, Jet A) was issued in 1951, Two important limits in this specification were a
maximum freezing point temperature of -4(°C and the control of carbon/hydrogen ratio by limiting the aro-
matic hydrocarbon content to 20% maximum, there belng then no suitable method in use in the refinery ;
laboratories for the direct measurement of carbon an hydmrn content of the fuel. Subsequent experience
of minimum aircraft fuel tank temperatures significantly below -4(PC in long flights at high altitude in
certain combinations of destination, season and weather conditions, led to the introduction of a -50°C
freezing point kerosine (DERD 2494, AVTUR 50, Jet Aj) in March 1957. The 20% aromatics limit was retained.
The lowering of freezing point was accogamed by a noteable reduction in final boiling point temperature
from about ga«?c for Jet A to around 250°C for Jet A).

To maintain common specifications, Working Party 15 of the Air Standardization Coordination Committee,
covering aviation fuels, lubricants and allied products was set up, with regular meetings of delegates
from U.S.A., Canada, New Zealand, Australia and U.K. Later, a similar N.A.T.0. body was set up, the
N.A.T.0. Military Agency for standardization - Aviation Fuels and Lubricants Working Party, with represen-
tatives from all member nations.

To cater for increased fuel availability in the event of war, a specification for a wide boiling range
fuel was agreed (DERD 2486, AVTAG, JP4). This had no lTower limit on flash point temperature (putting it
in the same category as gasoline under British law from the point of view of safety in handling), raised
the maximum permitted aromatics content to 25% and lowered freezing point to -58C. While all military
aircraft have to be cleared for operation on both fuels, regular routine use of the wide-cut fuel is
limited to the U.S. forces, other N.A.T.0, air forces and nearly all civil flying being based on Jet A.

3.  CRUDE OIL RESOQURCES, PRODUCTION AND CONSUMPTION
3.1 Sources of data

For the twenty-five years prior to the 1973 petroleum crisis, the most widely available, detailed
summary of fuel and ene statistics is undoubtedly the United Nations Statistical Yearbook (5). One
difficulty with this publication is that the volume dated for a particular year only becomes available to-
wards the end of the succeeding year and then only contains data up to the year prior to the nominal date
year. This leaves a gap of 2 to 3 years which, while it is not important when looking back over periods
of ten to twenty years of steady pm?nssion. is not adequate for rapidly changing situations such as the
one which we have experienced since 1973. This does remain the only publication covering statistics for
all members of N.A.T.0. The nine member countries who are also members of the E.E.C. are covered by the
Eurostat publications (6), which originally appeared quarterly and have more recently been published
monthly with data three months in arrears and with separate series of bulletins for hydrocarbons and for
solid fuels. The United States fuel scene used to be covered mainly by various commercial publications
but the Federal Emrgekgency now also publishes a monthly bulletin of statistics (7) with data three
months in arrears, problem with this latter is that, unlike the others (5, 6) which give data in met-
ric tonnes, the F.E.A. datais volumetric, the unit of volume being the United States Barrel. The density
changes (and apparent volume growth), which occur during normal refining to the wide ran?o of products now
available, make the data difficult to handle. The help of the Energy Attache, at the United States Embassy
in London, in overcoming this difficulty is gratefully acknowledged. Having evidently met with the same
problem himself, he had sought out and was able to pass on values of factors converting U.S, Barrels to
metric tonnes for a world average crude oi) and for average specimens of the four main types of major
refined products - Motor Gasoline, Jet Fuel, Distillate Fuel 011 and Residual Fuel 0il. These factors
came or!ginal\y from the Statistics Division of the British Petroleum Company, whose help is also gratefully
acknowledged, particularly for access to a copy of their 1976 Statistical Review of the World 0i1 Industry
(8). This review has been issued privately, annually since 1956, with data some 6 months in arrears.

Comparisons have been made between annual values of total yearly energy consumption derived from
detailed figures for the various fossil fuel categories in (6, 7) and values for the same total given in
the most recent U.N. statistical year book (1976) and agreement is very good. Where direct comparison is
possible, values in (8) are si iﬂcnntl{ higher than corresponding v:{ues in (6, 7) (e.9. up to +10% on
U.S. Natural Gas Consumption data and +10 to +13% on U.S. consumption of total petroleum products.

3.2 Crude ofl resources and production

During the twenty years prior to 1973, the world total consumption of crude oil increased at a fairly
steady rate of +7% per year, that is, effectively doubling every ten years. The discovery of fresh oil
reserves, although more erratic, also showed this average rate of increase so that, for this period, the
apparent life index (the ratio of proven resources to rate of production) was steady at about 30 years.




‘ A N.A.T.0. Long Term Scientific Study on military fuels was concluded in January, 1975, in the wake

\ of the 1973/74 oil crisis and its findings were hampered by the fact that the future behaviour of oil
demand, because of the effects of the major price change which had just occurred, was quite unpredictable.
Future demand level could be affected by adverse trade and by monetary policies. While future supplies
could be affected by possible conservation of resources by oil exporting countries by means of restric-
tion of resource development, a major uncertainty was the actual ultimate size of the total economically
recoverable resources (U).

=

Parent and Linden (9) in their empirical projection, used a resource base of 3000 x 109 U.S. Barrels,

deriving this from a summary report of the National Petroleum Council (U.S.A.) in December 1972. Using
an empirical equation, bz.*d on the assumption that annual rate of discovery of new resources will con-
tinue to grow exponentialiy, subject to the constraint of the fraction of ultimately recoverable oil yet
to be discovered, they deduced that reserves would reach a maximum by 1990 and that life index would then
decrease to a level of 12 years by the end of the century.

To demonstrate the effect of U, a second set of projections was produced, based on U = 4000 x \09
U.S. Barrels which showed that the date of maximum reserves was only postponed by about 5 years and the
life index by a similar increase. This treatment expected world energy demand to go on increasing at 5
to 6% per year and that crude oil demand would increase faster than this until met by resource limitations.

Probably the most authoritative more recent pronouncement on this subject is the report of the Work-
3 shop on Alternative Energy Strategies (W.A.E.S.) (10). This gives the consensus opinion of a team of

‘ thirty experts from fifteen industrialized coyntries, -et!n? at regular intervals over a period of more
than two years. This suggests that 2000 x 10° U.S. Barrels is the figure for U towards which geological
opinion is now converging, a figure which inclydes reserves in the communist countries. The report admits
a range of possible values of U from 1600 x IOU to 3000 x 10” and using a somewhat controversial figure
of 20% for percentage of reserves in the communist area, studies the effects of_ three levels of reserves
for W.0.C.A. (the World outside the communist area) of 1300, 1600 and 2400 x 10° U.S. Barrels.

On tne basis that it is impossible to produce at an annual rate of more than 10% of the primary re-

| coverable reserves without reducing the total amount eventually recovered, the minimum feasible life
! index is placed at 10 to 1. Since different oil discoveries are concurrently at different stages of their
| development, an ng?ngau figure of 15 to 1 for minimum life index is assumed. For 1975, the W.0.C.A.

cumulative production is 291 x 10° U.S. Barrels and the remaining proven resgrves 555 x 10° U.S. Barrels.
Two future rates of addition to reserves of oil are considered:- (a) 20 x 10”7 U,S. Barrels per year which
is coupled with high rates of economic growth and rising prices and (b) 10 x 10° U.S. Barrels per year,
L coupled with low rates of economic growth and substantially constant prices. The effects of the
o different,variables are summarized in Table 1. On the basis of a preferred value of U for W.0.C.A. of
1600 x 10° U.S. Barrels, it is shown that for case (a) above, with no artificial limitation of rate of
production, the latter would peak at some 86 x 1(P Barrels per day in 1997. With production limited by
0.P.E.C., the curve peaks at 71 x 10° Barrels per day in 1988 for a production limit of 45 x 10° Barrels
per day and at 5o x 100 Barrels per day in 1981 for a production limit of 33 x 106 Barrels per day. The
values for case (b) above are:- with no production timitation, a peak of 66 x 10b Barrels per day in 1993,
at 61 x 106 Barrels per day in 1989 for an 0.P.E.C. production limit of 40 x 10° Barrels per day and at
51 x 13 Barrels per day in 1983 for an 0.P.E.C. production limit of 33 x 106 Barrels per day. The
effects of these artificial limitations of production by 0.P.E.C. would be to slow down the decline in
011 supplies so that total production would remain above the 1975 level until 2027 AD for case (a) and
2013 AD for case (b). Finally, it is argued that if U for W.0.C.A. proves to be higher than the figure
of 1600 x 107 U.S. Barrels used for the above calculation, the effect would be more likely to extend the
oil ava;'ubility plateau into the 21st century rather than to increase oil production substantially
before 2000 AD.

3.3 The pattern of demand for petroleum products before and since 1973

The figure of 7% per year for the rate of increase in world demand for 0il in the two decades before
1973 is somewhat misleading. The situation is analysed in Table 2 which summarises consumption of total
energy and of the major types of fossi) fuels - petroleum, natural gas and coal during this period for
the whole world, for North America and for Westerm Europe (due to an accident of data availability, the
two decades used overlap by one year).

The latter both had similar steady rates of increase in total energy demand of just over 3% per year
for the whole period, compared with a value of 4.6% for the whole world. When this is broken down into
fuel types however, there are significant differences between the two regions. North America had a steady
rate of increase in demand for petroleum similar to the rate for total energy (+3.7% per year), with a
much slower increase in coal consumption and with an initially high rate of increase in natural gas con-
sumption, sTowing down in the second decade. By contrast, Western Europe was in a period of considerable
chan?. with a large rate of increase in petroleum consumption, slowing down in the second decade, a
falling rate of coal consumption and a rapidly expanding use of natural gas.

The major influence for change in the period following 1973 was a very rapid increase in the price of
crude oil to between three and four times its pre~1973 cost. A detailed summary of the effects of this
change on energy use in the E.E.C. countries and in the U.S.A. is stown in Table 3. For all of these
countries, there is a predictable reaction away from petroleum fuels, the data for 1974 and through 1975
showing a substantial decrease in petroleum consumption - 7% per year for the E.E.C. group and -3.3% per
year for the U.S.A. In 1976, with the notable exception of the U.K., there is a general swing upwards,
+8% for DBR and +7% for France and Italy among the major users. The U.S.A. figures show +8.8%. The U.K.
shows a further decrease of -13%. It was tempting to expect this general rise to herald a returm to the
historic, pre-1973 increment of +7% per year but the 1977 data soon dispelled this with the aggregate
E.E.C. figure decreasing by 3%. For 1977, the U.S.A. showed a continuing increase of +6.4%. Table 3
also lists consumption of natural gas, hard coal and other energy sources (electricity generation by
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geothermal, h{dro-electrtc and nuclear power installations) all in terms of millions of tonnes of oil
equivalent. In calculating the oil equivalent of these other energy sources, a generating efficiency of
35% was assumed for the supposed, substitute, oil-fired steam based system.

The behaviour of the total energy consumption figures over this period is much less dramatic. Most
of the individual countries show an overall incremental rate for total energy consumption of +1 to +1i!
per year, with a quite general small dip below this rising characteristic for 1975. The decrease in
European petroleum consumption has been replaced, largely by natural gas which, for the E.E.C. as a whole,
shows an increment, averaged over the period, of +8.8%. The additional factors in the U.K. have been the
availability of coal and the fact that many of the thermal power stations were designed to operate satis-
factorily, altermatively either on coal or on residuai fuel oil. The sharp increase in coal consumption
in 1975 reflects a return from oil firing to coal firing, as a matter of central policy, in many of these
power stations. The other major coal producing country in Europe - West Germany - has shown a continuing
decline in hard coal consumption (-2.6% per year for the period) while the production of brown coal (not
included in the Table 3 Summary) is also decreasing rapidly (-8.6% for 1977). There have been recent re-
ports of increased investment in West German coal mining however which should, in time, reverse these
trends.

3.4 Constraints imposed by differences in the pattern of demand for petroleum products in individual
countries Tt

Attention has already been drawn in the previous section to differences in the make-up of the total
energy package and differences in trends for individual fuels between the E.E.C. countries and the U.S.A.,
as evidenced by the data in Table 3. A further constraint is applied by the very substantial differences
in the ?attem of consumer demand for refined products. These differences are shown in Table 4 which gives
a detailed breakdown of refinery products for the year 1975 for the whole world, for the United States of
America, for the world other than the U.S.A. and for N.A.T.0. countries without the U.S.A. It should be
noted that the 1975 figure for weight of total products given in column 2 of Table 4 is substantially
smaller than the 1975 total products consumption figure in Table 3. The value in Table 4 is for petroleum
products actually refined in the U.S.A. The difference between the two totals reflects the very substan-
tial trade in imports of finished products in the U.S.A. The magnitude of trade, not only in crude oil
but in imports and exports of finished products to and from individual countries, is such that data ex-
pressed solely as production figures can give a misleading impression. Fur “%is reason, Table 3 is given
in terms of product consumption although this ignores the few percent of crudr oil represented by refinery
losses. These losses are expected normally not to exceed 5%.

If we turn now to Table 4, the last two columns show the breakdown of products typical of refineries
in Europe and the Middle East, with gasoline at 16 to 18% and a total kerosine fraction of about 7% which
is marketed in different ways following the pattern of local demand. Distillate fuel oil (including
diesel fuels) 1s about 25% and some 40% is used as residual fuel oil, the bulk of which will be burned in
beiler furnaces. The very small amounts of petroleum coke produced (about 0.2%) indicates the very limited
use make of thermal cracking.

In the U.S.A. on the other hand, something approaching 70% of the crude oil is used as fuel for trans-
portation of one form or another. Virious conversion techniques are used to maximise gasoline yield - the
production of coke approaching 4% suggests the extensive use of thermal cracking. Distillate fuel oi)
production is at a similar level to European practise but residual fuel oil is only just over 11%. The
U.S. pattern of product demand is still developing and changes in demand for the four major product types
for the period 1972 to 1977 are shown in Table 5. Gasoline demand shows an average annual rate of increase
of +2.4% and thus represents a decreasing fraction of the total crude (42.9% for 1977 as compared with 482
in 1972). Jet fuel shows a similar average annual increment (+2.8%) and again, as a percentage on crude,
the yield has decreased, from 7% to 6.4%. Distillate fuel oil shows only small annual fluctuations. The

major change has been in Residual fuel oil production, which have very nearly doubled over this short period.

Residual fuel oil is also the largest imported finished product.
4.  THE PROSPECTS FOR CONTROLLING CRUDE OIL DEMAND

The absolute availability of petroleum crude to meet at least the current rates of total products
demand would seem to be reasonably assured until the year 2025 or so. The W.A.E.S. predictions (14) on
which this optimistic-looking statement rests are based on a fairly conservative view of ultimate total
crude oil resources and it is also assumed that O.P.E.C. will take steps to limit production (such a pro-
posal was reported in the London Financial Times in May, 1978).

The question of future levels of demand for petroleum products, which, evidently, must qualify this
crude oil availability, requires some diplomacy in its discussion since there appear to be two quite
different sets of requirements within N.A.T.0. The E.E.C. countries have reduced their aggregate crude
01l intake by some 50 million tonnes per annum since 1973 and it is difficult to detect any positive
further trend in demand over the past three years. Since a major fraction (40%) of the E.E.C. crude oil
intake has bee used in the past as Residual fuel o0il, central government policy can fairly readily control
future demand for this product, for which there are alternative energy sources available - imported coal,
nuclear power and natural gas. The price mechanism will tend to reinforce this trend. These comments
apply to about one half of the N.A.T.0. total crude oil intake. There has also been plenty of evidence,
reported in the press, of major new investment in European refineries in new cracking plant. This suggests
that the oil companies expect the down turmn in Residual fuel o0il demand to be permanent, thus releasing
feedstock for conversion to lower boiling range premium products. This would tend co further reduce the
pressure of demand for crude.

The situation in the U.S.A. is rather different. The fact that the major part of the crude is refined
to produce fuels for piston engined transport means that demand for these is not so easily susceptible to
central government control. Due, in some measure, to a long standing cheap fuel policy (whereas European
gasoline has always had an increasingly high fiscal burden to carry) the U.S. automobile has developed to
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a typical engine capacity some four times as great as that of most European cars. European gasoline con-
sumption per mile is typically about 1/3rd of that of the average U.S. automobile but, even if legislation
is enacted limiting U.S. engine size thus cutting gasoline consumption to something approaching Eurcoean
levels, the effect of this would take about ten years to work through the system s?nce this is the repor-
ted life span of the average U.S. automobile.

The current demand for Residual fuel oil in the U.S.A. could be associated with temporary shortages
of other fuels, for example the shortage of natural gas as the result of the long argument over natural
gas pricing and distribution. The demand for residual fuel oil may be expected to subside when thesc |
anomalies are rectified. : i

5. THE PROSPECTS FOR PETROLEUM-BASED AVIATION FUEL '

Within the limits of present N.A.T.0. crude oil demands, there would appear to be significant amounts
of kerosine fraction available in the European refineries although some of it may not be suitable for pro-
ducing fuel to the present Jet Al specification without further refinery treatment.

There are three aspects of the present Jet Al specifications which need to be considered separately:-

! (1) the desirability of keeping within the kerosine boiling range
{ 22; the extent to which present limits of carbon/hydrogen ratio might be relaxed
3) the practicability, in aircraft operating terms, of relaxing the Jet Al freezing point specification.

{ The question of the degree of fuel volatility required and the effects of carbon/hydrogen ratio in ato-
mized spray flames have only been tackled on an empirical basis and fundamental information is lacking.

It is tempting to argue that the weaker premixed primary zones of the latest generation of low emissions
combustor designs will have a beneficial effect here and permit more difficult fuels to be burmed cleanly.
This ignores the possible importance of a rich primary zone in confering operational flexibility, particu- |
larly in military aircraft. Recent thinking (11) suggests that in primary zones stabilized by air jet |
entrainment, it is the entrainment appetite of the jets which actually control the quantity of air which |
is fed into the primary zone reversal. This flow is smaller and the resultant mixture strength in the
extreme upstream region of the flame is in fact much richer than is commonly assumed. This would explain
the excellent operational stability of such flames under such conditions as slam decelleration where
transient flow conditions (11) could produce (as a step change) a two to one reduction in mixture strength. 3
For a premixed, well-stirred, primary zone designed for normal operation at mixture strengths on the weak !
side of stoichiometric (i.e. of the type being considered for low emissions corrbustors)&this could produce
e a transient mixture strength beyond the weak Timit for premixed kerosine/air systems (¢* = 0.45).

The background of basic research in high pressure hydrocarbon/air flames is discussed in more detail
in the succeeding lecture. It is sufficient to note here that the existing published information was con-
cerned initially with pure hydrocarbons covering a range of carbon/hydrogen ratios and later with aviation
kerosine to the Jet Al specification. The work needs extending to higher boiling range, higher carbon/
hydrogen ratio liquid fuels.

The discussions reported in (1) concluded that apart from the combustion considerations just described,
increase in fuel boiling point temperature and in carbon/hydrogen ratio were also likely to have adverse
P effects in the engine control system. It was argued that the third important property, freezing point
temperature, was of most concerm to the aircraft fuel system. Possible techniques for accomodating higher
freezing points fuels are discussed in (12).

Summarizing then, while there are local supply difficulties at the moment, generated by the more
restricted and less suitable range of crude oils which now have to be used, it should be possible to con-
tinue using aviation fuel based on straight-run kerosine, for the short term (5 years). Beyond this, a
good deal depends on the direction taken by energy demand control policies. The U.S.A. is the major fuel
user here and while the future demand situation for the other N.A.T.0. countries looks much less proble- :
matic, failure to control U.S. demand development could manufacture a future problem for the rest. The E
N.A.S.A. move to undertake gas turbire and aircraft rescarch and development on the effects of broadening
the aviation fuel specification is welcome, both in its own context and also for the 'spin-off' which is
likely to occur for diesel fuelled marine and land-based gas turbine engines.

It is important however to bear in mind the likely cost of modifying engines and aircraft (and re-
trospectively at that for the large existing civil fleet) to accomodate the effects of major changes in
fuel specification. This will have to be compared with realistic estimates of the cost of increasing
aviation fuel yield by using the wide range of conversion techniques already available in the refinery.
The other factor which needs to be considered in aiming this R and D program correctly is what kind of
fuel, with what combustion properties, must we be able to use in the long-term future when petroieum
resources are exhausted.

6. LONG-TERM SOURCES OF AVIATION FUEL

Liquid hydrocarbons might be regarded as a very convenient and reasonably safe way of carrying,
storing and using hydrogen. In recent years, a great deal has been written concerning liquified hydrogen
as an aircraft fuel for the future. While the properties of hydrogen makes its combustion relatively
straight-forward and free from problems, the effect of the low liquid density is such as to require a

fuel/air ratio of mixture
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somewhat differently proportioned aircraft from the familiar hydrocarbon fuelled ones and of much larger
size for a given duty. The very wide stable buming range and high heat of combustion which make hydro-
gen attractive as a fuel would also magnify aircraft safety problems to frightening proportions and it is
not proposed to deal any further with this option in the present text.

All of the sources of fossil carbon altemative to petroleum require thermal degradation and hydro-
genation to produce an acceptable aircraft fuel. The fossil fuels concerned are tar sands, shale oil and
coal and the author is indebted to a source of expert information in organic geo-chemistry (13) for the
following treatment of the first two of these.

Tar sands consist of a mixture containing 16 to 20% oil, the remainder being rock and sand. The oil ‘i
is very different from petroleum, being much heavier because the original geological containment has |
reached the earth's surface and all of the lighter hydrocarbon fract?ons have evaporated. The problems
involved are almost entirely in recovery of the oil, which can be by heating or by solvent extraction.

The extracted material has an empirical formula of about CHy 5 and approximates in properties to a petro-
leum atmospheric residue. A previous N.A.T.0. study put the proven and probable reserves of tar sands

(in Canada) at between 15 apd 30 x 10° U.S. Barrels of oil equivalent. The projected resources were put
at between 700 and 800 x 10¥ U.S. Barrels of oil equivalent although 90% of this lies too deep for surface
mining.

The largest known deposit of shale oil is at Green River in Colorado, U.S.A. with other significant
amounts also in Brazil, Canada, Burma, U.S.S.R. and China (10). Projected resources are 1800 x 10° U.S.
Barrels of oil equivalent although only some 6% of this is accessible and sufficiently concentrated (seams
over 9m thick and yielding at least 136 litres of oil per tonne of rock) (10) to be commercially attractive.
The shale oil (kerogen) has properties which place its behaviour somewhere intermediate between petroleum
and coal, its hydrogen content being about 9% by weight, compared with about 5% for coal and 13 to 15%
for petroleum. Chemically, kerogen is more saturated than coal, being partly aromatized and oxygenated,
with bonding to inorganic carbonates (in the rock) by long chain acid groups. The hydrocarbon has to be
released from these by pyrolysis.

Both of the above materials have question marks hanging over them regarding accessibility and diffi-
culty of recovery. The most plentiful and accessible other fossil fuel available to N.A.T.0. is coal.
Coal reserves have been classified into categories representing reserves known from existing mining
exploration, reserves inferred from what is known of the less well explored structure around existing
mines and other probable reserves, the magnitude of which is less accurately established by other means.
The numbers quoted over the past seventy years have shown considerable fluctuations, depending on the
energy economy climate of the time. The figures quoted in Table 6 are taken from (5) and are intended to
show total probable reserves. Also shown are values from the same source for crude petroleum and natural
gas. The total N.A.T.0. reserves of hard coal, converted in heat energy terms to oil equivalent and
expressed in U.S. Barrels amounts to 14 x 1012 Barrels, which is about ten times the probable remaining
world reserves of crude petroleum.

The question of converting coal into liquid hydrocarbon fuel hinges on how this might be done and
at what rate of conversion - how much oil from how much coal? There are, broadly, two types of process
for doing this. In one of them, typified by (14), the coal is gasified with added oxygen and steam to
give a mixture of the approximate composition (CO + 2Hp). This is then reacted over a catalyst to elimi-
nate one molecule of water per molecule of CO, with the formation of a (paraffinic) hydrocarbon struc-
ture (CHp),. The data for this process, given in (14), amount to a yield of 1 tonne of hydrocarbon
product yrom 7 tonnes of coal input, the product being a range of materials from light hydrocarbon gases
up to fuel oil. An altemative procedure involves treatment of the coal with a liquid solvent and sub-
sequent thermal cracking and hydrogenation of the extract. Such a process, based on the earlier work of
Berguis, is described in (15). This again places coal requirement at a very similar level - about 6
tonnes per tonne of hydrocarbon product. There is a good deal of research activity now in progress, par- |
ticularly on the solvent extraction process, both in the U.S.A. and in Europe, most of the published ]
papers coming from the U.S.A. Typical of the latter is (16) which contains papers first presented at the
172 nd National Meeting of the American Chemical Society and deals with all aspects of the process.

el e s

Solvent refining of coal is now achieving very high rates of extraction (90% has been mentioned). |
Single droplet combustion experiments have been described (17), using a range of extracts produced by the |
British National Coal Board. The combustion behaviour of these extracts, a pre-ignition induction period |
followed by a short period of a burning of yolatile material and then a final perfod of burn-out of the {
carbonaceous char which is formed, has many similarities with the burmming of droplets of heavy residual ]
fuel oil containing quantities of asphaltenes. The residence times required for the complete burn-out |
of the solid residues of such particles are at least ten times as long as the residence times of typical |
present-day gas turbine combustors. Cracking and hydrogenation of the solvent extract are therefore re-
quired to give a fuel closer to the type of composition currently used, in order to avoid the formation
of large solid particulate residues.

Unlike petroleum based fuels, coal extract derivatives are usually composed of rin? compounds and
the fully hydrogenated refined products of thermal cracking are essentially saturated bicyclic and
tricyclic hydrocarbons. There is a good deal of experience in the combustion of hydrogenated napthalenes
in some early British gas turbine engines in the 1950s, At the low maximum cycle pressures then used
(1ess than 8 bars), decahydronaphthalene could be bumed quite cleanly and satisfactorily, but tetrahydro-
naphthalene gave heavy carbon formation. The effects of the increases in maximum cycle pressure and
combus tor inlet temperature which have taken place since this early work require experimental examination,
particularly to look at the effects of extent of hydrogenation in more detail.

There remains however a potentially serious coal supply problem. The figures of six or seven tonnes
of coal per tonne of hydrocarbon product cited above will contain the coal requirements of hydrogen
production reactions (presumably the reaction of coal with steam would also be used to provide hydrogen
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for the solvent extraction route). They will also contain omrg* losses from the system during process-
tn?. More recently developments in this field have been naturally reticent (from a commercial security
nt of view) about process efficiencies and yields.

It is possible to take a very parochial view of the problem and to consider these processes simply
as sources of aviation fuel. In this case, the size of the coal input and the industrial investment re-
quired are still large, but are of mnaguble proportions. This is an unrealistic view however and coal

liquifaction s certain to be evaluated as an eventual replacement for the whole of the demand for premium

distillate petroleum products. With the U.S.A. demand for these now running at about 500 x 10P tonnes
per year, there would be a potential coal requirement of 3000 x 10° tonnes per year, even with hydrocar-
bon demand held at its present level, If this were in addition to the existing coal demand for other
users (currently upwards of 550 x 106 tonnes per year), this would present a formidable task to the U.S.
mining industry. Proportionally similar arguments apply to West Germany and the United Kingdom, both of
whom have established coal mining industries. In both of these countries however, the coal is for the
most part deep-mined and this sort of increase in extraction rate may well be impossible. There would
still remain the requirements of the other N.A.T.0. countries who have little or no coal Jdeposits of
their own and who are now dependent on petroleum.

An important factor in these processes is a supply of hydrogen and a considerable reduction in coal
requirement could be brought about by the provision of an extemal source of hydrogen, not dependent on
carbonaceous fossil fuels. We can evaluate the magnitude of this hydrogen requirement approximately, as
follows:- Table 5.44 of (18) 1ists nine coals with Nationai Coal Board gasstﬂcut\on numbers between
400 and 900, covering high volatile coking coals and general purpose coals. The average dry, mineral-
free composition of these coals contains 84.4% carbon and 5.3% hydrogen by weight, giving an empirical
formula of CHy the batance of the elemental composition analysis comprising sulphur, nitrogen and

g‘ Tak!ng &cahydronaphtha\em empirical formula CHy g as tygﬂying the desired end product, the
ba unre of hydrogen required per gram atomic weight of camon (12.0
giving 15.188 grams of fully hydrogenated end product,

grams) is 1.0584 grams of hydrogen,

Reference (19) gives the electrochemical equivalent of hydrogen as 26.59256 amperes per gram at an
electrode voltage of 2.419 volts, ?ivh\g a power requirement of 64.327 watt hours per gram of hydrogen
produced. This assumes an electrolysis efficiency of 1003 and 95% has already been achieved using
special electrolytes.

These two numbers combine to give a power requirement of 4.48 MN hours per tonne of fully hydro-
genated liquid product. Thus, for the United Kingdom, with a present consumption of premium refined dis-
tillate products of about 50 x 1(P tonnes per year, mplacm? this by fully hydrogenated coal extract
using an_extemal source of hydrogen by electrolysis to provide the added hydrogen would require some
224 x 10 MW hours for hydrogen production. This is very close to the present United Kingdom annual rate
of electricity generation. For ?975 this was 272.2 x 10P MW hours (5) from a total installed capacity
(public utility plus privately owned generators) of 78.911 GN (5). Tis gives an apparent plant utiliza-
tion factor of 39.3% although this ignores ?enernung plant availability which is usually taken to be
in the region of 70 to 75% giving thus a utilization factor of about 55%. It is tempting to imagine
the present fossil fuel fired generating plant beina replaced over the next half-century entirely by
nuclear plant based on fast breeder reactors and achieving a maximum utilization factor by generating
hydrogen whenever the power demand curve permits.

Even if the environmental issues involved could somehow be circumvented and even give full backing
by the government of the day, this would seem to be an impossible target to achieve by 2025 A.D., and
no doubt very similar arguments apply to the situation in the U.S.A. and West Germany. Even this argu-
ment is based on spinning out the available world oil resources (WOAC) until 2025 A.D. or so, which is
probably an extremely optimistic view to take. This treatment of the problem has been based on a
severely simplified view of the future situation and in the event, the slope of demand and supply curves
and the inter-relationships between the quantities involved will be much more complex. It should serve
however to give us an idea of the magnitude of the task. We would seem to be faced with an unavoidable
need for husbanding of fuel resources and the elimination of the less necessary uses of petroleum.

7. CONCLUSIONS

Addressing these strictly to the problem in hand, the future supplies of aviation fuels, we are
driven to the following conclustons:-

(1) Collaborative effort among the N.A.T.0. countries could ease the current local U.S.A, problems in
the supply of Jet Al fuel.

(;) The cmtml\in? factor in synthesising aviation fuel, whether in the short to medium term by conver-
fon of Mg\er boiling petroleum distillates or in the longer term from other fossil fuel sources, is
ke\y to be hydrogen availability.

(3) There seems to be no reasonable way in which synthetic fuel supplies adequate to meet longer term
future demands at even a modest rate of annual increment, can be produced to cover the whole transport
fuels area. Stricter control of supplies and elimination of the less essential needs are therefore un-
avoidable.

(4) U.S. petroleum demand is still growing at a much fas or rate than that of other N.A.T.0. countries
and control of this at an early date is essential.

(5) The most positive contribution which combustion research can make towards the future hydrogen require-

ment is to spell out, clearly, the relationships between hydrocarbon properties (composition, type, and
volatility), flame behaviour and combustor operational performance. It will not be good enough to do
this only by means of the older cut and try empirical techniques. A fundamental understanding of the
interaction of fuel chemistry, flame chemistry and fluid dynamics of the combustion process is essential.

|
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TABLE |
Predictions of World Oil Maximum Production Rates*
Preferred value of total economically recoversble reserves :- i
1600 « lo‘ Barrels 4
Cave (a) Case (b i
| Rate of addition to reserves 9 9 :
# in Barrels/year 20 x 10 10 x 10 £
Maxtmum rates of production
in Barvels/day
(1) with no limitation of 6 § 4
production by 0.P.E.C. 8 x 10 66 x 10
| in 1997 in 1993
i (2) with limitation of
j production by 0.P.E.C. to:-
| 45 x 10° Barrels/day n x et
l in 1988
i wxw® - " 6 x10* 1n 9e
npat v e 56 x 10° 810 e
in 198)
Rate of production {n 1978 o et et
Date of decline of production
to the 1978 valwe
(1) with no O.P.E.C. production
Hait 200 2008 ‘
(2) with 0.P.E.C. Mait of:- |
a8 x 10° Barvels/day 2019 '
40 x lo‘ » 9 2007
wawd v 2027 2013

.rr- reference 10, Data excludes commmist areas

TABLE 2

Energy Consumption before the Oil Crisis. 10* Tonnes of Oil Equivalent
Data Based on United Nations Yearbooks for 1965, 1970 & 1976

Total Oecennial | Coal Decennial J§ Crude ODecenntal | Natural | Decenntal || Nydro M
Energy Annr and Avour Petroleum Anur Gas Avera and
Awnua Lignite | Avnua Annua Avnua Nuclear
Increment Increment Increment Increment || Electricity
WORLD
1986 | 238 LK1} 720 300 45
1968 3654 878 134 653 LX)
1966 | 887 N 1606 .08 1482 o m N 90
1978 s600 “an 8% 1.5 2408 w. N AAL K] .8 158
NORTH AMERICA
1956 1001 309 47 266 26
1965 | 1388 m 887 460 Ly
1966 | 43 an 20 0. (1] Qan 498 “.0n [N
1975 1803 2N R .00 807 Qan 8§82 e J L) |
NESTERN EUROPE
1956 (L] o no 5.6 W)
1965 m » e 9.6 7
1966 58 0 MO 1% L 412 6% 2 152 A\
9% e 1.5 258 BRI | § 562 o 164 Q0 a




TABLE 3

Energy Consumption for EEC Countries and the USA for the Period 1972 to 1977.
10° Tonnes of Qil Equivalent

197 verage c
1 1972 | 1973 1974 1975 1976 W7 cremnt 1977
EUR-9 Petroleum Products  449.56 | 482.50 | 511.52 | 476.81 | 443.38 |(468.41 |454.76 - 1.2% per year
Natural Gas 78.06 | 100.42 | 115.14 [ 131.35 | 138,98 [149.66 [153.40 +8.8y * *
Hard Coal 216.11 | 193.58 | 197.15 | 206.67 | 194.85 [201.56 [198.90 +0.5%5 * *
Other 38.41 [ 41,64 [ 41.43 | 46.59 | 52.48 | 53.49 [ 56.53 +6.31 *
Tota) 782.14 | 818.14 | 865.24 | 861.42 | 829.69 |873.12 |863.59 sl & ®
D8R Petroleum Products  120.83 | 128.20 | 136.88 | 122.49 | 117,77 [127.42 |124.75 - 0.5y * *
Natural Gas 16.70 | 21.55 | 26.82 | 32.47 | 34.21 | 35.84 | 38.35 228
Hard Coal 73.04 | 67.31 | 65.03 | 68.80 | 57.30 | 59.80 | %9.10 -2.68 * ¢
Other 4.88 | _5.61 6.70 1.3 9.46 9.41 [ 13.15 +18.65 * ¢
Total 21545 | 222.67 | 235.43 | 231.13 | 218.74 |232.47 |235.35 +1.18 ¢ *
France Petroleum Products 90.00 | 99.47 1 111.19 | 105.48 | 97.24 [103.94 | 98.67 - 0.2y " *
Natural Gas 9.69 | 11.48 | 13.46 | 14.05 | 15.67 | 16.84 | 18.47 08
Hard Coal 30.14 | 26.56 | 25.82 | 28.09 | 26.17 | 29.95 | 28.90 ey e
Other 14.12 ] 15.34 | 1501 | 17.39 | 19.44 | 16.01 | 23.40 +8.8y * *
Total 143.9€ | 152.85 | 165.58 | 165.01 | 158.52 |166.74 |168.94 ‘208 * "
Italy Petroleum Products 77.96 | 83.12 | 88.87 | 88.69 | 82.46 | 88.38 | 82.50 <00y * *
Natural Gas 10.79 | 12.48 | 14.15 [ 15.88 | 18.16 | 21.98 [ 19.12 + 897 * ¢
Hard Coal 8.25 7.96 8.05 9.35 8.72 8.62 8.48 +1.3 -
Other 1N.31 [ 12,02 | 10.99 | M2 [ 12.00 | 11.65 | 11.96 ~ 0% *
Total 108.31 | 115.58 | 122.06 | 125.04 | 121.34 (130.63 [122.06 s » o
Netherlands | Petroleum Products 22.89 | 24.81 | 25.38 | 22.19 | 20.60 | 24.43 | 22.83 1.6y * *
Natural Gas 19.85 | 25.69 ; 28.36 | 30.44 | 31.24 | 32.65 | 33.20 +5.3 *
Hard Coal 3.94 2.97 2.90 3.18 2.1 3.30 3.3 +2.9 * v
Other 0.10 0.08 0.27 0.8 0.82 0.95 0.91 %3
Total 4.78 | 5355 | 56.91 | ©6. 5543 | 61.33 |60.26 +2.48 ° °®
Belgium and | Petroleum Products ZC.;I zg.g 27.;; 24.;; z:.g zg.g z:.gg -‘!‘W.. ""‘-.
Luxesbou Natural Gas 4.70 . o5 8. ‘ . . + 8. "
- Hard Coal 11.07 8.65 | 11.33 | 12.43 9.24 1“4 ”3 sig = o
Other 0.04 0.15 0.47 0.21 1.90 | 2.68 | 3.2 N
Total I | W7 | TAI | .01 | 45.50 | 45.22 L0 v &
1ted Petroleum Products 91.54 | 97.81 | 99.40 [ 93.59 | 82.91 [ 81.65 | 81.99 -3.5¢8 * ¢
1ngdom Natural Gas 16.32 | 23.16 | 25.01 | 29.89 | 31.24 | 33.30 | 35.33 +8.8¢y * "
Hard Coal 87.67 | 75.66 | 81.19 | 81.82 | 87.48 | 8.60 | 84.99 c2.48 ¢
Other 7.83 8.28 8.00 9.44 8.67 | 10.4 | nN.n +6.08 "
Total 203.36 | 204.91 ’ : . 2.8 |73 +0.8y " *
1reland Petroleum Products “n 4.85 5.42 5.1 4.91 5.06 | (5.06) +0.9% " "
Natural Gas - - - - - - - -
Hard Coal 0.74 0.63 0.60 0.62 0.4 0.40 0.58 - 168 * *
Other 0.13 0.16 0.19 0.25 0.18 0.22 0.25 +9.31 .
Total 5.59 5.64 6.21 5.98 5.50 5.68 5.89 +098 % "
nmark Petroleum Products 17.30 | 18.15 | 17.05 | 15.10 | 15.08 | 15.91 | 15.40 -3 *
Natural Gas - - - - - - - -
Hard Coal 1.27 1.29 2.22 2.43 2.76 2.mn 3.89 sy o @
Total 18.57 | 19.44 | 19.27 | 17.53 | 17.84 | 18.68 | 19.29 -0,28 * ®
ited States | Petroleum Products 686.20 |730.69 | 699.35 | 683.71 | 743.99 | 791.79 +2.9% * ¢
f America Natural Gas 536.46 |535.17 | 515.12 | 474.22 | 481.46 | 466.99 = PLYE W .
Hard Coal 331.92 (356.69 | 354.45 | 353.27 | 380.22 | 393.47 4358
Other 80.84 | 87.89 | 102.64 | 116.96 | 117.62 |116.55 «76% *
Total 1635.42 1710.44 [1671.56 [1628.16 [1723.29 [1768.80 + 18 = o
otal Energy data from U.S. Statistical Yearbook 1976
DBR 235.76 | 255.27 | 250.29 | 231.34
France 153.35 | 163.51 | 160.03 | 146.22
Italy 112.05 | 118.15 [ 119.18 | 117.66
Netherlands 51.39 | 56.09 | 55.21 | 55.27
Belgium & Luxembourg 44,18 | 46.83 48.32 42.17
United Kingdom 209.55 | 218.29 | 212.45 | 206.73
Ireland 6.99 7.00 6.87 6.78
Denmark 19.70 | 19.39 | 17.58 | 18.66
United States of America N699.36 [1729.42 [1679.45 |1644.69

Note:

Other = Electricity Generation by Hydro-electric, geothermal and nuclear power.

i Ay 1 g e i —




TABLE 4

1975 Detailed Breakdown of Refinery Products

e g
hrld. United World other NATO other
States than United than United
States States

r.~ B SEEE -«r«--—v-f - —— e — -

Nt Total Products |2088.83 | 602 .80 1486 .03 §73.61

(10 Metric Tonnes)

1 LPG 2.4 1.62 2.20 1.98 |
1 Naphtha 2.0 0.82 o s H
% Motor Gasoline M9 | 9 15.96 8.4
% Kerosine 2.9 1.9 3.60 (R

$ Mite Spirit 0.10 - 0.1 0.20

1 Aviation Kero- o (%, ] 3.9 328

Sine (Jet Fuel)

 Distillate F.0. 2.0 n.n 23.08 26.68 |
1 Residual F.0. M4 n.% 43.67 .98 }
1 Lubricants 1.07 .M 0.9% 0.90

B4 tumen 2.94 3.9 2.8 FNH

 Vax 0.0 0.12 0.08 0.08 i

% Liguid Bitumen 0.0 0.2 0.04 0.08 I

A Coke . 3.89 0.20 0.18

‘Exclwding China and USSR

L TABLE §

Changes in US Domestic Production and Demand for the Four
Major Types of Petroleum Product for the Period 1972 to 1977

wn (LIA] 194 | 98 " wn

Wtor Gatolim
Gomestic Production W. tonnes 271,31 [201.93 274,63 |201.55 [295.37 [300.79
1 of crude @Wor | & | ou| s |an

Tota! Consumption \0. tonnes 5.4 [208.28 | 202.37 |268.33 |301.4\ [3N0.08
1 {ncrement - “n 28| % .8 an

Jut Fuel
Domestic Production 10° tonnes | 39.64 [ 40.20 | 9.12] e0.7 | 4296 | 4500

% of crude 7.0% T.08 on [N} 6.6 [N}
Tota! Consumption 10° tonnes | 48.90 | 4956 | 46.78| a6.00 | .01 | 0.8

% increment - AN | 78| 028 | -0 | 808
it 1 ol

Domestic Production 10° tonnes [127.99 19724 (12984112911 | 142,30 |69 ¢
Sof crude | 22.7% | 22,8 | 22.2%| 1.7 | 2200 | R2.BN

Total Consumption 10° tonnes W77 (180,48 1434713878 (182,30 |ver.m®
% increment . WAY | A A | el | e

AL\ o

Domestic Production 10° tonnes | 43.83 $2.90 | 5829 67,28 | SO0 o.02"
% of crude n A8 | 1008 N | e | 3

Total Consumption 10° tonnes 137,78 (183,74 [ 143,77 10413 [ 181,78 | 166.08
1 increment - 16N | 658 6.0 [0 | W

* Average annual increment for the period for domestic Revidual Fuel 011
Production « \7%
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TABLE 6
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NATO Fossil Fuel Reserves —~ 1975 (Data from Reference 5)

! }
| ko ’
Metric Tonnes 2:;:"' lc‘:?:l =

Hard Coal | Lignite | [0pel: |10 M- Tomnes ,
Belgium and ‘ :

Luxembourg 0.25 - - - !

Canada 97.0 n.7 1.61 0.9

Denmark = 0.02 0.05 - )

! France 1.38 0.03 0.13 - I
; Germany (DBR) 230.0 §5.9 0.31 0.07 )
l Greece - 1.6 0.n 0.08 |

Ireland 0.05 - - =

' Italy - 0.1 0.21 0.09 i
Netherlands 3.7 - 1.85 - E

Norway 0.15 - 0.57 0.81 t

Portugal - 0.03 - - !'

: Turkey 1.29 6.0 - - l
i United Kingdom | 162.8 = 0.82 1.3 :
United States | 2286.0 | 638.0 6.46 4.4 &

Total 2783.0 714.0 12.0 7.65 ]
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SUMMARY

Demand for aviation fuel in the period before the 1973 crisis was groving rapidly with the rapid
grovth of international and national high speed communications. It is therefore important to consider not
only the situation in the period immediately after that crisis, but also the expected developments for the
future. In this paper, developments in the potential future availability of aviation fuels from petroleum
crude oils, shale oils and coal are reviewed on the basis of published data. Much of the data have been
derived from statistics of the Organisation for Economic Co-operation and Development (OECD) and the Workshop
on Alternative Energy Strategies (WAES). 1In all of the data billion is taken as 109.

!, MARKET TRENDS

In recent years there have been many analyses of the utihbiut,y of fuels for aviation and just
as many forecasts of future demands and supplies. Today, I am not going to add my own to these, but merely
examine the different forecasts and draw out the common factors.

Figure | shows the demands for aviation fuels for the year 1960-75, drawn from OECD statistics.'
The figures shown represent the total aviation fuel, i.e. kerosines, wide-range fuels and aviation gasolines.
Demand increased at a rate of about (7§ per annum untii (970 dbut the 1973 fuel crisis resulted in reduced
availability, increased price and a reduced demand. During the fuel cruu. the airlines adopted many
techniques for fuel saving and these were luppl-cnted by developments in engine efficiency. For example,
the US Dept. of Commerce reported ueontly‘ that in 1977 the United States passenger traffic reached 190
billion passenger miles, 6% higher than in 1976, and an increase of 5% growth is expected yearly in the next
2 years;, dospite this growth, the scheduled carriers consumed 80 million gallons less fuel in 1976 than
n 1973.

Figure & shows the growth of world scheduled revenue traffic from 1967 to 1077.3 the figures
beneath the curve giving the percentage growths in that period.

International Air Transport Association (IATA) forecasts now suggest that scheduled passenger
traffic will increase at about 8% per annum up to 1981, The impact of this increased traffic upon fuel
demands vill undoudbtedly depend upon further developments in operational and engine efficiency, but it is
unlikely that the same percentage improvement in these can be expected progressively and some growth in
fuel demand should be expected. One complicating factor, however, is that such growth will not be uniform
and growth rates in Middle East and Far East traffic may well be as high as 4%, with fuel increases as high
as about 10%.

Beyond 1980 it needs a cryptal ball to judge the likely devvelo;nentn but a fascinating nttenpt
wvas made in 1974, by Prof. Doxiadis,” to analyze the likely trends in the patterns of human behaviour in
transportation. He considered that the probable trend will be towards the concept of Ecumenopolis - a
Global City - as the ultimate extension of the spread of urban districts. Thus, the present day commuting
in the USA of distances of around 100 miles, often by air (see Figure 3, taken from Doxiadis' paper), will
be extended and supplemented by more frequent long-distance travel. The essential role of air travel in
such a mode of life is obvious and, indeed, the success of supersonic 'planes on selected routes and of
reduced-fare transatlantic flights is an indicator of a steady move in this direction.

Currently, aviation consumes a relatively small proportion of the total energy used in trans-
portation and of the total petroleum products. Figure 4 shows the pattern for OECD for the period 1960 to
1975. The growth in consumption of motor gasoline, one of the major products, is already starting to
decrease and predictions suggest that growth will continue to decrease through 1980 and that consumption
will then remain at a constant volume or even decrease, Before going on to consider the long-term
availadbility, it is pertinent to consider the adequacy of supplies of aviation fuel even at the present time.
In a presentation to an SAE Aerospace Engineering and Manufacturing Meeting in Los Angeles in 1975, Scott
Klstad illustrated some of the problems facing the USA refineries in two separate areas West and Fast of the
Rockies (Figures 5 and 6). These show the dependence of turbine fuel availability upon the method of
operation of the refineries, For example, west of the Rockies, if the refineries are operated to maximize
the production of gasoline or of furnace and diesel oils, there is a significant reduction in the kerosine
availability, leading to a need to import products which, since some of these are derived from Alaskan
North Slope crudes, may be somewhat less attractive in quality. This interaction between the different
products highlights the integrated nature of oil supplies. I shall return to this particular point later
in the presentation.

Other complications in the local availability can be dictated by local climatic operating
conditions. For example, for many years the fuel in main demand in Canada has been the wide range JP4; cne
reascn for this is the need to start engines after prolonged idleness at temperatures that may be as low
as -30°C.  The high volatility of JPh has caused concern about safety and vapour loss in some instances and,
as a consequence, consideration is now being given to a fuel that is intermediste in volatility between
kerosine and JPh, Thus, it can be seen that it becomes difficult to generalime worldwide, both from the
point of view of local supply-and-demand and from that of local specificaticns.




2. WORLDWIDE ENERGY SOURCE AVAILABILITY

We have seen how the proportion of the crude oil barrel used for aviation purposes is small, of the
order of 4% in non-American areas and possibly up to T% in the USA (Figures Ta and Tb). The total potential
availability of the kerosine fraction in petroleum crudes is, however, significantly higher, with much being
used for domestic and industrial heating, but the total quantity of fuel will depend upon the overall
availability of crude oil,

2.1 Petroleum crude oil

Estimates of ultimately recoverable oil reserves tend towards 2000 billion barrels (270 billion
metric tonnes), of which three quarters might be outside the USSR, Eastern Furope and China. In the recent
WAES survey this was taken as a central figure, although higher and lower alternatives were also considered.
The rate at which proven reserves are increasing is historically about 18 billion barrels per year and in the
WAES study, assumptions of 20 billion barrels and 10 billion barrels were taken respectively for the high
and lov levels., Figures 8 and 9 show the supply-and-demand for oil under two scenarios: C1, in which
demand growth and annual additions to reserves are relatively high, and D8, in which these factors are
relatively low. The highest profile in each scenario assumes that production is limited only by the
technical constraints of the ratio of reserves to production,

The crosses in Figures 8 and 9 assume OPEC production limits of 45 and 40 million barrels/day
respectively, which might be adopted for economic reasons or to conserve resources. Assuming no production
limits by countries outside OPEC, the result is a plateau in world oil output through the 1990s before
technical limitations force the curves down early next century.

The dotted curves in Figures 8 and 9 show the production resulting from a hypothetical restriction
of output by some Arabian countries to little more than present amounts, giving a mean production maximum
by OPEC countries of 33 million barrels per day. The result would be a levelling of world oil production
in the early 1980s and a failure to meet projected demand much earlier than under the other production
profile.

Thus, if the consumption of 0il grows as expected, WAES conclude that at some time during the next
twenty years the supply of oil will fall short of the estimated demand.

On the other hand, Udell and Rc:uing5 suggest that North Sea 0il reserves have often been under-
estimated and that politics and institutions often dictate the rate of production. They also argue that
the annual rate of energy usage will be diminished by the demand response to higher energy prices and by
deliberate changes in the structure of society. However, they agree that by the second quarter of the
21st century, coal could become the single most important energy source, given the development of new
technologies on both the supply and demand sides. They consider that such developments could largely
eliminate the demand for oil imports within Western Europe. Indications of the downturn in demand for oil
products are seen already in the over-capacity of refineries in Western Furope,® illustrated in Tahle 1,
although this picture could change with & resurgence in the economy. Thus, as foreseen by V.E. McKelvey
of the US Geological survey, the general picture of petroleum oil supplies is still that of an eventual
deficiency of supply over demand, the only uncertain factor is the actual tining.7 There is still a need,
therefore, to examine the alternative sources of energy and their potential in helping to meet the demands
of the aviation market at some time between 1995 and 2025.

2.2 Shale oil

In terms of heating ¥uue. next to coal, oil shale represents the most plentiful fossil fuel
resource in the United States. It is composed of insoluble organic material (kerogen), soluble organic
material (bitumen) and inorganic materials. The oil shale contains about 80-85% mineral matter and about
15-20% organic material, of which about 90% is kerogen. The kerogen molecules have a molecular weight of
over 3000 and form the continuous phase of a rich shale and act as the cohesive binder. This organic
material within the shale is thermally unstable and decomposes on heating to form gaseous and liquid products
and a coke-like residue.

Outside the USA, significant amounts of oil shale are found in Brazil, the USSR and China, with
smaller quantities in other countries such as Sweden and Scotland. The greatest exploitation of o0il shale
reserves to date has been in the USA and it is instructive, therefore, to look at the achievements there,
the problems faced and the potential for the future.

The kerogen component of oil shale is heavy, very viscous and cannot be pumped at ambient
temperatures, It contains significant quantities of nitrogen and, at times, some arsenic; furthermore,
it contains more oxygenated compounds than does crude petroleum. Before the development of the petroleum
industry in the USA, o0il shale had been used to produce oils and waxes, but these early developments were
supplanted by the availability of cheaper petroleum crude oils,

0il shales occur throughout the USA, the best known (Eocene Green River forut.ionl covering an
area of about 17 000 square miles and representing some 2-4 trillion barrels (0.3-0.6 x 10'2 m3) of oil.
However, Devonian deposits existing in the Fastern and Midwestern parts are even greater and underlie an
area of over L00 000 square miles. The different deposits are different in character, the Western shales
yielding about 25 US gallons of oil per ton of rock wiilst the Devonian shales yield typically 10 or less
gallons per ton, although producing more light hydrocarbon gases than the Western shales.

Surface retorting processes have been in use for many years at many locations around the world
but the bulk of rock to be handled is an inevitable handicap to its economical larger-scale exploitation.
As a consequence, considerable development effort is now being expended on in situ retorting and direct
hydrogasification, and a maximum worldwide production of about 2 million barrels of oil in year 2000 is
projected, mainly in the USA.
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Conversion of kerogen into liquid products is effected by pyrolysis at 900°F (k80°C) or higher,
and the relative proportions of oil, gas and coke vary with the pyrolysis temperature, pressure, rate of
heating, the nature of the atmosphere surrounding the oil shale and, to some extent, the organic content 1

of the rav shale. The higher operating temperatures produce more gas and relatively less oil, whereas high i
pressure (more than 500 1bf/in“) reduces oil yields significantly; howvever, oil produced at higher pressure :
has a lover pour point, lower density and lower viscosity than oil produced at low pressure. H
2.3 Coal

Table 2 shows the known world energy reserves of coal, estimated in 1971, together with potential
future reserves. These figures are expressed in billion tons of coal, convertible to billion tons of oil ‘
equivalent by multiplying by 0.7, and from these it will be seen that the coal reserves are many times the L
potential oil reserves. These relationships between coal and oil reserves have been supported by more !
recent figures. Compared to oil, gas and electricity, coal has been dirty and awkward to distribute and
use. Because of this, its share in total energy declined steadily as industries and private consumers
svitched to more convenient and cleaner fuels, leaving coal, in many countries, to supply little more than
pover stations and steel industries. The future developments must then be concerned with reversing this
trend, substituting coal for oil and gas in electricity generation and for process heating in industry,
possibly with direct conversion of coal into oil and gas. Unfortunately, conversion is costly, both in
financial terms and in energy terms, so it is essential to develop to the maximum clean methods of handling
and burning coal. Developments in pulverized coal firing and in fluidized beds are promising, as are
techniques for preparing, handling and firing suspensions of coal in oil.

In order to satisfy also environmental conservation requirements, it will be necessary to apply
extensive vashing and blending to reduce solids and sulphur components. Even so, there will still need to
be widespread use of flue-gas cleaning plants.

The large scale conversion of coal into liquid fuels has been practised for many years. In
Germany and Japan during World War II, processes based on low-hydrogen consumption (Pott-Broche system) and
high-hydrogen consumption (Bergius process) were used gxtensively to produce aviation and transportation
fueis. The generalized flow sheet for such processes® is as shown j !iguso 10.  The low-hydrogen processes
are usually non-catalytic, operating at a low temperature (about TSO&:. L00"C) and under just enough pressure
to maintain the solvent as a liquid, using mechanical means for separating the solvent and extract from the
undissolved coal particles. On the other hand, the high-hydrogen processes are catalytic, operating at a
higher temperature (800-850°F, 425-445°C) and higher pressures (up to 10 000 1bf/in2 H,). These processes,
especially the latter, are now being developed to produce either a synthetic crude oil"as a feedstock to
conventional refineries or a low-sulphur distillate fuel oil, and much research is in hand to prove the
feasibility of the processes and to develop their economics.

South Africa has depended extensively on liquid fuels derived from coal for a number of years and
the processes they follow are described in some detail later in the presentation. They have been applied
extensively, particularly for gasoline and chemical feedstock.

2.4 Tar sands

Canada has huge deposits of oil, or tar sands at Athabasca, Alberta and oil extraction from these
is due to start early this year?. These oil sands are the world's richest and are estimated to contain
600 billion barrels of oil. Because of the cost of extraction they have not been economic to mine until
the oil price increases of 1973. A syncrude consortium was formed to win the oil and up to £4 billion have
been invested in plant, with an estimated future production leading up to 130 000 barrels per day by 1980.
The ratio of tar to sand is 12:84, 4 per cent being other minerals, and cracking of the extracted oil gives
two streams - naphtha and gas oil (diesel).

3.  QUALITY OF AVIATION FUEL DERIVED FROM DIFFERENT SOURCES
3.1 Crude oil

Current aviation fuel specifications are listed in Tables 3a, 3b, and 3c. Whilst early develop-
ments of aircraft gas turbine engines were based on the use of kerosine type fuels, expected extension of
demands for military emergencies were met by the creation of the wide-runge gasoline-type fuel embracing
also naphtha components. Such fuels have been used very effectively and satisfactorily for many years,
for both military and commercial applications. However, because of concern about loss of fuel vapour and
about safety, especially during military operations, moves have been introduced recently to replace the
wide-range fuel by one nearer in specification to kerosine.

Many of the specification items are concerned with engine or aircraft performance but are not in
themselves restrictive to supply, though requiring extra refinery treatment. In a number of cases, however,
relaxation of the actual levels of particular properties could extend the proportion of the crude oil
suitable for aviation engines, especially if other applications of petroleum products could be satisfied by
alternative means. Figure 11 shows typical distillation ranges of a number of conventional products; the
proportion of the crude oil barrel falling into the kerosine boiling range differs with the method of
operating the refineries: in North America, where refinery operation is geared to a maximum production of
gasoline, the proportion of kerosine is around 7%, whilst in other areas, where a large production of fuel
0il has traditionally been called for, the proportion of kerosine has been around 4%. These kerosines have,
of course, been used also for other purposes, such as domestic and lighting, and to secure them for aviation
purposes alone would demand alternative energy sources for these other applications. From the type of
refinery operation in the USA, it follows that there is further scope for kerosine production in other areas
by maximizing the yield of gasoline. Indeed, the trend outside the USA in recent years has been towards
reducing fuel oil generation, because of reduced demand from industry for fuel oil (induced by economic
factors and energy conservation) and because it made good financial common sense.
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Within the current kerosine specifications, the suitability of aviation fuels derived from some
particular crude oils can be limited by the specified aromatics contents or freezing points. Already the
arcmatics contents of fuels from certain crudes have exceeded the originally specified 20% and a rsluution
to 228 has been accepted; in other cases, a relaxation of freering point, to -47°C instead of -50°C, is
being sought. Arguments against these relaxations were advanced by the engine manufacturers and some air-
lines, although evidence has been provided to demonstrate that penaities are not truly significant. Further
extension of specifications, to incorporate a wider range of the crude oil barrel, could cover lower boiling
material than kerosine or higher boiling material or both. The limit in downward movement of initial boiling
point would be set either by the volatility of the fuel (with its implicit penalties of loss of fuel vapour
at altitude and of reduced flash point, with a need for increased safety precautions in handling) or by
problems in comdbat. These have been faced with JPL or Jet B and are widely known.

Increases in the final boiling point would be accampanied by a need to adapt the combustion system x
to avoid the emission of unburnt hydrocarbons or of smoke, by a raising of the freezing point of the fuel,
by a need, perhaps, for hydrogenation to reduce sulphur contents and possibly, by further additional refinery
treatment to meet other constraining performance factors such as thermal stability. Hydrogenation and
other refinery treatments are feasible but would be expensive and energy intensive and would require
additional capital investment.

Thus, it is feasible to extend the quantity of aviation fuels from crude oils, althougn &t some
expense and wvith impact upon the proportion of the crude available for other applications. Inevitably,
such redistribution of petroleum in favour of aviation applications, representing only a relatively small
proportion of total demand, would necessitate an imposed regulation or a financial inducement or both.

3.2 Fuels derived fram shale oil

Whilst shaie oils have been a source of gasolines and other products, only limited work has bcsn
carried out on the specific derivation of aviation fuels. This has been sponsored by the US Air Force 0+ 11
and results of the work to date suggest that crudes derived from shale oils could form a suitable basis for
the production of aviation turbine fuels. The shale oil processes for the different types of shale are
somevhat similar to one another; the TOSCO IT process uses hot solids recirculation to provide the heat to
the retort, whilst the Union, Panaho and US Bureau of Mines (USBM) processes are modifications of gas
combustion retorting and depend on the heat contained in the flue gases (from burning some of the gases)

to separate the oil. In situ processes, such as those developed by Garrett and the USHM, involve explosives
to break up the shale rock beds and thea partial combustion of the shale o0il to increase the bed temperature
to drive the oil to the surface. The in situ techniques tested to date require a significant (15-45%) void
volume to achieve good recovery of oil and thus will involve a fair amount of above-ground retorting as well
as disposal of spent shale. Inevitably, therefore, such processes will be costly and will require
considerable large-scale capital investment and development. However, in the long-term interest of their
availability as energy resources for aviation applications, it is essential also to look at the suitability
of the product produced.

In the US studies it was concluded that satisfactory jet fuel, approaching current specifications,
can be produced by hydrotreating shale oil; some reduction in fuel boiling point may be needed in order to
meet the freezing point specifications. The raw shale oil has a very high nitrogen content (2%) but this
has been shown to be capable of removal by hydrotreating.

The recommendations of the studies suggest that the shale oi% should be topped to remove the
bottom fraction containing particulates and asphaltenes. The 600-900°F (315-480°C) fraction would then be
processed through hydrocracking or catalytic-cracking. Before catalytic hydrotreating, & preliminary
hydroprocessing step is required to remove nitrogen and thus prevent poisoning of the catalysts; this
treatment will also remove much of the sulphur and the oxygenated compounds present. The final products
vill probably be compatible with fuels derived from petroleum crudes, although little checking of this
aspect has been carried out.

3.3 Fuels derived from coal

3.3.1 General approaches

Il

There are three npprom:hel“ available for production of liquid hydrocarbons from solid fuels:
(1) gasification-synthesis, involving gasification of the coal to carbon monoxide and hydrogen, with
subsequent catalytic synthesis by the Fischer-Tropsch process to hydrocarbons or alcohols (mothanol or
butanol); (2) hydrogenation, involving the addition of hydrogen, to remove oxygen, sulphur and nitrogen
and to increase the H/C ratio of the coal; (3) thermal cracking/pyrolysis/low-temperature carbonization,
involving splitting the solid fuel into hydrocarbons, water and carbonaceous residue by heat alone.

The coals found in different geological deposits differ not only in their ultimate analysis -
percent carbon and hydrogen, oxygenated compounds and mineral mattey (ash) - but also in the nature of the
carbonaceous components - typically coal, anthracite and graphite. The term “"rank" is often used to qualify
the type of coal, the higher ranks indicating higher percentages of carbon and lower percentages of hydrogen,
oxygen and volatile matter. The amount of 0ils and tars recoverable by low-temperature carbonization is
relatively constant in the low rank coals bdut drops rather suddenly as the rank increases.

Rank, however, is not always indicated reliably by analytical data and a better parameter is the
reflectance of the coal constituent, or "maceral", vitrinite under reflected light of a microscope.
Vitrinite is the main constituent of bright coal, the other macerals being exinite and inertinite. Exinite
is similar to kerogen in o0il shales and, chemically, has a highly naphthenic structure with associated
aromatic and nitrogen-sulphur heterocyclic ring systems. It gives a low-temperature oil yield of about
Lo-508%.

Vitrinite contains less hydrogen and more oxygen than does exinite, whilst its carbon content is
slightly higher. It contains aromatic and aliphatic compounds, the percentage of hydrogen in aromatic



configurations increases with rank from 25-65%. Volatile matter in vitrinite is 30-40% and the low- :
temperature oil/tar yield is about 12-14%, !

Inertinite, the last group, is rather complex, with a rather variable chemical composition and a "
low pyrolysis oil yield. {

«
Table 4 shows the composition of & number of liquids generated from selected coals on plants and }
pilot plants. It will be seen that the liquid yields are all relatively modest and that furthermore their ’
aromatics contents are fairly high.

3.3.2 usA

In the USA, some vork has been carried out on the production of jet fuels from coal and a conclusion
reached that most of the critical jet fuel specifications can be met. The specific gravity would be higher
than specification but hydrogen content could be raised to between 13.5 and 14.0%, thus making the fuels
better in cambustion properties. There would be some difficulty in meeting smoke point specifications,
and perhaps freezing point, vhilst additional treatment may be required tc ensure good thermal stability
and low nitrogen contents.

3.3.3 South Africa

The SASOL plant in South Africa is now about the only commercial scale operation producing liquid
fuels and this merits special consideration. The coal reserves on which it is based are extensive and
considered adequate for about 100 years, although they are of low grade with an ash content of up to 30%,
8% moisture and 23% volatile matter. The plant is run in two stages, the first being a modern form of the
German fixed bed process, with about 60% synthesis gas; the second stage Kellog's entrained catalyst
process is used to process the remainder of the synthesis gas, with tail gas from the first stage and
recycle gas fram the second.

In the fixed-bed process, a kerosine cut is normally made but is not sold as .urbine fuel. Its
olefin content is high (25-30%) and whilst hydrogenation could produce a stable fuel, its freezing point
would probably be too high. This fuel is, however, suitable for diesel fuel but is used largely for
chemical feedstock.

Kerosine from the fluidized-bed process is again not directly suitable as a turbine fuel because of
its high olefin content but hydrogenation could yield a very suitable fuel high in branched chain products.
An estimate gives the yield of jet fuel as about 25-30% of the synthesis products. Undoubtedly, most of the
South African liquid fuel production from coal is taken up by motor gasoline.

The overall economics of the SASOL process are not good and, because of this, all jet fuel in
South Africa is obtained from crude oil.

3.3.4 United Kingdom

Work by the National Coal Board in the United Kingdom has been directed to the digestion and
extraction of coals with anthracene-oil type solvents and with supercritical vapours. These approaches have
been shown to be feasible, although much more development is required.

Early in the 1960s, attention was drawn to the high volumetric calorific value of hydrocarbon
fuels derived from creosote oils, and early USA work was followed up in France by the French Coal Research
organization (CERCHAR). Table 5 gives the properties of a jet fuel (produced by them on a development
scale) which, it is believed, was tested on an experimental basis. This work was not followed through,
however, because of the low availability of coal tar as a feedstock, relative to crude petroleum, and
because of adverse economics.

Thus, most of the technology for converting coal into liguid fuels already exists, although most
of the application of this technology, earlier i~ Germany, in the USA and in South Africa, has been directed
towards the motor fuel market. Optimization of ; ocesses to produce turbine fuels is quite possible,
although the high nitrogen contents of some of the fuel produced can be a problem.

L. SUMMARY OF NON-PETROLEUM CRUDE OIL POTENTIAL

Undoubtedly the potential availability of energy sources other than petroleum crudes is enormous,
and ve have seen how acceptable aviation turbine fuels can be produced from shale oil, with suitable
treatment, and also from coal. However, aviation is a highly international activity and as such demands
availability of fuels world wide. The ABC world airways guide, for example, lists 4000 cities. They vary
greatly in their activities and correspondingly in their fuel throughput, from Chicago with a throughput of
several million gallons per day down to small country airfields where daily throughputs may be as low as a
few thousand gallons. However, they all have in common a need for a fairly constant quality of fuel, with
regular and reliable delivery to the airfield and consistent maintenance of quality at the airfield and
through the delivery to the aircraft. Already many oil companies are involved in the supply of petroleum
based fuels, exercising considerable care to ensure compatibility of their operations and of their fuels.
The established fuel specifications are carefully framed to ensure that the composition and properties of
the fuel meet the needs of the aircraft, and other papers in this series will be examining how these
specifications could be broadened to increase the overall fuel availabdbility without serious detriment to the
aircraft and their engines. Increases in the permitted boiling points, in the aromatics contents and in
freezing points would all lead to greater flexibility in the supply. Relaxation of the thermal stability
requirements and in the sulphur limits might also be beneficial in the long term.

$hale 0il and coal sources are large but are in general localized and in view of the very large
capital investments required to process these materials, there is considerable logic in regarding them merely
as pools of additional crude oil supply rather than in relying upon their suitability for individual
products - except in cases of dire emergency, when local supplies of petroleum crudes were not available.




The cost of fuel is a significant part of the direct operating costs of aircraft. For example,
some reports suggest percentages as high as 47 (Table 6 and Figure 12), The recovery of shale oil and of
coal both involve considerable site activity and the likely costs of the syncrudes produced from them are
quoted in Table T.

As dependence for fuel supplies upon these sources increases, it is clear that the average cost of
fuel must increase. Even if legislation wvere introduced to restrict the use of petroleum crudes to selected
priority areas, such as aviation, those applications obliged to consume syncrude derived products are all
likely to be contributory to the whole of the aviation industry through manufacturing, through power
generation and through associated surface transportation. Hence, overall fuel costs will, on the longer
term, tend towards a common base, independent of their source. Because of the special sensitivity of
aircraft and the need for carefully handled and segregated products for them, it is highly logical that the
aviation industry may be required to bear a somevhat higher proportion of the overall cost. Thus, the bad
news for the aviation industry is that they should not expect fuel prices to decrease, although, in turnm,
the good news is that longer term supplies should be available.

What is the future prospect for the industry therefore? Already developments in engine and
airframe technology, improved operating techniques and better route planning have shown considerable benefit
in fuel usage. Future developments along similar lines should continue, even though gains in overall fuel
economy can only be expected to diminish,
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Table 1

Refinery utilization

Capacity
Barrels per day
us Japan W. Europe* UK W. Germany France Italy
16.45 x 106 5.35 x 106 18.41 x 106 3.02 x 106 3.12 x 106 3.48 x 106 L. L6 x 106
Period % % % % % % %
1974 85 84 T2 76 T2 78 62
1975 8k 76 58 6l 59 62 46
1976 Q1% 84 82 62 65 60 5 L9
Q2 86 T 61 65 62 66 L8
Q3 90 76 64 62 69 T2 51
QL 91 83 68 70 69 76 53
1977 Q1 87 83 66 65 67 75 52
Q2 88 78 58 62 62 62 LT
Q3 90 78 n/a%*e 59 66 68 g

* Belgium, France, Italy, Netherlands, Spain, UK, W. Germany.
#% Q1-Ql refer to 1st-hth quarter of the year.
##%  Not available.

ciiatbitadig 4




*3uaTeaInbs 110 JO SUOS UOITTIE = Z0IA (L)
“SUCT3IPUCS 3TWOUCDS pus ABOTOUYD3 183832d YITA 3TQISS3I0BUY 3J% UDTUA WNTIUBRIN
JO Suocj UOTTTIq # JWOS JI3BA B3S UT 3J8 3I9Y3 UOTITIPP® UT *#%/002¢ 03 dn $3800 3w 3TQETIBA® 3J% SUC] UCITTIW (g 3843
PoIBWILSS Us3q SWY 3T ‘IaAdA0y ‘B4/0£4 UNY3 3J0W 30U JO 3800 ALIFAODSI B SWNSSB INTUBIN JO SUOT UOTTIIN Z'L JO SaAI3838 (g
*aat3eTnoads L1IwTnotired age pajonb 2aWII8IT su3 Jamod IeaTonu Jo jusmdoTsAsp
saNning 3Yy3 UT S3TIUTRIIIOUM O3 Ing *(3T9®3 393 UT 3JIT 40J S3JNP1J OA3 30U3Y) SI03083d UOTIBISU3F JBTTWIS IO Ia3Bm JUZLT
ButisIx? URYl JI3UiBd ‘pIJaDISUCD 3J® SI030BSI IIPISIQISVJ USYA PISBIIOUT ATQBISPISUCO ST $30JN0S3I WNTURIN O SITT IUL
*89/02¢ UBYl SS3T 1% ITABIFA0ISI SSAIISBI UMOUy |
*S3AI3831
3TqwI34035 UweY3 JYZTIU yonw ST YITUA “S3AIISII TB303 TBIU230d SB [B0D JO SUO3 UOTITTIQ 00gL 930mb S30inos TBIaAag  (£)
‘P33838 ISTAIBULC SS3TUM “sS3sTI 501xd DPUB UOTIIBILXKS
30 fBoTowyssy ul sjusmarcadwr J0J PUTACTI® ‘SIAI3S3I TGBRISACIII JO S$338WT3s5 ATTRNSn 9J% S5AJ3S31 aINIng TBILUL0S  (2)
*F0IK 00SL :T®00 ‘ICIN 006 :S®) m:vmgﬁ 00$2 :TI0 :aJv peumsse S33ex uvoridumsuod (6L (L)
*sxeaf UT ST 3317
*EnIuBIN JO Suo3 (,0L) UOTTTIW Ul passaidxs ST mniusdy
*(3uaTBaInba (10 JO SUO3 UOTTTIq AP 03 9g°0 £q AydizTnm) saijsm o1qnd Ampo: mo..nﬂu.ﬁ ut passaxdxs st 582 TBMiBy
“(3uaTeaInbs TI0 JO SUO3 UOTTTIQ 9AT2 03 L°0 £q £L7dI3TnW) Teod JO SuUoj worTTIq ul passaxdxs st 180)
*{10 3O Suoj} Amo: JOTITIq UT passaxdxs sJ® ‘spuss Je3 puw STBYS [I0 pus ‘TIQ :sS3TUn

8320
Lt 4g 110 DU3XZ o002 suo3 OL x 005 | LI £2 TT0 puaixz on s@o3 0L x 02t 1s3uZTH poee
oL Kq 110 PUIYXZT oLt suo% mop x 092 6 £g 110 pualxzy L suos mop x LF 1S3m0] J®1/3TBUS
(00L-0S )/Lg suo3 0L x 2°¢ 38auZ1E
) . -~ . - \
(5)(00t-00s)/02 ados 200 4645 | ()0 ot g solallatadl O R
on 0fE £% 5,01 x OfE 6L < ¢® 2,01 * 8% 383uB1H s=?
s2 06 mﬁ wpop x 06 S £E o mpo— x %t 1s3m07 TeamaEy
0s2 0022 Amvmaoo <Ol = 00g% 061 0ocL Su03 gL x 0022 | 383uUPTH 1207
st 005 Suo3 0L x 00L! o€ 09 SU03 Ot x OEL | 3S3mO] i
- -
on ont 8003 Ol x 09E gL 9€ Suo3 0L x 06 183u81H t10
ot 0oL suos3 mof x 062 gL 2 sSu0% mop x 0g 1s3m0o] L
6
3398 318 3381 s$31BI
uoTidansuod uotidmmsuod ISAIISIY uotidunsuos uotidumsuos 83AI353K
34nang 1% 3317 (LL6L 38 3317 3In3ng 3% 3317 LLEL 38 3317
(1) (L)
(5)3FINF TeIIBI04 UMOUR 3U3S314




Table 30
SUMMARY OF SPECIFICATION REQUIREMENTS FOR JET A-| K INE TYPE, AVIATION TURBINE FUELS
iy Aot JMESLTINAN TR N NIN
[} JavG daTa FUPCHE
1l Isawe ? cAbsaney wnes = “oeek Lisge
PORARIL Aupust 1 aterial Tsave v L3N
amd asetanead 21 Aonds ) Naceh 1976
Fareh 1% we (See note 8)
' Rerosene dye horcaeie Ty det 4t Jet A
: BT o TR SN
3 1otal acidity, wg KOV -y 0.0 - - (VNS 2N -
Tote. loldity, s Kui/g - - 00 a0 - - L7 RN TR N
ATOALLI3E, « Wl (1Y X X & 2 1% Ny
: Vieflaa, 3 wol, ax 5 - - 5 1% une
B Sulphar, wial » v, AR 0.0 0.0 (SN [\ ) w? "o
i" Rulpbur, Nereiptan, o wb nx [EHEY ] (PN 0,004 C.om 10 M219er a2
. OK Doctor Test ) Necative Nesntive Necalive Negative W0 A
st lon 12) 86
lattial Beiling Yoint, ‘0 = r Report - - Heport
el woovered, { vol.at XaTe(wety) nln « - - X
] 103 vol. &t oG (or) nax - W4 (40) | A (a0o) X4 (400)
| 0% vol, at ‘¢ Rejort - - Reyort
S0 vol, at ¢ Roport Hepor t Rejport Report
< ,“ vol, at ¢ Heport Report Neport Report
End PNoine, C () aan 288 (550) 8 (550) 00 (572) 288 (5%0)
Hosidue, & wil. - 1.5 1 toa L8]
{ Loss, § vol, A nax 1S 1.5 (%] 1.4
| Flash Pulot, Abcl Methed, ¥ &'C) win 1wo (8) - - 100 !w) m -
Plash Point, TG Method, ‘¢ (%C) nin - 100 ()8) 100 (37,8) [ {105 (40.6)) - DSG or D3N
H Specifio Cravity at &, o09f aln 0.7 0.7 *0.1?\\ Q174 |g o198
* - nx 0.830 0.8 0, 840) 0. 83 1 Dravd
Gravity, "Arl win - ? -
raX 2 1 2
AL o
Freesing totae, “c () mx = 50 (-53) <%0 (~58) |-50 (-3m) =50 (-8} 16 02386 !
Visoosity at ~ WO (-14.4°C), eat anx \¢ 1s 13 15 mn Duds ‘ I
ST =¥
! &'i?!?ﬂ.*w.u.._..‘. BTIAY w180 18 400 18 400 1 400 12or 19y [D0bA05
' 1 OR Aniliue Gravity Product ®in 3 250 (5 250) (5 250) 5 290 24160 (19)) [ D611 and
D123 (21404
1 anoke Ruint, we ain] 20 (19) - - - 57 T
i Lusinoveter Lusber ne - 4 4 4 - m740 i
1 t OR Swoke foing, e uin - 23 25 25 - b2 i
O Smoke Moint, ma win - X N . X - D122 i
3 FLUS Naplithalone Content, § vol. X - 3 ) ) - N0 i
' g RN
y Co‘wr Carroaion, Classification zav 1 1 1 1 154 0N
Sliver Covosion, Class foat.on X 1 = = 1 242 = !
3 ¥
3 Thermal Stability by 1=
SPR Coker (Froheator Temp. 00%F,Fidtor Tap. iy W D1660 i
Puel Flow l\‘)nur‘ Duration 0 g H
Change in Frousure Orop in S hours, liohe, g max - 3 ? - |
Preheatar Dojosit, classification 3 [ - <) <) - |
OR Aleor JFICY ;;‘:‘“;-\{:::'“ ke iy at) | (800 Note 1) (Sec Note 1) bR} D34
Fuel Flov 3 ml/in,buration 1y ain)
i Filter Iyorsure Differentinl,  xx by, X B a8 B 25
b Tube Reting (visual , ClassiCleation X <3 -1 <} < 1
$
y QUTMINALT §
§ Copper Contont, npfg (Jee Note 2) wax 150 - - 150 225 -
i Bxiaten® Ouw, ng/100 al max % 7 | T m DAy
g Water Reamolion A N9
3 Interface Rating mx 1h w 1) i
& Seper.tion Rating wax 2 2 2 2
li Vater Seperomcter 'ndex Mdified rin [85 (Soe Hotw 3) - - #5(See Note 3 - 2550
L 1 ,
H 1
H Antfeoxidant, /)
; Nydiotreated Fuels min | 8.0 Madatory Optional Optional €.6 Mandatory
na% &4 X &
Non Mydrotecited Fuels max | 24 Optiensd OF tiong) 24 Opttonal 24 Optional
woa WY optaonal untisoal ST Gy lonnd S uptional
% WOrIoson inl b Jow 0% 4 Ly Agrecront Iy Agrecant By arroement | by Agrecrent
Antl Statio ACAltive (Ada=3), by agrecrcat
(X8 Y o (s LW 1.0
Corduobivity + wt Lo te peeature of delivery
Lo alverall of aca=i pocaant en (pogn 0 S0 ° 40 SN N T
(o8 o o) o e
WOTEL (V) alewr 38000 a Lo peaniatovy adver 1400 ) T min, i AYA-) usea,
(&) Galy fop duels treniad P awetenang® ) Sutaids of spproved Corrosion L bitoro acd

' rene

Proce.

(5) Aviation Fuel Quality Requirements for Jointly Operated Systems




Table 3b
SUMMARY OF SPECIFICATION REQUIREMENTS FOR JET B/JP4 WIDE CUT TYPE AVIATION TURBINE FUELS
i T4 3ATT A ™
ey 2 L h u e Ao 11 L. at g {
PROC RTINS Teaae & wap 197 wHial TS N on K "heok Listt 1
At Amatatea it aad ol lesue 7 -
Sareh 1976 . 1o Apri) 1o tarch 1976 il wal | a
side Cat Nyre [0 Kee | Vot A wade 4 Jet B §
\ R ’.“ Wy G BN max o2 . - - 0,02 M) - ‘!
\\-l (c\.l\l,,. v\' g VAN - o - (AR or 0,018 - 1774 and 4
An\- Loy A o X LY ” A 1% Wt Fu
Mlefineg l wl. max 5 - - s ) 16 o |
4 Salphur, fotal & ety wax (U H ) (U} O, W 040 (0% 1} Wwr UL |
Sulphur, Mervaptan, % vt rax [AN R4 (AN | A CoNt (SN} e T AXYer 052
08 netor Test ax Negad lve wsstve Nesative Wwistive Regative W [
o & (B vse {
ln'ual Wltiing Yo nt, ¢ Fepovt - - Fepart Ropaot (See Note 1)
el Recovered, 0. val, n . Report - - feport Report
AN wly u « \“r' was a0y (o) 141 (2%0) s (2900) | tas (200 | i (X
w8 wol, -l ; \"N man AUt (o) 188 (o) 188 on 10 (M) 188 ()
an v'!‘ n( % ) man faat (A} A1 N Wl AN Ay ((72) | 4 (N
$oat %P (0aaate) Report - N - Roport
B Foint Report - - M (s feport
Aeatdue, &v\\l‘ "as LIS 18 1.5 1.8 1.8
loas, § wl, (oYY LI 1. (IS LI 1S
Speeifio Gravity ot &0 800 win 0,751 0,74 (0,781) (©,781) 0,73 10 2o
4 rax [N N . (0.802) o802 o M
il Gravity, "Art nin . 4 4 @ 48 - nea?
3 2 nay - L4 by » Ly - noy
Reld Vapour Preasare, Ih/in ailn ad - - A0 2.0 69 er |02y or 20 1
m {
may AN\ AN AN o AN 69 o A2 or 2% 1
M
{ m}sﬂ foint, % °r) man oot (<22) “ 80 =A8) b0 (o8) o («72) <8 («72) 16 NI
3 \
j m’rlf ¢ Value, net, BTUAD aln LE T LN 1840 LGN 1R 0 12 or Joau m I‘L L
OR Aniline Gravity Praduct nin s a0 (s 2%0) (3 2%0) § a0 s a0 2 “Lmﬂ‘m' Mo
Redrogen Qontent & vt nuin - . - e - - PO D
: Soke Valatility Index nin W) - - - a2 ST &2 (e & DY DL
{] Laminoseter Nunber nin - TS 4 = At - (SR
i OR Smoke Moint, e nin B Y FL) XN il - [URFN
(Swoke Polat, me N - x X N N - (RN i
(FLUS Nophthal e Content,§ vl -y - 1 1 . 1 - na 1
RN
gmg: \-‘[Nh\\m clasaifieation "y 1 % 1 L] \ M NN
mm- J.Amln,y by -
GFR Coker (Freheater Temp, 10°F, Filter
AN Duv‘ Flow Giba, hour, .
on XN nn " Noew ]
Change in reasure Orop ta A houre,
Inches Ng ax - ) 1 -
Prebeater Dopoatt, Classifioat on e - « « - -
OR Alcor JFIUT (Max Heater Tube '\\(‘ H07¢) wm gt
(Pel yatem Preasore 1,48 100e) (See Note 2) (See Note 2] (See Note 2)
(Fusl Flow 1 ml Win, Daration 150 in)
Filter frecaure Diffevential, ra Mg My E4 ] 28 EL) »n P 1
Tube Rating (vlamal), Classifioation »ay -\ « 1 « « « )
t gﬂ‘m‘.uh K 8
prer wontent pg ke (dew Note 1) ~y 150 - - - 1% 22 -
Exiatent Gum, mt,/ 100n1 A 7 A 7 v 7 m 0N
Partioulate satter, ngMitee wax B - - .o - 20 22 |
Filtration Time, mina, -y - - - " - - (See Note ) {
Vater Reaction AL 0109y
Interface kating -y 1 1 1 s AL )
Separation Mating way ? H ] \ 2
Water Separomet:y Index Modified win f #5 (see Notes) - - n [R5 (3ee Note §) naase
E‘L \
1 \v-f-n Teing Inhibitor § wi, win - - - hn&'\‘éu . - (See Note &' b
2 wax - - - Oty -
Antioanddant, wa'l
adratriated Puela min BLE Mandatory Optieml Optiasal Ot omal te \mdah-ry
{ wax M o B2y 1
Mon Hydrotre tad fuels wax 4 Optiamt \‘M\m\nl Sa Ot ional Ll Optional ba uru el i
tal sactivitor, mo 4 man f17 O tional tonal P Optiendl (BO0pticmy V7 Optlomal
rroaston Tnbib oty szl (Bee Mats 6)  max h, Aptevment N ru ant Py Adivenent]l Mardatory ¢ A resnent
AnbieStatio Jhiitive (A3R-3Y, rgyd maN 1.0 0 Not 1.0
Apveenent Ry .\;\nnv Wy Agreenseny| Permitted | Ry agreement
Conduetivity « at thw te perative of
delivery o alreralt I qe? prewant N W - w0 Fe /Y LR O
o i) LA | X . X0
Niadt (1) ael) O 87 .' 0 AL e L e () inly fer taels treated Wy Neerrer mveeten og " prascess,
oRly WK olloving Dbt L ) (1) WU deser e in apeeiliont fon
\\‘\ :‘R :. )N m e L ASReY waed,
s Al P, 6 Detaile of &, ctoved Jovresion ek ihiloes wed soneent it ooy
(2} Aleor JICT nethod mandatory Wre e an Lo ebtalned by refvrence 1o the speaifiantion enreen o,
(7) Aviation Fuel Quality Requirements for Jointly Operated Systems




&
‘PRI TV
“15 wog eeg) pmnes w3 Burde smoy ; I3 peisyy tem; ‘OL40 YISV BT peaTrdes jsen Iy BGI) pELIATIS §2TVIEE UoTiuvAY (¢
353 v /g, 93 B0 JWPE-TITV TN 180} wd w2 e anm J RNy vliOuo PousIE SMEIISS B8 (ISSET) 14 &
1 r Y Ty L
Jade inom §, yeem o pesThes 1w ;b Arac senvddy (L) o1decoe 8y s ‘yzsmeedv L3 (5] mIn 359, Tensta L339%43 ST Y LU % (2
‘NTIPTION peiTIe 35 FTTNep “€60L1 WESY 44 31 jom 87 wpiees LSRRI TTReS sl 0 siTwac
TR} 203 SBOTIRI;TIeAs N Ieyvg  (9) SOTITINISLG 19 sesimbas oul ST (7) 1IR3 223 SBHATIT eebe v, 203 1L ToTA”
2 = (L wnog 9eg) 7 7 7 - e T/l 7 @yog s wImaTL ey
. - z : z 2 vx 15 ‘sl 3=
. s - - z > ey Porivr netinandas
reous = - z z 2 ] R O
. . (s »mom) ! C°Y sz oz rz biad ™00 /43 ‘e iTenid
fiac ®: oeg) { 0°0n 9 c9 t9 o TEYy fhs t o 1876050
o e A
] £ oy o€ e'€ o€ ] e T
Lo i $°0 0 1750} $0°0 o~ Tim g e fim ions
€3 ™ t L 1 t e SOTINILIIRNNYS “u33335:3 7, a3
15422) wt ) L o°L 0L oL s
13 (257} wH ) - $°% $°% $'s = «n«\d fazmgseii sAty TR
w2l 7 (ze-)es - (9e-)o% - (9¢-)% - (9¢-)o9 - > €2} 3, *¥5108 Fotasng
- . 5L 5t o 57t ™ v ocvea 3 sy
. (y ovog oeg) §°L 5L $ i $° e . - -
. 107> 9243 17 9248 7 944 (7= 4% =T Z
sermniaize] peiri AT
- . (xe oL L)L (L (%o ™
3 - . % % % o6 s
: - . % % % % sTe
. . o7 o o7 o7 rve
. . ot 3 ot oL 33
A% "Toa § ‘soescieag 1em s
9 (243 - - 1Ay 120dey 14,3, 972 F1t74 TemTaI
1 Lazs - - iodey - - vwdep 1y ‘lapenin 33
1 #z.1 o9 - - 320dey S3odey 4,25/ .05 *Tiansn 37 15eds
ziT P 113G (091 P 2 - - - oo 6 o0% L J906 L oo 6 % L o005 L = s9mpnis fitansy vty 3t
SOTE 0 0T kL 2 2L oL oZL ®Ln 06 91 oL %L A 206 3 2 1% oL s T Mg ‘seniemimeg o Vo 1
Gz % = x - o°s o5 - o°s - oS = “taa g ‘sariesay
=51 % ( %0 s9°0 e L 58°0 | N0 =2 580 % v s B fr35) g ew so
3 ( oz o€ 0%°0 ) on°C | 0679 (9°7) t90°€) (%6°2) b 260/Ts ‘(TI) sewr Tiaiemsiag
St (3% & KL 40K m a3 &S | "H4 0 L ud 57 [ 3 19 L2 3 41 e sy Ta T3
(des) (%z) mooct | W™ = N | TR oot | OO = > - = (€ wiog ®ee) pomiiy 30Ti8Tav 5
ot ¥z ~ s — 5 - = 45t © % m % = DI ST - ST TA
o7
(L 24 o o1y e oy rdmy weess o ndmy ez Lot z 9% | smog ecT) marTs
TI00L L k] s | KL/W | B/ SYL/5 %L /0 T
L L] g L ] opuiy | evesy "y spesr wonir
s a 7 LLTLICHd
SLoLeT G2V SLbL PIVA TZ Cus 1deg L smesp | Gu6 PIW | wWmSeT
€ reewpnewy RLS5-TIN sz o $u2 o
SICHIIM IR SIOILYD L3S SYIRY
SINFIOSVS NOILVIAY 803 SININIMINOIY NOILYDI J03dS 30 JHVARNS
¢ #%qo)




i i it oAk S . e "
12 L oL 12 12 o £z (¢ “0) 110 o3yl usloxphy Jo UOIINGTILEIO
ng 6°L 15 z*9 [4 ssew § ‘0
B¢ A
g5 0°g
Gt 2°4 10 £°0 sgvw § ‘g
"0 20 9°0 2°0 Lo $°0 0 ssws g ‘g
2L £°g 79 8’9 1°6 oL 9°e sgen g ‘¥
n°28 3°t9 0°lg L*9g £7Eg S ng pUu 0wz ssew g ‘O
4 o] no7 uFrE o1 =S ] 61 uPty o seew ¢ ‘sjesuspucoy feesu U jEng
“pru S iy 2 1°62 g 0t ‘pru 0°%2 ry ‘ETOUBYS
Sé 29 02 P € e o il 9z o
0°6E g°s2 o°in STyl 1°E4 SrpIses wnnlE)
il Sl 6S =0S
192 g%l 1*12 110 TNy
0°%S z'en
0°61 n°1s 0% 3,095-002
g°el 05 5% «
2L gt | € nl 2°91 Lg g°%2 24002~"0
v < . -
2z 0L 501 0ot Loz gL peu gz 3.t5
Ag *sJwi/TI0 30 uoTIIsOdmOD
(R i oL°1 9171 HG°1 o1°1 ot £0°1 0€ *EXeI/1I0
Lni 4 0% 3L ol 001 £L 02Z1-001 OL1=56 freee o7 pasedwor pravf IeL/1T0
veaa
(p9q PIZIPINLS o Fr—
PIZIPINLY) notg | oo S— .\»o.m.}uﬂ TS ssrzreer von4m.,..«. roTE
Lt / -, yP1y | ssnsssxg p «n\\n, - sanssaiy e >3 »
o /PE108) e uwoIezIUOAIED Jo HALL
1888
g w00 (Jung) sdosnz mg STS0D UBOTIJY UISUINOS
(puwTog) sdoang 3 :
(2] #0BeIZPE WOIZ
e1efI03lS Ianessid PUR 8] SO EYTNEIY
q d19%g
e - — R T D e T ey e S R - e




o ARE S E

ASTM distillation, °C (max.)

Table 5
Jet fuel fram coal tar fraction

* CERCHAR-1962 4
} Density, 20°C 0.886
! Net heat of cambustion, Btu/lb 18,330
| Freezing point, °C <=60
{
J 10% 195
i 20% 204
*‘ 50% 228
i 90% 282
| FBP 306

Flash point, °C (min.) 53

Total sulphur, %w 0.005

Total nitrogen, %w <0.05
E Hydrogen content, %w 12.7
: H/C ratio 1.746
‘ ? Saturated hydrocarbons, %w 89 ,

H

Hydro-aromatic hydrocarbons, %w 1"




Table 6

Percentage direct operating costs

International rations
From Reference 2

: 1973/k Budget 1976/ Forecast
Long haul Long haul
Short haul Short haul
: W7 | TO7 TuT | TOT
Fuel 15 25 | ok 35 u7 W3
Maintenance 24 27 2k 18 23 21
i Standing charges 31 o1 | 23 22 12 | 12
% Crew 18 10 20 b 10 16
i Land & navigation charges 12 1" 9 10 8 8 |9




Table T

The costs of alternative energy

1976 US dollars
per barrel oil

equivalent

1. Thermal energy
Indigenous coal (USA) k- 5
Imported coal (NW Europe) 6- 10
Indigenous coal (NW Europe) 8- 15
Nuclear input break-even value

{the fuel input cost required for fossil-fuelled

plants to produce electricity at the same cost

as nuclear stations) 5- 10
Lov Btu gas from indigenous coal (USA) 10- 15
LNG (liquefied natural gas - high Btu) imports

(Burope, Japan, USA) 10- 20+
SNG (synthetic natural gas - high Btu) from

indigenous coal (USA) 20~ 30+
Liquids from coal, oil sands or shale (N America) 15- 25
Liquids from imported coal (NW Europe) 25- 35
Biomass (crops grown for fuel) Lo- 50
Solar hot water (on site, 35° latitude) Lo+
2. Electricity output
Based on conventional thermal and nuclear

generation (at power station) Lo- 70
Based on wind (1985 estimate, on site) 50+
Based on photovoltaic solar (1985 estimate, on

site) 120+

The costs (not prices) shown above are all expressed in terms of a
standard energy unit (one barrel of oil equivalent, equal to 5.8 million
British thermal units), but their outputs vary, not only in form (heat or
electricity), but also in terms of quality, location and availability. The
figures above exclude refining, storage, transmission or distribution costs
and various other factors that enter into the decision process on energy
choice. The costs shown can also change considerably over time as a
reflection of, for example, the differential inflation often affecting new
complex technological processes or the potential learning curve effect
involved with processes that are at present still in the research or pilot

stage.
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THE ROLE OF FUNDAMENTAL COMBUSTION RESEARCH IN THE FUTURE AVIATION FUELS PROGRAM
by
J.J. Macfarlane
Senior Visiting Fellow
Department of Mechanical Engineering,

Imperial College of Science and Technology,
London S.W.7.

1. PREVIQUS ALTERNATIVE FUELS RESEARCH IN THE OLDER CAN TYPE ENGINE COMBUSTORS

A study made recently of the composition of fuels delivered under the Avtur 40 and Avtur 50 specifi-
cations (Jet A and Jet Al) in the United Kingdom shows that over the 25 years or so of their joint exis-
tence, the aromatics content was held in range 8 to 15% (well below the specification limit of 20%) until
very recently. This period has seen the development of the gas turbine from maximum operating pressures
of a modest 5 or 6 bars to values currently approaching 30 bars, with a corresponding increase in combustor
inlet temperature (now about 900PK). The tendency in empirical development of combustors towards rich
primary zones was discussed in section 5 of the previous lecture. Carbon formation in the primary zones
of the earlier can-type combustors proved to be very sensitive to aromatics content, small increases above
20% causing almost exponential increase in carbon deposit formation and this situation can be expected to
be aggravated by the engine design changes which have taken place since.

The major part of the information whicn has been obtained as the result of these twenty-five years
or so of empirical combustor development is in the form of the overall response of the system to fairly
arbitrary changes in fuel pm?oruos and fuel preparation. The quantities observed are such things as
carbon deposit formation, wall temperature, combustor outlet temperature distribution, combustion effi-
clency etc. This informatfon.being peculiar to the particular individual combustor design on which the
measurements were made, is (a) treated as company confidential “"know-how" and given only very 1imited
publication and (b) is very difficult to generalize into a basic understanding of the effects of the var-
ious fuel and combustion parameters on detailed flame behaviour. Measurements of fuel/air ratio distribu-
tion profiles in the primary zone are usually completely lacking. The necessary techniques of primary
zone products sampling and on-line fuel/air ratio measurement by chemical analysis have only become
available as a routine development tool in the last five years or so (20). Fast on-line primary zone
combustion efficiency measurement by detailed gas analysis (21, 22) is still in the research laberatory
stage. Gas velocity distribution measurements which can give an understanding of mass flow rate distri-
bution and flow pattem are also still only a research laboratory tool.

2. RESEARCH USING EXPERIMENTAL MODEL COMBUSTORS

To avoid the difficulties inherent in using full scale engine type combustors for flame research to
throw some light on the way in which carbon is formed in gas turbine primary 2ones, a research program
was undertaken (23, 24) in small laboratory flames in which the combustion parameters could be controlled
and their effects isolated in various ways.

The first experimental system (23) was aimed at eliminating droplets from the combustion altogether,
the fuels being fully pre-vapourized and premixed with the combustion air before injection into the com-
bustion space. A spectrum of eight different G5 and (g hydrocarbons ranging from n-pentane through to
benzene was chosen to study the effects of a wide range of fuel carbon/hydrogen ratios. The burner
system, Figure 1, was required to operate at pressures up to 20 bars and over a range of equivalence
ratios from the normal weak limit for hydrocarbon/air flames (¢ ~ 0.45) up to the rich limit (¢ = 2+).
The quenching diameter for hydrocarbon/air flames is extremely small at the top end of this pressure
range (for paraffin hydrocarbons, 0.15 mm at 20 bars). A bundle of such bumer tubes was therefore
formed into a small cylindrical multihole flat flame bumer (12 mm diameter), rather like a small Meker
burner.

For each hydrocarbon, quantitative measurements were made of soot formation and general flame com-
position over a range of equivalence ratios at several pressure levels up to 20 bars. The data were then
crossplotted to produce a set of soot formation rate contours as a function of pressure and equivalence
ratio of the kind shown in figure 2. The word soot is used here, rather than carbon. It was observed
that beyond a threshold equivalerce ratio which was about half the theoretical equivalence ratio for
carbon formation in chemical equilibrium, unburmt hydrocarbon was produced in the flames. Depending on
the duration and level of thermal stress to which it was exposed, this hydrocarbon underwent a varying
degree of thermal breakdown. Conditions close to the soot formation threshold equivalence ratio, with
high flame temperatures, produced dry amorphous carbon. At a given pressure condition, particularly in
the lower part of the pressure range, as the flame was made richer, there were increasing amounts of
benzene-soluble tar mixed with the carbon until, at very rich mixtures, the material was entirely
benzena-soluble, The dependence of the degree of carbonization on flame temperature was further demon-
strated by increasing the flame temperature for a particular set of combustion conditions (a) by reducing
heat loss from the f?ame by increasing the reflectivity and insulation of the confining wall and (b) by
changing the diluent gas from nitrogen to argon (which has a smaller heat capacity than nitrogen).

The linear relationship between the fraction of the original carbon in the fuel appearing as solid
carbon in the flame, and the carbon/hydrogen ratio of the fuel is shown in Figure 3 (taken from 24).
The values plotted were all measured at a pressure of 15 bars and equivalence ratio = 2.

For experiments with aviation kerosine, a 75 mm diameter cylindrical model combustor was designed.
It had a flat baseplate with an annular jet concentric with the cylindrical confining wall and only a
few mm from it. From this, the whole of the primary air, was fed as a continuous annular film, close to
the combustor wall. Gases from the centre of the flame were entrained on the intemal surface of the jet

N s
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and a tight stable torroidal flow reversai system was produced. Kerosine was either prevaporized and
premixed with the air upstream of the discharge plane of the annular jet or was fed as a circumferentially
uniform flat sheet of spray from a rotary atomizer placed in the centre of the base plate. For some later
work, a bifluid acoustic atomizer which also produced a flat concentric sheet of spray was also used

(Fig. 4). Under good operating conditions, the flame produced by this flow system was of substantially
uniform composition and flame products were sampled by means of a multihole cruciform gas sampler placed
at a plane one diameter downstream of the base plate. The combustor was operated over the same range of
pressures and equivalence ratios used with the earlier premixed bumer and the premixed kerosine/air
flames showed very similar behaviour to the earlier small scale flames (Fig. 5).

Tests burming atomized kerosine (25) showed much heavier carbon-formation at weaker mixtures than
the threshold mixture strength for carbon formation for premixed kerosine/air flames (threshold ¢ = 1.2)
and, at the)highest p))ressures tested, carbon formation extended well on the weak side of stoichiometric
(to ¢ = 0.8) (Fig. 6).

3. THE MECHANISM OF CARBON FORMATION IN SPRAY FLAMES

Droplets of kerosine in a flame should evaporate at a liquid temperature at or near the boiling point
temperature appropriate to the ambient pressure. Edmister (26), on the basis of experimental measurements
of the equilibrium flash distillation curves over a range of pressures up to the critical pressure, for
gasolines, kerosines and distillate fuel oils from several sources has devised an empirical correlation
of the data, which permits the construction of the phase diagram for such a fuel given that the ASTM
distillation curve, or the true boiling distillation curve is known. For a typical aviation kerosine
this method gives a critical temperature of about 400°C, at a critical pressure of 23.5 bars. There is
no reason why a kerosine droplet should become superheated so 4000C represents the upper limit temperature
for evaporation from the liquid phase. This temperature is well below the threshold for thermal cracking
of such hydrocarbons, even for residence times of several seconds (27). Similar calculations for a gas
0il (a Reference Fuel B310 in use at one time in the U.K.) gives a critical temperature of 473°C (Critical
Pressure 23 bars). This is still on the low side for Hquig phase cracking which, according to (27) has
a threshold temperature of about 550°0C.

The marked effect of pressure apparent in Figure 6 in increasing the degree of carbon-formation
suggests a mechanism similar to the one operating in fully premixed flames and dependent on small scale
spatial variations of mixture strength in the flame as a consequence of poor mixing of air and fuel vapour
from the evaporated droplets in the pre-flame region, due to low turbulence levels. It is also possible
that ordered time-wise fluctuations of mixture strength might occur at a characteristic frequency, con-
trolled by vortex shedding from the air jet system used in stabilising the primary flame. Time-resolved
measurements of flame properties would be required for studying this possibility. For the velocities en-
countered in gas turbine combustion, such techniques have just not been developed.

4.  FUTURE RESEARCH USING MODEL COMBUSTORS

The work described in (23, 24, 25) has permitted some observations to be made on the problems of
rich flame chemistry at high pressure. The extension of this type of technique, with a better understand-
ing of the fluid dynamic effects, could make a timely contribution to the altermative aviation fuels pro-
gram if applied to a range of fuel types. Such a research program would be very demanding in the facili-
ties required and in particular, would stretch observation techniques to the limit.
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CHARACTERISTICS AND COMBUSTION OF FUTURE HYDROCARBON FUELS

R. A. Rudey and J. S. Grobman
NASA Lewis Research Center
Cleveland, Ohio 44135, U.S.A.

SUMMARY

As the world supply of petroleum crude cil is being depleted, the supply of high-
quality crude is also dwindling. This dwindling supply is beginning to manifest itself
in the form of crude oils containing higher percentages of aromatic compounds, sulphur,
nitrogen, and trace constituents. The result of this trend is described and the change
in important crude oil characteristics, as related to aircraft fuels, is discussed. As
available petroleum is further depleted, the use of synthetic crude oils (i.e., those
derived from coal and oil shale) may be required. The principal properties of these
“syncrudes" and the fuels that can be derived from them are described and discussed. 1In
addition to the changes in the supply of crude oil, increasing competition for middle-
distillate fuels may require that specifications be "broadened" in future fuels. The
impact that the resultant potential changes in fuel properties may have on combustion and
thermal stability characteristics is illustrated and discussed in terms ignition, soot
formation, carbon deposition, flame radiation, and emissions.

INTRODUCTION

This paper describes some of the changes in fuel properties that may be expected in
future hydrocarbon fuels for aircraft and discusses the effect that these property changes
may have on selected combustion and thermal stability characteristics relevant to aircraft
jet engines. Many studies are currently under way within the United States to predict the
future availability and characteristics of crude oils (1-4). Included in many of these
studies is an analysis of the processing required to upgrade low-quality feedstocks, such
as crude oils derived from oil shale and coal, to the current specifications for jet air-
craft fuels. Severe economic and energy consumption penalties will likely occur if these
low-quality crudes must be refined to current specifications. Similarly, converting
high~boiling petroleum fractions to current-specification jet fuel, which may be necessary
because of a shortened supply of middle distillates, requires energy-intensive hydropro-
cessing (5). An alternative would be to relax fuel specifications and thereby minimize
the economic and energy consumption penalties. However, the relaxed-fuel-specification
approach would require the development of a new level of engine and aircraft fuel-system
technology (6).

An assessment of the main advantages and disadvantages of these two approaches is
shown in Figure 1. The continued production of current-specification jet fuel certainly
is the best approach from the aircraft airframe and engine manufacturers' point of view.
But, as already mentioned, it may be prohibitive from an economic and refining-energy-
consumption point of view. Relaxing the current jet-fuel specifications would obviously
minimize the energy consumption and economic penalties but may be prohibitive because it
may require more complex component technology and may adversely affect engine life.

The solution to projected fuel availability problems will most likely be to relax
the fuel specifications to a point governed by a trade-off between the fuel cost and
refinery energy consumption and the cost and development difficulty of new technology for
engines and aircraft fuel systems. Developing the data base needed to make this trade-
off is the primary objective of the Fuels Technology Program being conducted by the
National Aeronautics and Space Administration (NASA). Much of the information presented
in this paper is derived from this program. Other U.S. Government and aircraft-industry-
sponsored programs also provided information to this paper.

Illustrations are used to describe the changes in jet aircraft fuel properties that
will most probably occur if fuel specifications are relaxed. The effect of these prop-
erties on certain combustion characteristics is also illustrated, and possible variations
in fuel thermal stability are described. This is the first part of a two-part lecture
on the characteristics of possible alternative hydrocarbon fuels and their effects on
future jet aircraft. Reference 7 is the second part of the lecture.

CHARACTERISTICS OF JET-FUEL FEEDSTOCKS

Petroleum Crude 0Oil

The compositions of some typical petroleum crude oils from various sources are shown
in Table I (taken from ref. 8). Selected data are included in Table I for both the total
crude and several middle-distillate fractions from which jet and diesel fuels are pro-
duced. The sulfur content of petroleum obtained from different sources varies consid-
erably. The variability of the hydrogen content is significant in that many of the cur-
rently important sources of petroleum, such as the Alaskan crude from Prudhoe Bay, tend
to have a relatively high aromatic content. The nitrogen content of petroleum is gen-
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erally quite low. The higher-boiling range fractions contain relatively more sulfur and
nitrogen and less hydrogen (a lower hydrogen-carbon ratio, thus a higher aromatic content)
than the lower-boiling-range fractions.

Synthetic Crude 0Oils

A similar set of data for "synthetic" crude oils derived from oil shale and coal are
shown in Table II (taken from ref. 8). The sulfur, nitrogen, and hydrogen contents of the
shale-derived crude oils are reasonably comparable with one another regardless of the
process used to extract the oil from the shale. The sulfur, nitrogen, and hydrogen con-
tents of the coal-derived syncrude produced by the Synthoil process were all lower than
those of the shale oils. The higher-boiling-range fractions in the shale oils contain
considerably more nitrogen, in the form of organic nitrogen compounds, than do the lower-
boiling-range fractions. The hydrogen content for both the shale oils and coal syncrude
is reduced significantly as the boiling range is increased. The low hydrogen content of
the middle-distillate fractions in the coal syncrude is particularly significant because
of the corresponding high aromatic content. (The composition of the Synthoil fractions
can vary considerably depending on the properties of the coal feedstock used and the
process operating conditions, including the degree of hydrogenation.) 1In addition, other
processes such as H-coal (9) would produce an o0il with somewhat different properties from
the same Kentucky coal feedstock.

Comparison of Selected Key Properties

Two of the key crude-oil properties that have an important effect on jet-fuel char-
acteristics are compared in Figures 2 and 3 for various crude-oil feedstocks. Figure 2
compares the hydrogen content by weight percent of petroleum crude, shale oil, and coal
syncrudes derived from a variety of sources and processes. The variation in shale-oil
hydrogen content is minimal, but the variation in petroleum-crude hydrogen content is
rather large, with the lower end nearly at the same level as the shale o0il and coal
syncrude. This factor. is important because the need to upgrade low-quality petroleum
crudes to the same extent as the shale oil and coal syncrude may impose an economic
penalty on refining current-specification jet fuel long before any of the "synthetic" crude
oils are available. As mentioned earlier, the hydrogen content of coal syncrudes may
vary considerably beyond that shown in the figure, depending on the amount of hydrogen
added to the coal, which has a hydrogen content of about 4 to 5 percent. Figure 3 com-
pares the nitrogen content by weight percent of the various crude-oil feedstocks. For
this property, both the variation and the level in petroleum crude are minimal, but both
the variation and the level in shale o0il are very significant. These characteristics
imply that upgrading of the crude to reduce nitrogen content in jet fuels probably will
not be needed until shale-oil feedstocks become available.

The importance of the hydrogen and nitrogen levels in fuels is discussed in detail
in the section FUEL PROPERTY EFFECTS and THERMAL STABILITY.

CHARACTERISTICS OF JET FUELS
Current-Specification Fuels

Some of the key characteristics of aircraft hydrocarbon jet fuels are shown in
Table III, along with their effect or relevance in aircraft propulsion systems. The
American Society for Testing Materials (ASTM) specifications for jet fuels, including
Jet B, Jet A and Jet A-1, are shown in Table IV. The average properties for a current
Jet A fuel are also shown in Table IV for comparison. 1In general, the average property
values for Jet A fuel fall well within the required maximum or minimum specification
limits. Many of these characteristics are interrelated and can vary considerably with
changing base~point conditions. For example, the variation in heat of combustion with
specific gravity is illustrated in Figure 4. A significant decrease in heat of com-
bustion by weight occurs as specific gravity (density) is increased over the range
allowable in the specification. This decrease is somewhat compensated for by the increase
in the heat of combustion by volume that occurs simultaneously. Since aircraft fuel sys-
tems are volume limited and the aircraft themselves are often weight limited, there are
no significant range or performance penalties as long as the specific gravity remains
within the specified limits.

The boiling range of jet fuels can vary from about 60° c for Jet B to about 270° c
for Jet A. The boiling ranges of these fuels and two other petroleum products are shown
in Figure 5. The boiling range of Jet B fuel (JP-4) is directly comparable to the boiling
range of gasoline (also naptha for petrochemicals) at the low ends and to the boiling
range of Jet A (JP~5), no. 2 diesel oil, and home heating oil at the high end. The boil-
ing range of Jet A fuel is primarily comparable to the high-boiling-range no. 2 diesel and
home heating oils. This overlap of boiling ranges can have a significant impact on the
specification values if they have to be relaxed to improve jet-fuel availability. Com-
plete distillation curves for some fuels are presented in Figure 6. Jet A and Jet A-1
fuels are less volatile than Jet B and Avgas, as clearly illustrated on this figure by the
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much higher initial boiling point (0 percent evaporated).

Another measure of fuel volatility is the vapor pressure characteristics shown in
Figure 7. The initial boiling point of jet fuels is determined by the allowable limits
for flashpoint (Jet A) or Reid vapor pressure (Jet B) shown in Table IV. The fuel vola-
tility must be low enough to prevent the formation of flammable vapors at ambient condi-
tions. Jet A is currently endorsed for commercial aircraft because of its lower proba-
bility of fire during emergency landings (10). Although low volatility is desirable for
safety, it adversely affects the ignition and altitude relight capabilities of the fuel.

Another fuel property that is important in determining fuel ignition characteristics
is fuel viscosity. The variation of viscosity as a function of fuel temperature is shown
in Figure 8. The less volatile fuels are more likely to encounter ignition difficulties
because of their higher viscosities. As with vapor pressure, the variation of viscosity
with temperature is an exponential effect and becomes much more severe as temperature is
reduced.

This discussion does not include all the characteristics of current-specification
fuels. It was intended only to point out some selected key fuel characteristics and to
describe how they vary within the listed specification limits. 4

Projected Changes in Fuel Properties

Perhaps one of the most significant trends in fuel properties over the last 15 years
has been the steady increase in the average aromatic content of commercial Jet A fuel.
This trend is illustrated in Figure 9, where it is compared with the current ASTM Jet A
specification limit. During the emergency period 1973-74, limited quantities of highly
aromatic jet fuels were used as illustrated in Figure 9 by the 22-percent aromatic con-
tent of Jet A refined from a heavy Arabian crude. An estimate for Jet A refined from
Alaskan crude indicates that aromatic content may be as high as 25 percent. Because of
these recent trends, a waiver limit of 25-percent aromatic content has been set by the
ASTM for Jet A fuel. The higher-aromatic-content petroleum crude sources may require
additional hydroprocessing at the refinery to reduce the aromatic content to current
specifications. Furthermore, future shortages of middle distillates may ncessitate the
conversion of higher-boiling-range petroleum cuts to middle-distillate fractions (5).
These "cracked" fuels would have higher aromatic content and thus would require additional
hydroprocessing to meet current specifications. A very simplified schematic of the type
of processing required is shown in Figure 10.

Hydroprocessing techniques to improve fuel guality in terms of hydrogen and nitrogen
content will also be needed if fuels refined from syncrude feedstocks must meet current
specifications. The amount of hydrogen that would be consumed to raise a coal-syncrude
hydrogen content from 12.5 percent to 13.5 percent would be 100 cubic meters per cubic
meter of oil, as illustrated in Figure 11. Also shown in the figure is the amount of hy-
drogen that would be consumed to reduce the nitrogen content of a shale-oil syncrude.
These large amounts of hydrogen would likely cause both economic and energy consumption
penalties at the refinery.

The increasing trend toward higher-aromatic-content fuels, regardless of the crude
source, will result in straight-distillation fuels with lower hydrogen content. The re-
lation between hydrogen and aromatic contents is shown in Figure 12. At the currently
specified aromatic content of 20 percent, the hydrogen content can vary between approxi-
mately 13.2 and 14.2 percent by weight. Within the band shown, the decrease in hydrogen
content is generally a linear function with increasing aromatic content. An adverse
effect of reduced hydrogen content is illustrated in Figure 13, where heat of combustion
by weight is plotted as a function of hydrogen content. This effect is related to the
effect of specific gravity shown in Figure 4 since reductions in hydrogen content result
in proportionate increases in specific gravity. Substantial reductions in the heat of
combustion occur with decreasing fuel hydrogen content. As an example, a reduction of
approximately 1000 kilojoules per kilogram results when hydrogen content is reduced from
14 to 12 percent by weight.

In Figure 5 it is shown that Jet A fuel has a relatively narrow boiling range, with a
final boiling point of approximately 270° ¢, which is ecessary to comply with limits on
the freezing point. The relation between freezing point and final boiling point is illus-
trated in Figure 1l4. The freezing point of a fuel is generally defined as the temperature
at which wax components in the fuel begin to solidify. As shown in Figure 14, tle freering
point is quite sensitive to variations in final boiling point.

The foregoing discussion considered only those fuel properties that are most likely
to change. Potential increases in petroleum-crude aromatic content will result in de-
creased fuel hydrogen content unless additional hydrotreating is done at the refinery.
Additional hydrotreating will surely be needed to reduce the nitrogen content and to in-
crease the hydrogen content of fuels refined from oil shale and coal syncrudes if they
are to meet current jet-fuel specifications. Hydrocracking will also be required to con-
vert higher-boiling-range fractions to the boiling range and composition of current-
specification jet fuels. These projected needs for additional hydrotreating will surely
increase the cost of future-specification fuels and energy consumption required to refine
them. Therefore, some relaxation of the current specifications may be needed to minimize




the adverse impact on cost and energy consumption. Several of the major fuel properties
that could be affected by such a relaxation are shown in Table V. The values in the

table are levels that have been suggested (l1), as being reasonable for setting the possi-
ble limits of a candidate “"broad-specification" fuel.

Measurement Techniques

As was pointed out in the preceding discussion, an accurate knowledge of the level of
certain critical fuel properties is needed to evaluate the level of other dependent prop-
erties. The current methods for measuring several key fuel characteristics are shown in
Table VI and are also compared with test methods that may be required for future fuels.

It may be necessary to modify or replace current laboratory test methods for fuels with
broadened specificaticns because test results using certain methods may be unacceptable
when fuel property values exceed the range of sensitivity of current methods. Since
hydrogen content is one of the key fuel properties, a direct measurement of hydrogen con-
tent should be made by using a technique such as nuclear magnetic resonance (NMR). Also,
the hydrocarbon composition may be needed to determine its effect, if any, on combustion
and thermal stability characteristics. Gas chromotography - mass spectrometry (GCMS) is

a likely candidate for hydrocarbon analysis. New techniques to measure volatility, fluid-
ity, and thermal stability will also be valuable to more accurately determine the vola- E
tility of high-boiling-range fuel, correlations between freeze point and pumpability,

and correlations between fuel deposition and engine life. Finally, techniques such as
the Kjeldahl method will be needed for measuring the nitrogen content of future syncrude-
derived fuels.

FUEL PROPERTY EFFECTS

The preceding sections of this paper described and discussed fuel properties that are
most likely to change in future broad-specification fuels. 1In this section, the effect of
varying these properties on the combustion and thermal oxidation characteristics of future
fuels is considered.

Flame Characteristics

The fuel property that has the largest effect on the characteristics of the flame
within a gas-turbine combustor is the hydrogen content of the fuel. It affects soot for-
mation, carbon deposition, flame temperature, and total flame radiation. The effect of
hydrogen content on soot formation is shown in Figure 15 (taken from ref. 12), where the
soot concentration is shown to increase markedly with decreasing hydrogen content. These
results were obtained by collecting soot samples from the primary zone of an experimental
atmospheric burner at near-stoichiometric conditions for blends of benzene and n-heptane.
The tendency to form soot is a function not only of hydrogen content but alsc of combustor
inlet pressure and temperature and primary-zone equivalence ratio. The results shown in
Figure 15 were obtained in a very carefully controlled experiment and may not be typical
of the actual characteristics that would occur in a gas-turbine combustor. Soot forma-
tion rate can also be affected by the atomization quality and vaporization rate of the
fuel being injected into the flame zone. Both volatility and viscosity can affect these
processes. The calculated effect of fuel viscosity on drop-size distribution of a typical
fixed-orifice fuel nozzle is illustrated in Figure 16 (taken from ref. 13).

The effect of hydrogen content on carbon deposition characteristics is illustrated in
Figure 17 (taken from ref. 14). Also included in this figure is the effect of volatility.
Figure 17(a) shows the effect of hydrogen content (hydrogen-carbon weight ratio) and vol-
atility (volumetric average boiling temperature) on a correlating parameter, the NACA K
factor. The effect of NACA K factor on average carbon deposition in a single-can com-
bustor operating for 4 hours at a pressure of about 2 atmospheres, an inlet temperature
of 130° ¢, and a fuel-air ratio of 0.0123 is illustrated in Figure 17(b). Both increases in
boiling temperature and decreases in hydrogen content resulted in increases in the NACA
K factor (Fig. 17(a)) and, therefore, increases in the average carbon deposition (Fig.
17(b)). The fuel properties were varied by "doping" a MIL specification fuel to get the
desired characteristics. The carbon deposition results shown in Figure 17(b) were ob-
tained in a single-can combustor operating at relatively low inlet temperature and pres-
sure and are not necessarily typical of advanced high-pressure-ratio, gas-turbine-engine
combustors. Fuel injector characteristics can also affect these relations; hence fuel
viscosity is also an important fuel property when evaluating carbon deposition character-
istics.

Figure 18 shows the calculated effect of hydrogen content on maximum flame temper-
ature within a combustor at simulated takeoff and cruise conditions (ref. 15). This in-
creasing flame temperature characteristic with decreasing hydrogen content can have sev-
eral adverse effects within an aircraft engine combustor. Both the rate of oxides-of-
nitrogen (NOx) formation and the total flame radiation energy would increase. A more
dramatic impact of hydrogen content on flame radiation is shown in Figure 19 (taken from
ref. 16), where total radiant energy is plotted as a function of combustion pressure and
fuel hydrogen content. Two distinct characteristics are observable: (1) total radiant
energy increases dramatically as the hydrogen content of the fuel is decreased at a con-
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stant combustion pressure; and (2) total radiant energy increases significantly as
combustion pressure is increased at a constant fuel hydrogen content. Reducing hydro-
gen content or increasing pressure both increase soot concentrations and thus increase
flame luminosity.

Emission Characteristics

The effect of fuel properties on the formaticn of pollutants manifests itself in
both soot (particulate) and gaseous emissions. The effect of hydrogen content on the
smoke emissions of a single-can combustor is shown in Figure 20 (taken from ref. 15).
Over the range of hydrogen content tested, a nearly twofold difference in smoke number
was measured. The effect of hydrogen content on the NOx emissions of this combustor is
shown in Figure 21 (also taken from ref. 15). The increase in NOyx emissions noted is
attributed to the increase in maximum flame temperature that was illustrated in Fig-
ure 18. The combined effect of hydrogen content and fuel volatility on the formation of
total unburned hydrocarbon (HC) and carbon monoxide (CO) emissions in a single-can com-
bustor is shown in Figure 22 (taken from ref. 17). The largest effect is at the low-
power operating conditions, where low pressure, temperature, and fuel-air ratio are all
conducive to poor combustion efficiency and, hence, high CO and HC emission levels. Re-
ducing fuel volatility and hydrogen content (i.e., going from a Jet B (JP-4) to a no. 2
diesel fuel (DF-2)) resulted in a more than twofold increase in HC emissions and a 50-
percent increase in CO emissions at the lowest power condition (idle). The increases in
the CO and HC emissions are most likely the result of poor fuel atomization and vaporiza-
tion characteristics.

One other fuel property that affects the formation of pollutant emissions is shown
in Figure 23 (taken from ref. 18), where the NOy emissions of a single-can combustor are
plotted as a function of fuel-bound-nitrogen content for various simulated engine oper-
ating conditions. At all operating conditions, increasing fuel-bound nitrogen resulted
in substantial increases in the NOyx emissions. These increases are caused by the con-
version of fuel-bound nitrogen to nitric oxide. The conversion rate for this process can
vary from about 50 percent to 100 percent, depending on combustion geometry and operating
conditions.

Ignition Characteristics

Two fuel properties that have a significant effect on the ignition characteristics
of a fuel are volatility and viscosity. Viscosity plays an important role in determining
the effectiveness of a fuel injector in atomizing the fuel into small, easily ignitable
droplets. (Fig. 16.) The ignition limits of several fuels are plotted as a function of
combustor primary-zone equivalence ratio in Figure 24 (taken from ref. 17). Significantly
higher primary-zone equivalence ratios (higher injector fuel flows) were needed to
successfully ignite the higher-boiling-range fuels than to ignite the lower-boiling-range,
more volatile JP-4 fuel. For the operating conditions chosen for these tests, no. 2 }
diesel fuel (DF-2) could not be ignited without adding a blending fuel (l0-percent pen- .
tane). One other characteristic shown in this figure is also worth mentioning: For any
given fuel, the time to start can be dramatically affected by the flow rate through the
injector, as indicated by variations in primary-zone equivalence ratio. The injector
spray pattern can be severely distorted at low fuel flow rates (low nozzle pressure drop)
especially for the more viscous fuels.

Throughout the foregoing discussion, the effects of selected fuel properties on com-
bustion and emission characteristics were described. It was pointed out that several
fuel properties may combine to produce a particular adverse effect and that it is not al-
ways clear which property is the predominant factor. Nonetheless, certain trends can
be attributed to particular fuel properties and, therefore, changes in these properties
in future fuels will cause results similar to those that wure illustrated. Therefore, if
fuel properties change in accordance with the proposed broad-specification fuel described
in the preceding section of this paper, we can expect to be faced with the need to evolve
advanced technology to minimize the adverse impacts on combustion, emission, and ignition
that have been discussed.

THERMAL STABILITY

Aircraft jet fuels must be stable at the temperatures that they will encounter in the
fuel system. No gums or deposits should occur on heated surfaces such as heat-exchanger
tubes and no cracking or particulate formation should occur that could clog small passages
such as those in fuel nozzles. Laboratory tests that have been developed to check on this
particular fuel behavior subject the fuel to a thermal stress in a test rig such as that
shown schematically in Figure 25. A small tube is heated electrically to the test tem-
perature. The fuel flows up through an annulus surrounding this heated surface and out
through a test filter. During this procedure, any tendency of the fuel to form partic-
ulates large enough to block the test filter can be noted by a buildup of pressure drop
across the filter. At the same time, deposits may also form on the heated tube. Any
chemical changes bringing about the fuel instabilities should occur at an increased rate
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as the fuel temperature is increased. In general, either the pressure drop across

this test filter increases at a faster rate or the indicated deposits on the tube build
up at a faster rate, as the test temperature is increased. Thus, one way of comparing
the thermal stabilities of fuels is to determine the maximum temperature of the heated
tube before the test exceeds certain specified limits of pressure drop or tube deposit
buildup. This temperature is then referred to as the "breakpoint temperature."

Breakpoint temperatures for a number of oil-shale- and coal-derived fuels were
determined by using the test apparatus shown in Figure 25 (taken from ref. 19). The re-
sults are shown in Figures 26 and 27, where the breakpoint temperatures were deter-
mined from tube deposit buildup, which turned out to be the limiting factor. Figure 26
shows the effect of fuel-bound-nitrogen content on breakpoint temperature for several
oil-shale-derived fuels. The variation in fuel-bound-nitrogen content was controlled
by hydrotreating the fuels to different degrees of severity. The effect of the fuel-
bound-nitrogen content is significant, and these data indicate that nitrogen content
in excess of 0.0l percent by weight would reduce the breakpoint temperature to levels
below the minimum allowable for current Jet A fuel. Therefore, crude oils with high
fuel-bound-nitrogen content would have to be hydrotreated to meet current fuel specifi-
cations. Although it is known that fuel-bound nitrogen is a factor contributing to the
instability of fuels, it is not possible to determine if it is solely responsible for
the stability difference shown in Figure 26.

Figure 27 shows the breakpoint temperature for some coal-derived fuels as a function
of the weight percentage of hydrogen. The fuel-bound nitrogen in all the fuels was
6 ppm or less. In this case, a general trend was to higher breakpoint temperatures as
the hydrogen content was increased: A 260° C breakpoint generally required at least
13-percent hydrogen content. Typical Jet A, which has a hydrogen content of about 13.5
to 14 percent, must have a breakpoint temperature greater than 260° C.

Another factor that affects breakpoint temperature is the final boiling point of jet
fuels. Figure 28 shows the decreasing trend that breakpoint temperature follows for
fuels from two different syncrudes as the final boiling point of the fuels is increased.
The difference in level between the two curves is most likely caused by differences in
hydrogen and fuel-bound-nitrogen content. Figures 26 to 28 present some of the early
stability data available on turbine fuels from synthetic sources and indicate the general
severity of the refining processing that would be required to produce synthetic fuels
with stabilities comparable to those of current jet fuels.

CONCLUDING REMARKS

The available sources of petroleum crude oil that are used to produce aircraft engine
jet fuel h- »en slowly undergoing changes in several critical properties. Foremost
among thes .nges is the slow average increase in the content of aromatic compounds
and several rather large increases in these compounds that have recently occurred or
are projected to occur (e.g., in Alaskan crude o0il). These large increases in aromatic
content have led to considerable concern regarding the hydrogen content in jet fuels
derived from these crude-oil sources. Making up for future shortages of middle-
distillate fractions by "cracking" higher-boiling-range petroleum fractions would also
result in higher-aromatic-content jet fuels unless hydroprocessing were used to upgrade
these fuels to current-specifications. In addition, initial evaluations of the character-
istics of jet fuels that could be refined from syncrudes obtained from oil shale and coal
have shown that considerable hydrotreating will be needed to upgrade the hydrogen content
of these fuels to satisfy current specifications. Along with these concerns about hydro-
gen content, indications are that variations in fuel-bound-nitrogen content, boiling
range, freezing point, and trace constituents may all be encountered in future fuels,
especially in those derived from syncrudes. In this paper, the effect of varying all the
aforementioned fuel properties on the combustion and thermal stability characteristics
of a fuel were described and discussed. A knowledge of how severe the effects of varia-
tions in hydrogen content, fuel-bound-nitrogen content, and boiling range are on such
combustion phenomena as soot and carbon formation, emissions, and ignition, is going to
be needed. The severity of these related effects will be an important consideration in
determining the tradeoff between the cost and energy consumption needed at the refinery
to produce current-specification fuel and the cost of developing new engine combustion
chambers that can use broaden-specification fuel.

To provide a common basis for obtaining the data needed for this tradeoff, a speci-
fication for a reference-type fuel was developed at a workshop conducted at the NASA
Lewis Research Center (l11). The proposed specifications for this experimental referee
broad specification (ERBS) aviation turbine fuel are presented in Table VII. Both the
proposed specification levels and the measurement techniques for determining these levels
are shown. The principal properties that have been "broadened" are those that have been
discussed in this paper: composition (hydrogen content), volatility (boiling range),
fluidity (freezing point and viscosity), and thermal stability (breakpoint temperature).
The use of this common broad-specification fuel in experiments conducted by many investi-
gators should provide a Luasis for maximizing the usefulness of basic studies as well as
a basis for comparing the ability of future aircraft-engine combustors to successfully
operate with a broad-specification fuel. Future experimental studies should not and will
not be confined to the ERBS fuel. Continued effort is still needed to parametrically
evaluate the impact that large variations in properties, as discussed in this paper,
has on the combustion and thermal stability characteristics of future fuels.
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TABLE I. - COMPOSITION OF PETROLEUM CRUDE OILS E
Crude Con- Total Middle-distillate fractions :
& source stituents | crude o
Boiling point, C
120 - 205 | 205 - 275 | 275 - 345
Content, wtg

Nigeria Sul fur 0.14 0.02 0.09 0.17
(light) Nitrogen .12 .001 .001 .012 i1
Hydrogen | 13.0 13.4 3 i 5 § 12.8 &
Aga-Jari, Sul fur 1.34 0.04 0.40 0.95 ]
Iran Nitrogen «13 .001 .004 .010 ‘i

Hydrogen | 13.0 14.3 13.6 131 i

Kuwait Sulfur 2. 53 0.10 0.45 1.52

Nitrogen 13 .001 .092 .10

i Hydrogen | 12.7 14.2 13.8 13.1
Alaska Sulfur 1.04 0.05 0.23 0.60 I
(Prudhoe Bay) | Nitrogen .23 .001 .009 .028 3

Hydrogen | 12.3 13.8 13.0 12.7
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TABLE IX. - COMPOSITION OF "SYNTHETIC" CRUDE OILS

Crude Con - Total Middle-distillate fractions
source stituents |crude e
(process) Boiling point, “C
120 - 205 | 205 - 275 | 275 - 345
Content, wth
Shale oil Sulfur 0.71 0.90 0.66 C.69
(Paraho) Nitrogen 2.0 .001 1.01 1.9
Hydrogen [11.5 12.5 12.2 11.8
Shale oil Sulfur 0.67 0.85 0.82 0.75%
(Tosco) Nitrogen 1.85 1.0 1.45 1.86
Hydrogen [11.6 13.1 12.3 11.5
Shale oil Sul fur 0.64 0.65 0.56 0.60
(Garrett-Insitu) | Nitrogen | 1.30 .001 .46 1.03
Hydrogen |11.8 12.6 ) G 12.0
Coal syncrude? Sulfur 0.22 0.10 0.092 0.14
(Synthoil) Nitrogen .79 .30 .29 .32
Hydrogen 9.2 11.0 10.8 10.4

aKentucky coal.

TABLE III.

- CHARACTERISTICS OF AVIATION TURBINE FUEL

Characteristic

Effect or relevance

Heat of combustion
Specific gravity

Volatility

Viscosity

Aromatics (H/C)

Flashpoint
Freezing point
Sulfur

Olefins

Thermal stability

Specific fuel consumption; takeoff gross weight
Heat of combustion (by weight, by volume)

Ignition; altitude relight; idle emissions; evaporation
loss; carbon formation

Fuel atomization; ignition; pumpability

Smoke; flame radiation; heat of combustion; carbon
formation; thermal stability

Fire safety

Pumpability on high-altitude, long-range missions
Corrosion; emissions

Gum formation (thermal stability)

Maximum fuel temperature; fuel deposition

i
:
1
:
1
i
]
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TABLE VII. - PROPOSED SPECIFICATIONS FOR EXPERIMENTAL REFEREE BROAD-
SPECIFICATION (ERBS) AVIATION TURBINE FUEL

Specification

ERBS jet fuel

Proposed test method

Composition:
Hydrogen content, wtt
Aromatic content, volt
Sulfur content (mercaptan), wts
Sulfur content (total), wts
Nitrogen content (total), wt%
Naphthalene content, vol$
Hydrogen compositional analysis

Volatility:
Distillation temperature, °¢
Initial boiling point
108 recovered
50% recovered
90% recovered
Final boiling point
Residue, percent
Loss, percent
Flashpoint, °c
Gravity, deg API at 15° C
Gravity (specific), (15° ¢/15° c)
Fluidity:
Freezing point, °c
Viscosity at -23° C, m?/s (cS)
Net heat of combustion, kJ/kg
Thermal stability (JFTOT breakpcint
temperature, balsd on TDR = 13
or AP = 25 mm, C)

12.84£0.2
Report

0.003 (max.)
0.3 (max.)
Report
Report
Report

Report

205 (max.)
Report

260 (min.)
Report
Report
Report

38 to 49
Report
Report

-29 (max.)
12x10-6 (max.)
Report

240 (min.)

Nuclear magnetic resonance
ASTM D1319

ASTM D1219

ASTM D1266

Kjeldahl

ASTM D1840

Gas chromatography -

mass spectroscopy

ASTM D2892

ASTM D56
ASTM D287
ASTM D1298

ASTM D2386
ASTM D445
ASTM D2382
ASTM D3241

e ———
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IMPACT OF FUTURE FUEL PROPERTIES ON AIRCRAFT ENGINES AND FUEL SYSTEMS

R. A. Rudey and J. S. Grobman
NASA Lewis Research Center
Cleveland, Ohio 44135, U.S.A.

SUMMARY

From current projections of the availability of high-quality petroleum crude oils,
it is becoming increasingly apparent that the specifications for hydrocarbon jet fuels
may have to be modified. The problems that are most likely to be encountered as a re-
sult of these modifications relate to engine performance, component durability and main-
tenance, and aircraft fuel-system performance. The effect on engine performance will be
associated with changes in specific fuel consumption, ignition at relight limits, at ex-
haust emissions. Durability and maintenance will be affected by increases in combustor
liner temperatures, carbon deposition, gum formation in fuel nozzles, and erosion and
corrosion of turbine blades and vanes. Aircraft fuel-system performance will be affected
by increased deposits in fuel-system heat exchangers and changes in the pumpability and
flowability of the fuel. The severity of the potential problems is described in terms of
the fuel characteristics most likely to change in the future. Recent data that evaluate
the ability of current-technology aircraft to accept fuel specification changes are pre-
sented, and selected technological advances that can reduce the severity of the problems
are described and discussed.

INTRODUCTION

This paper describes and discusses the propulsion-system problems that will most
likely be encountered if the specifications of hydrocarbon-based jet fuels must undergo
significant changes in the future and, correspondingly, the advances in technology that
will be required to minimize the adverse impact of these problems.

Future jet aircraft fuels derived from petroleum or "synthetic" crude stocks such as
0il shale or coal may have significantly different fuel properties than current jet fuels.
The effect of these changes in fuel properties on selected combustion processes are des-
cribed and discussed in reference 1. As pointed out in reference 1, significant changes
in fuel properties may be encountered in the not-too-distant future; the most probable
changes will be in the hydrogen-to-carbon ratio, the percentage of aromatic compounds,
the percentage of nitrogen compounds, and the fuel boiling range. The relationship of
these fuel property changes to potential propulsion-system problems is illustrated in
Figure 1. A higher fuel boiling range will likely result in a less volatile, more vis-
cous fuel, which will affect both ignition characteristics and idle emissions, and a
higher freezing point, which will affect the pumpability and flowability of the fuel.
Increases in aromatic compounds will result in increased smoke and flame radiation and
poorer chemical stability. Increases in nitrogen compounds will result in increased
nitric oxide emissions and, again, poorer chemical stability. These potential problems
impose some very severe constraints on the ability of conventional aircraft-engine tech-
nology to accommodate fuels with variations in these properties. Several investigations
have been recently made or are currently under way to evaluate the effects of some of
these property changes on conventional aircraft-engine technology (2-7). The principal
problem areas that have been identified to date are primarily associated with the engine
combustor and turbine and with both the engine and the aircraft fuel system.

Although this paper describes potential problems and the ability of advanced tech-
nology to minimize or eliminate them, in the final analysis, the choice between estab-
lishing allowable variations in fuel properties and implementing advanced propulsion-
system technology will be arrived at through an iterative process. Obviously, economics
will play a key role, as will the availability of high-quality crude oil feedstocks.
Therefore, the criteria by which to make an optimum trade-off between future fuel
specifications and advanced technological needs must be established. This is the prin-
cipal objective of the Fuels Technology Program that is being conducted by the National
Aeronautics and Space Administration (NASA) and from which a large part of the informa-
tion presented in this paper was derived. Many other programs sponsored by both the
U.S. Government and private industry are also under way, and they too have contributed
information to this paper.

Several investigations conducted are summarized. Illustrations are used to describe
the relative effects of selected fuel properties on the behavior of propulsion-system
components and fuel systems. The selected fuel prcperties are those that are most likely
to be relaxed in future fuel specifications (1). Illustrations are also used to describe
technological advances that may be needed in the future. Finally, the technological areas
needing the most attention are described, and programs that are under way to address
these needs are briefly discussed.
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ENGINE PERFORMANCE

Potential future fuel properties will generally affect engine performance by changing
specific fuel consumption, ignition and relight limits, and exhaust emissions. Each of
these factors is dealt with separately.

Specific Fuel Consumption

In general, the specific fuel consumption (SFC) characteristics of aircraft engines
go through a cyclic deterioration with time (Fig. 2): A short-term engine performance
deterioration, or increase in SFC occurs during early operation within the fleet; long-
term engine performance deterioration is modified in a cyclic manner by engine repair.
The short-term deterioration ordinarily results from changes in running clearances and
tolerances in what might be called the break-in period; it is not generally recoverable.
The long-term trend can be modified by engine repair; for the newer high-pressure-ratio
engines this generally means replacement or refurbishment of hot-section parts. Many
hot-section problems are caused by temperature maldistribution and by erosion and cor-
rosion. Without the repair of hot-section parts, the overall long-term engine performance
deterioration woula be nuch greater than that shown on Figure 2. Relaxed fuel specifica-
tions, especially in the percentage of aromatic compounds and trace species such as
vanadium and sulphur, may considerably aggravate long-term deterioration. The problems
that may be caused by changes in aromatic content and trace species are described in more
detail in the section ENGINE COMPONENT DURABILITY AND MAINTENANCE.

Ignition and Relight Limits

The principal fuel properties that affect the ignition and relight limits of an air-
craft engine are volatility and viscosity. Fuel volatility and viscosity affect the
atomization and vaporization characteristics of the fuel as it is sprayed into the com-
bustion chamber. How these properties affect combustor ignition characteristics is illus-
trated in Figure 3 (taken from ref. 5), where time to start is plotted as a function of
combustor primary-zone equivalence ratio for a JP4 fuel and a Jet A fuel. Two effects
are clearly shown in Figure 3: For a given fuel (e.g., JP-4), the time to start increases
dramatically with decreasing equivalence ratio after a critical minimum is reached. This
is primarily due to the effect that reducing fuel-nozzle flow rate has on the atomization
quality of the fuel spray. The second effect relates to fuel volatility and viscosity.
Substituting a Jet A fuel for a JP-4 fuel, and thus varying volatility, made a higher
primary~zone equivalence ratio necessary for successful ignition. The need to provide a
richer primary-zone equivalence ratio could make it difficult to obtain adequate ignition
limits for a fixed-geometry conventional combustor. Volatility and viscosity can also
affect an engine's altitude relight envelope, as illustrated in Figure 4, for a modern
high~bypass-ratio jet engine combustor using cold and heated JP-5 fuel. Reducing fuel
volatility and increasing viscosity, as simulated by using the cold fuel, caused a notice-
able loss in altitude relight capability, especially at the higher flight Mach numbers.
Several techniques that can be used to improve relight are described later in this paper.

Exhaust Emissions

The principal fuel properties that can affect engine exhaust emissions are volatility,
hydrogen content, and fuel-bound-nitrogen content. These properties affect all four of
the principal exhaust emissions that have been designated as air pollutants and that are
currently being regulated by the U.S. Environmental Protection Agency (EPA); carbon
monoxide, hydrocarbons, nitrogen oxides, and smoke.

Effects of hydrogen content. - Fuel hydrogen content can affect all four pollutant
emissions. Very dramatic increases in combustor smoke number with decreasing fuel hydro-
gen content have been obtained in experimental evaluations using conventional combustion
chambers from current~technology aircraft engines. An example of this effect, for a
conventional can-~type combustor, is illustrated in Figure 5 (taken from ref. 6). At a
simulated takeoff operating condition (Fig. 5(a)) the measured Society of Automotive
Engineers (SAE) smoke number increased in a nearly linear manner as the percentage by
weight of fuel hydrogen was reduced. The relative impact, as indicated by the slope of
the experimental data, was more severe at the cruise and idle operating conditions, as
shown in Figures 5(b) and (c), respectively. For the eagine that uses this combustor, an
SAE smoke number of 25 is required at takeoff for compliance with the currently proposed
U.S. EPA standards.

The carbon monoxide (CO) and unburned hydrocarbon (HC) emissions of this same can
combustor operating at idle conditions are plotted as a function of fuel hydrogen content
in Figure 6 (taken from ref. 6). Although a considerable amount of scatter is evident, a
trend of slightly increasing CO and HC emissions is detectable with decreasing fuel hydro-
gen content. This effect of fuel hydrogen content on CO and HC emissions will be most
prevalent at the idle condition, as illustrated in Figure 7 (taken from ref. 5), where the
emission characteristics of a low-pressure-ratio engine combustor are plotted as a function
of the percentage of engine rated power for a variety of fuel types. Because the number
2 diesel fuel (DF-2) has a significantly lower hydrogen content and lower volatility than
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the jet fuels, it produces higher emissions. The larger relative effect on emissions

at idle, as compared with the othe:. operating conditions, is attributed to the much

lower compressor discharge pressure and temperature at idle. The effect of fuel hydro-
gen content on CO and HC emissions, as illustrated in this example, may not be as signifi-
cant in current and future modern high-pressure-ratio engines. The higher compressor
discharge pressures and temperatures of these engines should minimize i1his problem,

The effect of fuel hydrogen content on oxides of nitrogen (NO,) emissions is illus-
trated in Figure 8 for the same can combustor used to obtain the results shown in Fig-
ures 5 and 6. For this combustor, the NOyx emission index increase was more pronounced
at the takeoff condition than at the cruise condition. This increase in NOx emissions
was attributed to a possible increase in combustion flame temperature that could have
occurred as the fuel hydrogen content was decreased. An example of such an increase in
flame temperature is illustrated in Figure 9, where a computed maximum flame temperature
(based on a homogeneous fuel-air mixture) is plotted as a function of fuel hydrogen con-
tent for the same cruise and takeoff test conditions used to obtain the experimental re-
sults shown in Figure 8. These theoretical temperature characteristics indicate that a
trend toward increasing NOyx emissions with decreasing fuel hydrogen content should be ex-
pected.

Of all of these effects of fuel hydrogen content on exhaust emissions, the dramatic
increases in smoke emission are felt to be the most severe and challenging problem.

Effects of fuel-bound-nitrogen content. - Increasing fuel-bound-nitrogen content is
expected to have an effect only on NOy emissions. This effect for a low-pressure-ratio
engine combustor is illustrated in Figure 10 (taken from ref. 7) for three simulated en-
gine operating conditions. The NOyx emissions increased substantially at all operating
conditions as fuel-bound-nitrogen content was increased. The magnitude of the increase in
NOx emissions would be even more pronounced if all the nitrogen were converted into NOx,
but this was not the case, as shown in Figure 1ll. The conversion efficiency shown in Fig-
ure 11 is quite typical and comparable with many results currently being obtained in other
experiments. In some studies, however, conversion efficiency has been shown to be a func-
tion of variations in combustor configuration and operating conditions. Conversion effi-
ciencies from as high as 80 percent down to 40 or 50 percent have been realized.

In these experiments, fuel hydrogen and fuel-bound-nitrogen contents were varied by
"doping" existing~specification fuels with such pure compounds as alkyl benzenes and
pyridine. The range of hydrogen and nitrogen contents was purposely made large in order
to evaluate the effects in a parametric manner. The lower and upper limits were not set
to imply that any particular levels are expected in future fuels. Also, bear in mind
that most of the results were obtained in controlled combustor test-rig experiments and
thus may not be comparable to actual engine results. Nevertheless, the trends in exhaust
emissions that were illustrated are felt to represent what can be expected if fuels having
properties similar to the test fuels are used.

ENGINE COMPONENT DURABILITY AND MAINTENANCE

Changes in future fuel characteristics will likely have a pronounced effect on engine
component durability and mainternance. The increasing flame temperature and luminosity
that can be expected as fuel hydrogen content is reduced (1) can cause problems in cooling
combustor liners and turbine vanes and blades. Changes in fuel volatility and chemical
stability can be expected to increase carbon formation and deposition. And any increase
in reactive trace constituents will certainly aggravate the erosion and corrosion problems.
Each of these changes are considered in the following discussion.

Combustor Liner Temperature

The effective cooling of combustor liners is becoming more difficult because of the
changing engine cycle conditions associated with high-pressure-ratio engines. The effect
of increasing combustor inlet temperature on liner temperature is illustrated in Figure 12
(taken from ref. 8). The effect is almost linear and is probably caused by the increasing
cooling-air temperature and the increasing flame temperature that would occur at a fixed
primary-zone fuel-air ratio as inlet air temperature is increased. Another factor that
can increase flame temperature and flame emissivity is combustor pressure. The effect of
increasing combustor pressure on liner temperature is illustrated in Figure 13. Calculated
liner temperatures are also shown in both Figures 12 and 13 and, in general, they are in
reasonable agreement with both the shape and trend of the measured experimental temperature
and pressure effects. However, the calculated absolute liner wall temperature levels are
too high probably because total flame radiation cannot be accurately forecast. The sensi-
tivity of liner wall temperatures to flame emissivity (luminosity) is strongly affected by
the hydrogen-to-carbon ratio of the fuel (1). This effect is illustrated in Figure 14,
where experimentally measured liner temperatures are plotted as a function of the hydrogen
content in the fuel used for testing a can combustor (6) at two simulated engine operatina
conditions. The steeper slope of the measured liner temperatures at the cruise conditions
suggests that the flame luminosity effect becomes more pronounced at the compressor dis-
charge pressures associated with the cruise condition. The effect of combustor pressure on
soot formation, and hence flame luminosity, is described in detail in reference 9.




In summary, there are several factors that could affect combustor liner temperatures '

@n future aircraft engines. Increases in cycle pressure ratio that are being sought to ‘

improve engine efficiency are certainly going to require additional attention to the liner
cooling problem. It is also apparent that reductions in the hydrogen content of future

fuels will surely aggravate any problems associated with liner cooling. %
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Carbon Formation and Deposition {

The combination of the inability to effectively atomize the fuel that is injected i
into a combustion chamber and a reduction in fuel hydrogen content can cause some rather |
dramatic carbon formation and deposition problems, as illustrated in Figure 15. Figure 15

shows carbon deposition that occurred in an experimental annular combustor for a low-

pressure-ratio engine. Carbon deposition this severe is not prevalent in today's high-

pressure-ratio engines. However, carbon formation could once again become a problem if

fuel volatility and hydrogen content are significantly modified. The effect of both

volatility and hydrogen-carbon ratio on carbon deposition is illustrated in Figure 16

(taken from ref. 1ll1). The use of fuels with higher boiling ranges (e.g., diesel o0il) and

lower hydrogen-carbon ratios (higher aromatic content) would tend to increase carbon

deposition. Because these effects are pressure and temperature dependent, the higher

cycle temperature of most modern high-performance engines should reduce the probability

that carbon formation and deposition as dramatic as that shown in Figure 15 would occur

with the use of future fuels having low volatility and hydrogen content. However, some

of the new low-pressure-ratio small engines used in remote-piloted vehicles (RPV's) could

encounter rather serious problems when using fuels with relaxed volatility and hydrogen

content specifications.

Carbon deposition and coking within fuel nozzles can cause problems in fuel atomiza-
tion such as illustrated in Figure 17. The streaking effect that is shown in the spray
pattern is most likely caused by deposits in the small fuel-nozzle passages that occurred
due to thermal stability problems in the fuel. Poor fuel atomization can cause the carbon
formation and deposition problems that were previously discussed and can also result in
significant hot-streak and pattern-factor problems within the combustor.

Erosion, Corrosion, and Deposition

There are three principal factors that can cause problems within the hot section of
an aircraft engine, particularly in the turbine: high combustion-exhaust-gas temperatures,
unburned combustion products, and impurities in both the fuel and the air. All these
factors can combine to produce an environmental attack on turbine materials (12), as shown
schematically in Figure 18. Impurities such as sodium, chlorides, and sulphur can result
in gaseous reactions, liquid deposition, and oxide fluxing, all of which can produce high-
temperature oxidation and corrosion damage. Damage from liquid and solid deposits and
fouling occurs because of calcium, potassium, and magnesium impurities within the fuel.
Erosion damage can occur from the impact of liquid or solid particles such as carbon, ash,
or dirt particles in the combustion gases.

The effect that the preceding damage forms can have on a turbine is illustrated
schematically in Figure 19. Weight loss from erosion is estimated to occur in a nearly
linear fashion with time as would the weight gain from deposition (fouling). Corrosion is
the most severe form of environmental attack, and long-term loss in specific weight be-
comes disastrous. All of the factors illustrated in Figure 19 affect turbine life.
Deposition and fouling can lessen the efficiency of turbine cooling by plugging film-cooling
holes, as shown in Figure 20; and erosion and corrosion can cause material distress, as
illustrated in Figure 21.

By combining the aforementioned "impurity"-related turbine life factors with the
normal life-limiting factors of materials, a life-limiting picture of turbine components
such as the one illustrated in Figure 22 can be constructed. This schematic representa-
tion illustrates how erosion and corrosion can drastically shorten turbine-component life
beyond that which would normally be controlled by fatigue, creep, and material melting
temperatures only. If the allowable limits of fuel impurities, such as sodium and sulfur,
and of the fuel hydrogen content are relaxed in future fuels, the aforementioned effects
may become significant problems.

ENGINE TECHNOLOGY NEEDS

The preceding sections of this paper describe several problems that may arise from
the relaxing of fuel specifications for aircraft engines. The technology that will be
needed to minimize or eliminate these problems is described in this section of the paper.
Some critical research and development needs have been identified:

Improved cooling techniques
Reliable ignition and relight
Reduced exhaust emissions
Improved fuel injectors
Prevention of carbon deposition
Improved materials and coatings
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Although it is not within the scope of this paper to discuss in detail the research
and development needs in all these areas, technological advances currently being
sought are presented and discussed.

Engine Performance

A variety of techniques can be considered to minimize potential ignition and re-
light problems. Heating the fuel to reduce its viscosity can be effective in improving
fuel atomization. Primer or auxiliary fuel nozzles, designed for use during ignition
and relight only, can also improve fuel atomization at engine starting conditions. Torch
ignitors have been very effective in many military applications for high-altitude re-
light. All these techniques will add a degree of complexity to the engine and its fuel
control. Therefore, simpler and more reliable techniques are surely going to be needed.

Several potential design concepts can be used to control exhaust emissions, a prob-

lem that may be aggravated by relaxed fuel specifications:

Staged combustion

Air-atomizing fuel injectors

Intensive fuel-air mixing

Lean combustion

Fuel-air premixing

Fuel prevaporization
In practice, a combination of many of these techniques could be used in any particular
combustor concept. As an example, two recently evaluated advanced combustor concepts are
shown by the cross-sectional schematics shown in Figure 23. Both the Vorbix and double-
annular combustion concepts, which were evolved during the NASA Clean Combustor Program
(13,14), incorporate fuel staging, air-atomizing fuel injectors, and lean combustion.
The Vorbix combustor also uses intensive fuel-air mixing. Both combustor concepts sub-
stantially reduce all the gaseous exhaust emissions below the levels of the conventional
engine combustors that they were designed to replace. The use of one stage (pilot) to
reduce CO and HC emissions during idle and a second stage (main) to reduce these emissions
during high-power operation proved to be very effective, as shown in Figure 24. Staged-
combustor concepts such as these will be needed to minimize the impact of decreasing fuel
hydrogen content or increasing fuel-bound-nitrogen content on aircraft engine exhaust
emissions. Both concepts have gone through successful experimental engine testing and

are strong candidates for future energy-conservative and environmentally acceptable engines.

If more dramatic reductions in exhaust emissions are are required (e.g., NOx) combining

techniques such as prevaporizing the fuel and premixing the fuel and air will allow com-
bustion to occur at extremely low fuel-air ratios and thus will dramatically reduce flame
temperatures. Successful development of prevaporizing-premixing techniques could provide
additional decreases in NOx emissions, such as those discussed in reference 15 and shown
in Figure 25.

A variety of minor combustor modifications can be used to reduce CO and HC emissions
without the major changes in combustor design shown in Figure 23. These modifications
would deal mainly with improving fuel atomization and the distribution of air and fuel in
the primary zone.

Although most of the aforementioned concepts have been or are being evolved to re-
spond to environmental problems with current-specification jet fuels, they can certainly
apply to future engines that would use relaxed-specification fuels. Therefore, continued
exploration to define the capability of these concepts to control exhaust emissions from
fuels with relaxed specifications is certainly going to be needed.

Engine Component Durability and Maintenance

Several potential design approaches can improve component durability and reduce main-

tenance requirements:

Lean combustion techniques

Advanced materials and coatings

Advanced liner cooling techniques

Improved structures
Lean combustion can reduce the effect of fuel hydrogen content on flame luminosity and
therefore reduce liner temperature, as shown in Figure 26. A maximum liner temperature
over 200° C lower than that of conventional combustors was realized when the two combustor
concepts shown in Figure 23 were tested with a fuel having a hydrogen content of about
12 1/2 percent by weight. Another feature of the lean-combustion approach that is indi-
cated by the results shown in Figure 26 is that the liner temperature appears to be in-
sensitive to fuel hydrogen content. This insensitivity would be a significant advantage
in future engines because a rather flexible fuel-hydrogen content specification could be
used without compromising liner durability as affected by increasing liner temperatures.

Thermal~barrier coatings also offer the potential for reducing liner temperatures. A
conventional can combustor with a thermal-barrier coating is shown in Figure 27 (taken
from ref. 16). A zirconia ceramic coating was applied to the liner inner wall. The com-
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bustor was tested over a range of conditions simulating engine takeoff and cruise; the it
resultant effect of the ceramic coating on the maximum liner temperature is shown in
Figure 28. Significant reductions in maximum liner temperature were realized at both
the cruise and takeoff conditions. Research and development of this and other advanced
liner-cooling techniques, such as those shown in Figure 29, is certainly warranted.

The continued development of all the aforementioned approaches will surely be
needed to maintain acceptable durability and maintenance characteristics of future
engines using relaxed-specification fuels.

Erosion, Corrosion, and Deposition

Solving the problems of erosion, corrosion, and deposition on engine hot-section |
life will require many of the design techniques already described. Reducing combustor
soot and carbon formation and minimizing the effect of such trace constituents as sulphur,
potassium, and manganese must be actively pursued. Corrosion-resistant materials are
being developed, and the use of coatings to protect the parent metal is also being eval-
uated (17). One example of how materials and coatings can affect the impact of corrosion
on specific weight change is shown in Figure 30. Continued exploration in this area is
certainly warranted, as well as the development of advanced turbine blade and vane cooling
schemes that are less susceptible to plugging by deposits.

Many of the aforementioned research and develorment needs are being addressed in the
NASA Fuels Technology Program, as well as in other U.S. Government and industry-sponsored
programs. Presently, the main emphasis in the NASA program is on evaluating combustion
and durability problems. However, because of the importance of all the problem areas dis-
cussed in this paper, problem definition and response to technological needs must be con-
tinuously reviewed. A comprehensive data base will surely be needed if we are to optimize
the trade-off between advanced technology development and fuel specification relaxation for
future aircraft applications.

AIRCRAFT ENGINE FUEL SYSTEMS

The fuel properties that are most likely to cause problems in aircraft engine fuel
systems are those that affect fuel thermal stability, flowability, and pumpability and
fuel-system material compatibility. These factors are principally affected by the fuel-
bound-nitrogen and hydrogen content, freezing point, and aromatic content of the fuel.
Another factor of concern in fuel systems is the effect of fuel volatility on safety.
Since the forecasted trend in future fuels is toward a less volatile fuel, rather than a
more volatile fuel that would present safety hazards, changes in potential safety prob-
lems are not expected and therefore are not discussed in this paper.

Thermal Stability and Deposition 3

Increasing fuel-bound-nitrogen content can result in a less thermally stable fuel. A
similar effect is also noted for reducing fuel hydrogen content. The use of fuel as a
heat sink in most aircraft fuel systems results in a rise in fuel temperature. If the
fuel temperature approaches or exceeds the "breakpoint" of the fuel, deposits may form in
the heat-exchanger passages and a loss in heat-transfer effectiveness can occur. (Fuel
breakpoint temperature is discussed in ref. 1.) In the extreme, these deposits can become
severe enough to produce flow restrictions in the fuel passages, thereby increasing the
pressure drop. Fuel nozzles are also susceptible to this potential problem. One test that
is commonly used to measure the thermal stability of the fuel is the JFTOT technique (1).
As an example, a fuel that was derived from shale oil and refined to two different fuel-
bound-nitrogen content levels was exposed to this test and the results are shown in Fig-
ure 31. As illustrated, the deposits that were formed within the tube were much more se-
vere for the fuel with high fuel-bound-nitrogen content when both fuels were heated to
the same temperature (e.g., 260° C).

Many factors are involved in the formation of fuel-system deposits. Several of the

principal ones that have been identified are:

Fuel properties

Engine-cycle pressure ratio

Flight duration

Fuel contamination

Surface material

Fuel oxygen content

Fuel additives
Even though fuel properties (i.e., fuel hydrogen and fuel-bound-nitrogen contents) is only
one of the many factors involved, it is the one factor that will most likely be affected
by any relaxation of fuel specifications for future aircraft engines.




Fuel Pumpability and Flowability

At the freeze point, a fuel begins to enter a semisolid state, which can have an
adverse effect on its pumpability and flowability. For example, a semisolid fuel can
severely block a screen filter, as illustrated in Figure 32. Any blockage of this mag-
nitude in an aircraft fuel system could have disastrous consequences. Hence, maintaining
fuel temperature at a safe margin above its freeze point is an absolute necessity.
Therefore, any increases in fuel freeze point that could occur from relaxing the specifi-
cations of future fuels must be carefully considered.

Many factors must be considered in evaluating the minimum allowable fuel-tank tem-
perature, such as flight routes, altitude, and duration and the initial fuel temperature.
The effect that flight routes can have on fuel temperature is illustrated in Figure 33,
where the average of the recorded in-flight fuel temperatures of a large number of air-
craft is plotted as a function of the percentage of flight time that the fuel was above
the minimum temperature recorded during the flight. The average fuel temperature data
for each of three different routes, as documented by the International Air Transport
Associatign, are shown. The North Atlantic and North Pole routes had fuel temperatures
below -30~ C about 20 percent of the time, but the Europe-to-South-America route had fuel
temperatures below -30° C only about 2 percent of the time. An example of the calculated
effect of both flight duration and initial fuel temperature on the fuel temperature for a
long-range flight of 9300 km is illustrated in Figure 34. The procedures involved in this
calculation are described in reference 18. After about 6 hours of flight, the calculations
indicate that fuel temperature would reach about -400 C regardless of the initial tem-~
perature. This effect of initial fuel temperature could allow a higher-freeze-point fuel
to be used for short-duration flights, but it would probably not provide any substantial
benefit on typical long-duration flights.

Since the "candidate" broad-specification fuel described in reference 1 has a freeze
point of about -~29° C, some form of fuel heating will probably be required to prevent fuel
pumpability and flowability problems in long-range aircraft using this fuel. A calculated
projection of the percent of flights that would require fuel heating as a function of
season, flight duration (mission), and fuel freeze point is shown in Table 1. The analysis
used to arrive at the data shown in Table I is discussed in detail in reference 19.

Based on this analysis, the need for fuel-tank heating would be very minimal for the -29° ¢
freeze-point fuel, but increasing the freeze point to -19° C would require heating on all
flights at all times of the year. From these freeze-point considerations only, it would
appear that a fuel with a relaxed fuel-freeze-point specification of -29° C (current value,
-40° C) may be acceptable for aircraft use if fuel heating can be provided for selected
flights.

Material Compatibility

One concern in aircraft fuel-system materials that could be affected by relaxing
fuel specifications is the impact that increasing aromatic content may have on the
elasticity of elastomer compound and sealants. This effect is shown in Figure 35. For
an exposure time of 4 hours, the elasticity ratio f¢/fp0 of a butadiene acrylonitrile
rubber elastomer decreased from about 0.7 to 0.15 when the aromatic content of the fuel
that it was immersed in was increased from 20 to 60 percent. The elasticity ratio f¢/fg
is described in reference 19 where f¢ is defined as the measured stress relaxation after
exposure and f(y before exposure. The loss in elasticity shown in Figure 35(a) may affect
the ability of this elastomer material to be effective in applications such O-ring seals.
A similar, although not quite as pronounced, effect is shown in Figure 35(b) for a typical
sealant material. It should be noted here that many elastomer compounds can be and are
tailored to specific fuel properties so that these affects would be minimized for a given
fuel in a given application. However, for aircraft fuel systems that must operate with
fuels having a wide range in aromatic content, the material compatibility problems illus-
trated could become significant.

AIRCRAFT FUEL-SYSTEM TECHNOLOGY NEEDS

The preceding section describes some of the fuel-system problems that can be antici-
pated from the relaxing of fuel specifications. The technologies that must be developed
to minimize or eliminate these problems are discussed in this section. Some of the criti-
cal fuel-system areas where continued research and technology efforts are needed are:

Fuel-tank heating

Fuel manifold and fuel injection fouling

Elastometers and sealants

Ground handling
Although the need to improve ground handling techniques for storing and loading higher-
freeze-point fuels is recognized, it is not discussed in this paper because we are prinici-
pally addressing potential propulsion-system problems. The effects of fuel properties on
fuel manifold and injector fouling and on elastometers and sealants still needs consider-
able evaluation before the technological needs can be clearly defined and pursued. There-
fore, we will concentrate on those advances in technology that are needed to solve the fuel
pumpability and flowability problems that could occur when using fuels with freeze points
higher than those currently specified.

-
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The calculated effect of fuel-tank heating on fuel temperature as a function of
flight time for a typical long-range, wide-bodied jet aircraft is shown in Figure 36
(taken from ref. 19). Two levels of constant heat input to the fuel were used in the
computation. For the entire 9300-km mission, a heat input of 3700 kJ/min per fusl tank
would be needed to maintain the fuel temperature above a freeze point of -29° C, and
6500 kJ/min per fuel tank would be needed to maintain the fuel temperature above -18° C
freeze point. Since the fuel temperature stays above the -29° C freeze point during the
first several hours of the mission, no fuel heating would be needed during this portion
of the mission for a fuel having this relaxed freeze-point specification. Therefore,
from an economic standpoint, it would seem reasonable to consider the use of selective
heating as required rather than the continuous heating that was used to calculate the
characteristics shown in Figure 36. The effectiveness of this approach is illustrated
in Figure 37, where calculated fuel temperatures are plotted as a function of flight time
for a 9300-km mission of a typical wide-bodied jet aircraft. The calculated character-
istics shown for the various tank locations also indicate that it would probably not be
necessary to apply heat during the early portion of the flight. Using selective fuel-
tank heating would certainly reduce the total heat input needed to heat the fuel during
the entire mission.

Another technique that could be used to reduce the total heat input needed for a mis-
sion would be to insulate the fuel tanks. An example of how tank insulation thickness
could reduce heat input is shown in Figure 38 for a 9300-km mission of a typical wide-
bodied jet aircraft. Increasing tank insulation from zero (value assumed in the Fig. 36
calculations) to a 2.5-cm thickness would result in a factor-of-4 reduction in the heat
input needed to maintain the fuel above -29° C. The application of this much ipsulation
would produce an aircraft weight penalty that would have to be compared with the savings
in heat input before such a technique could be considered.

An example of aircraft heat sources that could be used to provide the needed heat in-
put to the fuel tank is illustrated in Figure 39. The use of the cabin air-conditioning
and lubricating-oil heat exchangers would require minor modifications to the aircraft and
fuel system and could be implemented with a relatively low risk. The use of fuel boost-
pump recirculation and an engine-driven electric heat exchanger would probably require
minor-to~moderate modifications. The use of compressor air bleed would require moderate
modifications and developmental risks. And the use of a tailpipe heat exchanger would
require the most difficult and highest risk modifications. The calculated increases in
aircraft weight for a typical wide-bodied jet aircraft and the resultant fuel penalties
associated with using these fuel heat sources are given in Table II. In the minor-to-
moderate class of modification, the lubricating-oil heat exchanger and the engine-~driven
electric heater appear to represent a reasonable approach from a combined heat input and
fuel penalty consideration. Neither the air-conditioning-system heat exchanger nor fuel
boost-pump recirculation would provide a satisfactory heat input rate (Fig. 37). Com-
pressor air bleed would result in a very high fuel penalty. And the tailpipe heat ex-
changer would have a very high development risk, which certainly reduces its attractive-
ness even though its successful application would result in the lowest fuel penalty for a
given required heat input rate (e.g., 6500 kJ/min).

Although research into all these heat-input techniques should and will be continued,
the results of the present studies indicate that the engine-driven electric heater may
offer a reasonable trade-off between heat input rate and fuel penalty. This technique
may also have an additional advantage over the others because auxiliary ground power could
be used for tank heating while the aircraft is on the ground with the engines off. This
could be important for operations in extremely cold climates. The very large fuel penalty
associated with the weight of effective tank insulation certainly minimizes the attractive-
ness of this approach. Although these results were based on calculations and experimental
verification is still needed, they do help to focus the research and development needed
to provide the technology that will allow fuel freeze-point specifications to be relaxed.

CONCLUDING REMARKS

The objective of this paper was not to discuss or debate the advisability of using re-
laxed fuel specifications for future aircraft applications. Rather, the intent was to
point out and discuss some of the problems that could arise if these fuels must be used
and to illustrate the advances in engine and fuel-system technology that may be needed
for these fuels to be acceptable in future aircraft. In this context, then, it has been
stated that the principal fuel properties of concern are those related to increased
aromatic compounds (lower fuel hydrogen content), increased fuel-bound-nitrogen compounds,
higher boiling points (reduce volatility), and higher freeze points. All these properties
are associated with the relaxation in fuel specifications that may be needed to provide a
larger supply of petroleum-derived jet aircraft fuels and to reduce the degree of refining
needed to convert oil-shale- and coal-derived crude oils into acceptable jet aircraft fuels
in the future. In addition to these fuel properties, increases in such trace constituents
as vanadium and potassium may also be of concern. Technigues such as fuel heating may
also be important.

Potential adverse fuel property effects on engine performance are related to probable
changes in ignition and relight limits and in exhaust-gas emission levels. Counteracting
both of these effects will require advanced combustor technology such as improved or
auxiliary fuel atomizers, better fuel-air distribution, and mixing and lean combustion
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techniques. Counteracting problems related to component durability and maintenance will
require such advanced technology as improved fuel atomizers, lean combustion techniques,
thermal-barrier coatings, and new materials. Solving problems in aircraft fuel systems
will require fuel-tank heating techniques and “tailored" elastometer materials. Even
though preliminary evaluations of several of these technological advances have been en-
couraging, considerable research and development is still needed to make them acceptable
in production engines and aircraft fuel systems. Furthermore, the ability to cope with
several other problems, such as those caused by variations in thermal stability and by
trace constituents, has not been demonstrated to even an acceptable experimental level
at the present time. The factors that contribute to variations in thermal and chemical
stability are not well understood and much more research is needed. Turbine erosion and
corrosion problems may be somewhat relieved by using coatings, but considerable research
is needed to fully understand all the factors that contribute to these problems.

Because of the many unknowns that must still be explored and explained through re-
search and development efforts, it is apparent that these efforts should proceed at an

u orderly and timely pace. Although it is unlikely that aircraft will have to operate

! with the wide variation in fuel properties discussed in this paper, a sound and complete

i technological data base must be developed as soon as possible if the aircraft industry is

to have any impact on setting acceptable variations in the specifications of future air-

craft fuels. It is none too soon to start developing this data base since trade-offs will

have to be made to determine the optimum choice between the cost and difficulty of develop-

ing advanced engine and fuel-system technology and the economic advantages to be gained by

reducing the degree of refining needed to produce current-specification fuels from projected

future fuel feedstocks.

REFERENCES

! 1. Rudey, R. A. and Grobman, J. S., "Characteristics and Combustion of Future Hydrocarbon
i Fuels," AGARD Lecture Series 96, Oct. 1978.

2. Pinkel, I. I., "Future Fuels for Aviation," AGARD-AR-93, 1976.
3. "Aircraft Engine Emissions," NASA CP-2021, 1977.

4. Stewart, W. L., Johnson, H. W., and Weber, R. A., "A Review of NASA"s Propulsion Pro-
grams for Civil Aviation," NASA TM 73831, 1978.

5. Moses, C. A., "Studies of Fuel Volatility Effects on Turbine Combustor Performance,"
Presented at the 1975 Joint Spring Meeting of the Central and Western States Section
of the Combustion Institute, San Antonio, Texas, Apr. 21-22, 1975.

6. Butze, H. F. and Smith, A. L., "Effect of Fuel Properties on Performance of a Single
Aircraft Turbojet Combustor at Simulated Idle, Cruise, and Takeoff Conditions,"
NASA TM X-73780, 1977.

7. Klarman, A. F. and Rollo, A. J., "Effect of Fuel Bound Nitrogen on Oxides of Nitrogen
Emission from a Gas Turbine Engine," NAPC-PE-1, 1977.

8. Norgren, C. T., "Comparison or Primary Zone Combustor Liner Wall Temperatures with Cal-
culated Predictions," NASA TM X-2711, 1973.

9. MacFarlane, J. J., Holderness, F. H., and Whitcher, F. S. E., "Soot Formation Rates in
Premixed Cs5 and Cg Hydrocarbon-Air Flames at Pressures up to 20 Atmospheres," Com-
bustion and Flame Vol. 8, no. 3, September 1964, pp. 215-229.

10. Jonash, E. R., Wear, J. D., and Cook, W. P., "Carbon-Deposition Characteristics of MIL-
F-5624A Fuels Containing High-Boiling Aromatic Hydrocarbons," NACA RM E52Gl1l, 1952.

11. Jonash, E. R., Wear, J. D., and Cook, W. P.,, "Effect of Fuel Variables on Carbon Forma-
tion in Turbojet-Engine Combustors," NACA Report 1352, 1958.

12. peadmore, D. L. and Lowell, C. E., "Plugging of Cooling Holes in Film-Cooled Turbine
Vanes," NASA TM X-73661, 1977.

13. Roberts, R., Fiorentino, A., and Greene, W., "Experimental Clean Combustor Program,
Phase III." PWA-5493, Pratt & Whitney Aircraft Group, 1977. (NASA CR-135253.)

14. Gleason, C. C., Rogers, D. W., and Bahr, D. W., "Experimental Clean Combustor Program,
Phase II," R76AEG422, General Electric Company, 1976. (NASA CR-134971.)

15. Rudey, R. A., "Status Review of NASA Programs for Reducing Aircraft Gas Turbine Engine
Emissions," NASA TM X-71861, 1976.

16. Butze, H. F. and Liebert, C. H., "Effect of Ceramic Coating of JT8D Combustor Liner on
Maximum Liner Temperatures and Other Combustor Performance Parameters," NASA TM
X-73581, 1976.

17. Grisaffe, G. J., Lowell, C. E., and Stearns, C. A., "High Temperature Environmental
Effects on Metals," NASA TM X-73878, 1977.

18. Unpublished Data, The Boeing Company. December 1977.

19. Pasion, A. J. and Thomas, I., "Preliminary Analysis of Aircraft Fuel Systems for Use
with Broadened Specification Jet Fuels,” D6-44538, Boeing Commercial Airplane Co.,
1976. (NASA CR-135198.)

20. Unpublished Data, NASA Jet Propulsion Laboratory, February 1978.




TABLE I. - UTILIZATION OF HEATING SYSTEMS (FROM REF. 19)

Mission length, Winter months
km

Summer months

-19° ¢ fuel | -29° c fuel | -19° ¢ fuel | -29° ¢ fuel

Flights predicted to use fuel heating systems,
percent of total

3700 53 0

5600 59 3 |
9100 73 5.3
Combined utilization 62 1.8

45 0

50
59
52

TABLE II. - COMPARISON OF POSSIBLE FUEL HEAT SOURCES

Maximum heating Weight Fuel

rate per tank, increase, | penalty,

kJ/min kg percent

Air conditioning system 2200 140 0

Lubricating-oil heat exchanger 4500 140 T4
Fuel boost-pump recirculation 2100 140 T.4
Compressor air bleed 6500 300 3.9
Engine-drive electric heater 6500 450 <5
Tail-pipe heat exchanger 6500 250 o
Insulation - 2.5 cm thick ———— 5900 14.6
Equivalent heating by combustion 6500 ——— .4
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(a) Zone 1 secondary nozzle flowing at 500 psi (33 atm)
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Fig.21 Examples of typical erosion and corrosion distress on turbine blade
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) DOUBLE-ANNULAR COMBUSTOR FOR CF6-50 ENGINE.

Fig.23 Combustor design concepts from NASA Experimental Clean Combustor Program
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ENGINE COMPONENT IMPROVEMENT AND PERFORMANCE RETENTION

by
William H. Sens
Pratt & Whitrey Aircraft Group
United Technologies Corporation
East Hartford, Connecticut 06108

Three general methods of reducing fuel consumption of current engines are listed in Figure 1. Cycle improvement can be incor-
porated in growth and derivative engine models by changes in bypass ratio, overall pressure ratio and turbine inlet temperature. Com-
ponent performance can be improved through design refinements. It may be advantageous to incorporate the improved components
into existing engines during routine overhaul in addition to incorporation into the future production engines. Improved engine perfor-
mance retention through revised maintenance procedures and improved dasign would also reduce fuel usage. This lecture will discuss
all three methods of current engine fuel consumption improvement.

The importance of improving the fuel consumption of current engines and their derivative is brought out in Figure 2. Approxim-
ately 90 percent of the predicted world commercial aircraft fuel consumption up to the year 2000 will be burned by engines that are
in existance today, now under development, or derivatives thereof. Thus, improvement in the fuel consumption of current engine types
and their derivatives is mandatory if a significant savings in aircraft fuel consumption is to be made in this century.

An example of cycle improvement in a derivative engine is the refanned JT8D-209. The JT8D-209 (as shown in Figure 3) incor-
porates the same high pressure spool as the JT8D-9 engine currently in airline service. It has a new low pressure spool with a higher
bypass ratio single-stage fan. A picture of the JT9D-209 is shown in Figure 4.

Figure § compares the primary cycle variables of the JT8D-209 with the current JTED-9 and JT8D-17 engines. The JT8D-209 has
a higher bypass ratio, a slightly higher overall pressure ratio, and the same turbine inlet temperature as the JT8D-9 engine. A more ad-
vanced JT8D derivative engine under study (the STF S17) is also shown. The STF §17 derives its high spool from the JT8D-17 and in-
corporates a further increase in fan diameter.

The uninstalled altitude cruise SFC's for the JT8D derivatives are compared with the JT8D-9 and JT8D-17 engines in Figure 6.
The SFC improvements at maximum cruise thrust due to the cycle changes in the JT8D-209 and STF §17 engines are significant. The
actual gains in fuel bumed are lower due to the increased weight and drag of the larger fan, and in the case of existing airplanes the
engines are operated at a relatively low cruise thrust where the improvement in SFC is less.

The NASA Engine Component Improvement-Performance Improvement program is an integral part of the ongoing JT8D and
JTOD engine fuel consumption improvement program. The objectives of this NASA program are shown in Figure 7. The goal of §%
fuel savings over the lifctime of the engine includes the gains due to component performance improvement and improved engine per-
formance retention. Based on studies conducted to date the 5% fuel savings appear technically feasible. However, further performance
testing and economic evaluation are required to determine how much of this improvement is economically feasible.

An economic evaluation procedure has been developed as a part of the NASA Performance Improvement Program which 1 believe
is somewhat unique. The general procedure is shown schematically in Figure 8. The engine manufacturer, Pratt & Whitney Aurcraft,
estimates the impact of each of the component improvements on the engine performance, weight, price, and maintenance cost. The air-
craft companies (Boeing and Douglas) translate these into changes in aircraft fuel burned and airplane direct operating cost. The airplane
performance and economic data are then fed into TWA's route and economic simulation. This simulation calculates the impact of the
component changes on the investment required to incorporate the changes, the direct operating costs, and on fuel burned for TWA'S
route system. It also calculates the period of time required for the savings in fuel costs to pay back the initial cost of incorporating cach
of the improved components in the engines. This calculated payback period is then compared with the maximum acceptable payback
period as determined by the participating airlines. If the payback period for a given component improvement is greater than the maxi-
mum acceptable value, the improvement is rejected. If the payback period is less than the maximum acceptable time, the cumulative
fuel savings for that concept 2re calculated. The cumulative fuel savings are based on the engine market projection for sales up to 1990
as determined by the team of manufacturers and the airline operators. TWA, American, United, Pac American, and Eastern airlines
have been active as consultants in this economic evaluation and are members of the performance improvement evaluation team

The specific component improvements to be tested as a part of the NASA Performance Improvement program were recommended
by P&WA and selected by NASA based on consideration of the cumulative fuel saving, payback period (economic attractiveness), and
the experimental program cost. (see Figure 9).

This evaluation procedure is an effective means of determining which of the many potential engine component improvements
make economic sense. We plan to use it in the future in Connecticut with our continuing in-house engine improvement program.

Figure 10 shows the number of JT8D and JT9D performance improvement concepts that were screened and processed through
the detailed evaluation procedure. Programs were proposed to NASA on three JT8D and five JTOD performance improvement concepts.

The three JT8D performance improvement concepts selected are shown in Figure 11 along with their calculated payback periods,
improvement in aircraft direct operating costs, and cumulative fuel savings. The estimated total fuel savings is about 3.5 billion litres
(0.9 billion gallons) through the 15 year life of engines entering service through 1990. These performance improvement concepts will
be discussed in subsequent charts.

The revised JT8D high pressure turbine outer air seal concept is shown in Figure 12. The current blade discharges all of the cooling
air at the blade tip. In the revised scheme most of the cooling air discharge is relocated to the suction side of the blade by plugging and
drilling the current blade. This allows the addition of another knife edge seal on the blade tip and the extension of the honeycomb seal
material to the trailing edge of the existing spoiler. The objective is a 0.5% reduction in cruise SFC.
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The JTSD high pressure turbine root discharge blade (see Figure 13) incorporates a two pass cooling system with improved cooling
effectiveness. This reduces the cooling air required and eliminates the momentum loss due to the discharge of cooling air on the suction

side of the blade. It is estimated that the root discharge blade will provide a 0.8% reduction in fuel consumption beyond the revised high
pressure turbine outer air seal configuration,

The JT8D trenched tip high pressure compressor concept is shown in Figure 14. The use of abradable rub strips through the high
pressure comp W permits r ing with tighter tip clearances. A sprayed Nichrome-polyester abradable appears most promising based
on cost, erosion, and abradability considerations. It is estimated that the tighter tip clearance plus a moderate trenching of the outer

case will provide a 2% improvement in compressor efficiency. This translates into approximately 0.9% reduction in cruise fuel consump-
tion,

The selected JTOD performance improvement concepts are listed in Figure 15 along with their calculated payback period, direct
operating cost improvement, and cumulative fuel savings. The total potential fuel savings is over 9 billion litres (2.4 billion gallons).

The improved JT9D-7 fan concept is shown in Figure 16. The fan performance is improved by the elimination of one of the part
span shrouds and by incorporation of improved fan blade acrodynamics (multiple circular arc cross section). Fan blade chords are
increased in order to avoid blade flutter and to provide satisfactory foreign object damage characteristics. The heavyweight blade has

been tested extensively to provide design information for the lightweight blade. It is estimated that the revised fan will provide a re-
duction in block fuel consumption of | to 1%%.

The JTOD-7 trenched tip high pressure compressor concept is shown in Figure 17. The concept is the same as in the JT8D high
pressure compressor but differs in mechanical detail.

Figure 18 shows the improved JT9D-59/70 high pressure turbine active clearance control. The JT9D-59/70 high pressure turbine
is encircled by perforated pipes which spray fan air on the turbine case. The air supply is turned off during takeofY, climb, and landing
when the engine is subjected to the most severe thermal and structural loads. Since the case is hotter with the air turned off, thermal
expansion of the case and seal supports provides larger clearances between the turbine blade tips and the seals. The cooling air is turned
on during cruise and the shrinkage of the case and seals tightens the tip clearance, improving turbine efficiency. The improved system
incorporates increased coolant air supply and a reduced striking distance for the impingement jets. This will give a greater reduction 3

in outer air seal diameter at cruise and therefore a greater improvement in cruise SFC. The objective is a 0.9% improvement in cruise
fuel consumption.

Ceramic coating of the JTOD first-stage nozzle guide vane endwalls (Figure 19) provides a thermal barrier or insulating effect

which allows a reduction in cooling air and a consequent performance improvement. Further development may allow thermal barrier
application to vanes and blades in the future.

The JTOD-7 graded ceramic high pressure turbine outer air seal concept is shown in Figure 20. The combination of a ceramic
outer air seal and an abrasive blade tip provide a considerable improvement in abradability relative to current shroud/blade material
combinations. This permits use of tighter tip clearances. Also the ceramic shroud material acts as an insulator thereby reducting cool-
Ing air requirements. A potential cruise SFC improvement of 0.4% is estimated for this concept. A picture of a JTOD blade with abra-
sive blade tip and a cross section of the ceramic seal is shown in Figure 21.

The overall benefits of the JTSD/ITID ECI Performance Improvement programs are shown in Figure 22. The total estimated

fuel saving is nearly 13 billion litres (over 3 billion gallons) and approximately 1.5 billion dollars at an assumed fuel cost of 11.6 cents
per litre (40 cents per gallon).

I will now discuss our efforts to understand and improve engine performance retention. Figure 23 shows the general character-
istics of SFC deterioration for a specific engine in airline service. There is a rapid initial perfarmance deterioration which is called
short time deterioration. Then a more gradual “long term" deterioration occurs, with periodic improvements in performance on engine
removal and repair. The amount of performance recovery on repair depends on the extent and nature of the work done. The dotted
line shows a typical deterioration for an average repaired engine. The objective of the performance retention technology program is to
reduce the SFC deterioration of the average repaired engine by between 1 and 3% over the lifetime of the engine

The comerstone of the performance retention technology eftort is the NASA JTOD Engine Diagnostics program. The specific
objectives of the program are shown in Figure 24. The bottom line is to recommend performance retention techniques for current
and future engines through improved maintenance and operating procedures and improved design.

Task | of the engine diagnostics program (Figure 25) was directed at gathering and analyzing historical data on performance de-
terioration and engine parts usage. Performance data has been gathered from January 1st 1977 backward as far as possible. In addi-
tion, gas path parts with various levels of usage (time and cycles) were inspected to define rates of change in dimensions with usage.
This was done in order to better understand the losses in module performance and to correlate this with parts life. The Boeing and
Douglas aircraft companies and Northwest, Pan American, Trans World, United, and American Airlines participated with us on this
part of the program.

Task 11 (Figure 26) is directed at collecting new data on in-service engine performance deterioration under more controlled condi-
tions. Performance data in-flight, and pre- and post-repair calibrations are being gathered on Pan American 747SP aircraft fleet. Di-
mensional data and parts replacement/refurbishment data is also being collected for each engine shop visit in order to correlate the
performance changes with the mechanical condition of the parts.

Flight load data is also critical to understanding the causes of engine deterioration. The feasibility of obtaining in-flight loads data
has been examined, and the possibility of proceeding with the test program to gather certain types of in-flight data is under considera-
tion. The Boeing and Douglas aircraft companies have participated with us in this task.

Task I (Figure 27) is directed at determining the causes of short term performance deterioration. Task 111 has three fundamen-
tal parts: 1) Performance monitoring over the initial life of selected JTYD-TA 747SP engines. Instrumented testing and analytical tear
down of one of the short term SP engines. 2) Analysis using finite element methods to determine critical clearance changes under
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Mlight load and transient conditions, and performance calculations to determine the effects of the clearance changes an specitic fuel
consumption. This analysis covered detertoration during acoeptance Mlight testing, and short term and long term deterioration in air
line service and 1) Preparation for testing a JTOD-7A engine on the Xeray test stand under simulated aerody namic flight load conds-
tons to determine actual clearance changes as compared to those predicted by the structural analysis program. This will provide a more
precise calibration of the ciearance prediction system Boeing, Douglas, and Pan American are the participants i Task 111

Task IV (Figure 28) s directed at understanding the causes of long term detentoration. PRWA i conducting extensive back to
back testing on specitic engines being refurbished (n the PRWA Service Center. The results of these tests will broaden understanding
of the causes of deterioration and impact of specific module repairs on performance recovery

Figure 29 shows the areas where a large majonity of deterioration losses oceur. Fach of these areas may contribute to short or long {
term detenoration. The purpose of the program is to wlentity the role each area plays and to determine means for reducing the losses ;]
n current and future engines in an economical manner

Fleet average pre-repair TSFC deterioration rates were defined for those operators where pre-repair data was available (Figure ]
30). The test data was plotted versus cycles as this was found to be the significant vanable (versus hours) A significant spread in the
detenioration rate was found beiween airline operators

The major reasons for this varation are associated with individual operator maintenance standands relative (o the mechanical con-
dition of the gas path parts. The mechanical condition of the cold section of the engine is related to cumulative exposures to flight
load and erosion and theretore is cyclic related. The hot section component perfor e is believed to be repair standand onented
Cumulative cycles or hours should play a role in hot section performance, however, the data does not correlate with either It does
correlate with airine buikd standands. The overall individual fleet trend therefore is established by combination of flight length and
the efforts that the operator has made histoncally in maintaining a low level of cumulative damage in gas path parts Replacement i
practives, repair standands and in particular the standands utiized in establishing clearances are most important. The data gathered in
this program should provide the gundance needed (o reevaluate lastoncal practices and reshape maintenance programs to give lower
fuel consumption and lower operating cost

The distnbution of the sources of JT9D engine performance detenoration by component s shown i Fgure 31 The increasing
contnibution of cold section companents with increasing cycles can de observed from the historcal data

The preliminary madel of the JTYD engine performance detenoration by damage mechanism is shown in Figure 32 The short
term rapid increase m specific fuel consumption is due almost wholly (o increase in cntical seal and dlade tip clearances due to flight
load effects. Detenoration of fan and compressor performance due to erosion is the major contributor to the long term engine deteno
ration. The contrnibution of the turbine to long term detenoration is relatively small because of the requitement for relatively frequent
blade and vane placement for durability reasons. Detadled examination of parts with known usages has permitted improved understand-
mg ot the role of parts condition in engine component performance detenoration. Ana'y tical estimates of component performance
based on these part conditions suggest there are short comings 1 our understanding that need to be corrected by additional studies and
component testing The component performance losses versus usage maodels are therefore preliminary until completion of the additional
work planned

Figure 33 shows the effect of erosion on the 1 TYD high pressure compressor ninth-stage blades. The correlation of erosion with
cyvles rather than hours can be observed. Signiticant erosion of the blade tip occurs beyond approximately 2S00 to 3000 cyeles. No
discerible difference was found i the erosion rate in wing mounted engines on the DC-10 and 747 airplanes. Significantly less erosion
was evidenced by the taill mounted DC-10 engines

The vanation of erosion with usage in the JTOD | Sthestage high pressure compressor blades is shown in Figure 34 The steel rear
stages of the high pressure compressor appear to be less susceptible to erosion than are the titaninm mud stages

As mentioned earlier, the primary cause of short term detenoration s the effect of flight loads on the engine operating clearances
An overview of the analy tical model which simudates the pertormance loss due to light load effects s prosented as a flow chart in Fig-
ure 35 The sourves and interplay of data which is required to simulate the seal and tip clearance damage and performance detenoration
provess are illustrated. Boeng and Douglas arrcraft defined the flight profile, selected the operating conditions where maximum flight
loads oceur, and defined the maximum Might loads for their respective aircratt. The effect of asymetric loading on engine deflection
was calculated by a NASTRAN structural model which simulates the engine-nacelle-py lon structure. This model was jointly developed
by Boeing and PRWA. The effect of axisymmetric loads and engine transients on the baseline clearances were calculated by PRWA ana-
Iytical procedures. The effect of oftset grinds and prior damage were taken into account in determining local interferences. These local
interterences plus the abradatility factors (the relative wear of Made and Knife edge seals versus the abradable matenal they rub against)
then determine the local increasss in clearance

The loss in component performance is calculated from the average clearance increase in that component. The loss in TSEC s then
calewlated using the performance influence coetTicients for each component,

The NASTRAN finite element model used to predict the structural deflections is shown in Figure 36, This analy tical model was
used to predict the effect of engine duild clearances on short and tong term deterioration (Figure 37) The detertoration is expressed in
percentage loss in TSFC relative to that engine’s performance betore first Nlight. The deterioration rate for an engine buikd with mint-
mum clearances is seen to be signiticantly higher than one with maximum initial clearances. However, the performance of the engine
built on the mimimum end of the clearance range is always better than that of one built inttially with maximum clearances

Figure I8 compares the NASTRAN analy tical prediction of short tern deterioration for minimum and maximum engine build clear
ance tolerances with measured engine performance test data. Most of the engine test data points fall within the band predicted by the
NASTRAN caleudations, and the average data show about the same increase in TSFC with Mlight cyoles as the NASTRAN data The mea
sured detertoration of the PAA short teem "4 7SP engine (RS 740 talls tn the middle of the predicted band

The NASTRAN predicted deterioration due to flight loads is compared with the airline long term fleet average data in Figure 319 Ag
noted earlier the Might load etfects are the predomimant canse of performance detertoration up through about 2000 tlight cycles




The fan rub patterns calculated by the NASTRAN model are compared with rub patterns measured in the PAA SP engine P-695743
after 141 flights, and in a 747 certification engine in Figure 40. The correlation of predicted and observed data is quite good. In some
stages the correlation in rub patterns was not this good. However, the predicted and measured average wear data agrees well in all stages
The good correlation between calculated and observed performance deterioration, average rub wear, and specific rub patterns gives us a
pretty fair degree of confidence in our NASTRAN analy tical model, However, additional work is required to further perfect the model
including X-ray testing of a JTYD engine under siumulated flight conditions.

Figure 41 summanzes the conclusions on flight load effects on engine performance deterioration. Flight loads do have a significant
effect on performance detenoration. The modeling work carried out on the diagnostics program has mproved our understanding of short
term detenoration causes. The correlation between the analytical prediction and measured clearance changes are acceptable. However,
further refinements are desired to better understand specific rub pattern vanation. In-flight toad predictions are needed for use in the
NASTRAN structural program in order to design future engine installations for minimum engine operating clearances.

Although the work under tac engine diagnostics program is far from complete, a ber of preliminary maintenance action rec-
ommendations have been made. Some of the major recommendations are histed in Figure 42, Fan blade leading edge bluntness increases
with time due to the effects or erosion with resultant performance deterioration. It is recommended that the fan leading edge shape be
restored after 3000 cycles. Low pressure compressor tip clearances increase with time due to the effects of erosion of the rubber outer
air seals. 1t s recommended that the low pressure compressor rub strips be replaced at somewhere between 2200 and 2500 cycles. The
erosion in the high pressure compressor primanily aftects blade length and outer air seal matenal. The high pressure compressor should
be completely refurbished between 2500 and 3500 cycles with long blades and new or refurbished rub strips in all stages. It is also rec-
ommended that the high pressure compressor stators as well as the blades and outer air seals should be replaced at between S000 to
7000 cycles. When the burner is repaired the dimensions and particularly the cone angle should be restored and the fuel nozzles removed
and cleaned. Turbine durability and performance loss differences between the airlines can be traced to vanations in burner repair prac-
tices. More precise definition of which dimensions are the most critical must await further testing. Performance deterioration in the
high pressure turbine is dominated by tip clearance considerations. It is essential that the tip clearance be set within a tight tolerance
band on turbine restoration.

The estimated impact of the suggested performance retention actions on specific fuel consumption are shown in Figure 43, The
suggested performance recovery actions, amount of recovery anticipated, and the average specific fuel consumption recovery have been
modeled. The results indicated an average TSFC recovery of 2% at sea level conditions over the 3000 to 6000 cycle interval. This
corresponds to a recovery of 2% of fuel consumption at typical cruise conditions.

A preliminary cost benefit study indicates that the suggested maintenance actions will also have a favorable effect on airline econ-
omics. The cost of the additional cold section and bumner maintenance procedures tend to be offset by the beneficial effect of these
changes on turbine maintenance cost. This is a result of lower average turbine inlet temperature levels, lower rotor speeds, and improved
turbine inlet temperature profile. The reduction in fuel usage then gives & net reduction in aircraft DOC.

The status of the JTOD Engine Diagnostics program is summarized in Figure 44. Task | efforts have been completed. Tasks 11,
111, and IV are continuing and will be directed at refining the component models and a better understanding of the eftect of flight loads
on detenioration.

Figure 45 gives an overview of the conclusions and recommendations of the JTOD engine diagnostic program to date.
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® On-going service center refurbishment
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Figure 28 Task IV — Long Term Deterioration
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Froat view

Figure 40 Fan Rub Patterns

© Flight loads have significant effect on
performance deterioration

© Modeling improved understanding of short term
deterioration causes

© Correlation between analytical prediction and measwred
clearance changes acceptable -further refinements
desired to understand specific rub pattern variations

© In-flight load predictions needed for future engine
clearance optimization

Figure 41 Conclustons

 Restore fan leading edge - 3000 cycles

© Replace LPC rubstrips - 2200-3500 cycles

o Completely refurbish HPC - 2500-3500 cycles
© Revane HPC - 5000-7000 cycles

o Restore burner dimensions, cone angles, clean
{uel nozzles - each access

© Re:iare blade tip clearances to nominal in
h.p. turbine
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e "Average’’ trend and level of deterioration has
been defined

e Specific airline trends are documented

e Causes of deterioration have been identified
e Role of modules vs. usage uncovered

e Part conditions documented

e New modeling techniques developed

o Recommendations (preliminary) presented

Figure 45 Overview of Conclusions and Recommendationy
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LOW ENERGY CONSUMPTION ENGINES

William H. Sens
Pratt & Whitney Alreraft Group
United Technologies Corporation
East Hartford, Connecticut 06108

A general outhine of the material to be covered in this fecture is given i Fguare

Retore discussing low energy consumption engines of the future, | would like to briefly review the historical development of im
proved economy in aircraft gas turbine engines. Figure 2 shows the historical progress in aircraft gas turbine cruise efficiency  The data
extends from the tirst English (Whittle W1 and German (Von Ohain He$-36) turbojet Might engines up to today's modern high by pass
ratio commercial turbotan engines. Also shown are the cruise efticiencies of the Napier Nomad turbocompound engine amd the com
mervial turboprop engines in the SO's. The compound engine and some of the turboprop engines had significantly higher cruise et
ciencies than the contemporary jets or fans due to the hugher propuision efficiency of the propeller. However, they were restricted to
lower cruise Mach numbers due to the limitations of the propelier

The aircraft gas turbine cruise efficiency has improved by a factor of 3 over the four decades of engine development. Signitficant
mprovement is predicted for the future by further refinement of the cycle and propulsion characteristios. The increases in overall
cycle pressure ratio, turbine inlet temperature, and compressor and turbine poly tropic efticiencies that have accompanied this engine
efficiency improvement are plotted in Figures 3 through 6. Rapid progress was made in advancing all of these cycle parameters over
the first decade and a half. Since then, rapid progress in overall pressure ratio and turbine infet temperature has continued while fur
ther development in compressor and turbine efficiencies has been stow and difficult to achieve. Continued increases in compression
ratios are projected for the future with only modest increases in turbine inlet temperature and component efticiencies

1t should be pointed out that it is an achievement even to maintain constant component efticiencies while increasing compression
ratio and turbine inlet temperatures. Good component efficiency s more difficult to achieve at higher pressure ratios due (o the smal
ter sized blading (n the high pressure compressor and turbine components and increased leakage losses. Higher turbine inlet tempera:
tures tend to degrade turbine efficiency due to increased cooling air requirements and leakage

Future gas turbine efficiency improvement can tollow two paths that are not mutually exclusive (Figure 7). The fiest path is the
evolution of the turbotan cycle o give improved performance by means of further cyele and component improvements. The second
approach would develop an alternative cycle in addition to continued component refinement

First, 1 will discuss the possibilities tor further evolution of the turbotan powerplant and some of the work that is going on today
to bring about these improvements

The focus of our tong term tutbofan technotogy improvement is the NASA Enemgy Efficient Engine (F Y Program. Figure 8
shows the objectives of the NASA b 3 Program These objectives are the development, by 1985 of the technology to permit at least a
12% reduction in specific 1he) consimption relative to today's high bypass ratio turbotan engine as typitied by the JTOD-TA and to
a\-hkwg at least a S% reduction in airplane direct operating costs (DOC) relative to a comparable airplane powered by TTVD-TA engines
The B must, at a minimum, be designed to meet the latest FAR 36 noise requirements and the anticipated emissions regulations. An
added objective is a SO% reduction in performance deterioration relative to the JTYD-7A

Two evaluation aircratt were used as a guide in making design decisions in the ) program. (See Fgure 9) The atrvraft require
ments were arrived at on the basis of input from Boeing, Douglas and Lockheed Aireratt Companies. The first ix a transcontinental
domestic trijet carrying 440 passengers with a design range of SS00 Kilometers. An average stage length of 1300 Kilometens was used
tor caleulating fuel bumed and direct operating costs. The second is an international quadiet varrying $10 passengers with a design
vange of 10,200 Kilometers and the fuel burned and ditect operating costs caleulated tor an average stage length of 1700 Kilometers

The caleulated effect of turbine inlet temperature and overall pressute ratio on the fuel burned by the intermational quadiet
shown in Figure 10, Takeoft turbine temperature is shown on the vertical scate and overall pressure ratio on the hortzontal scale with
contours of constant fuel burmed. A fan pressure ratio of 174 was assumed and bypass ratio adjusted at each point to give minimuam
fuel consumption. This approach gives near optimum fuel consumption at cach of the combinations of turbine inlet temperature and
overall pressure ratio. Component efficiencies were assumed consistent with a T98S design time. With these assumptions, mninum
fuel bumed ocenrred at a pressure ratio approaching SO and takeoft turbine inlet temperature of appronimately 1430°C (o 10°F)
This powerplant cyele would provide about a $% reduction in fuel burned relative to a JTOD cyele engine incorporating the same ad
vanced technology . 1t should be noted that there is only a small gain to be made in fuel burned by taising the turbine inlet tempera
ture above the current 119D levels

The vanation in by pass ratio that goes along with the ditterent values of turbine inlet temperature and overall pressure tatio s
shown in Figure 11 Bypass ratio is seen to increase rapidly with increasing turbine temperature and to decrease stowly with increasing
overall pressure ratio

Thus, one would choose a high overall pressure ratio for the t } moonder (o minimize the amount of et burned. However,
creasing the overall pressure ratio and increasing the turbine inlet temperature both tend (o inerease inttiat engine cost and engine
maintenance cost, every thing else being equal. These effects tend to counterbalance the economic advantages ot the lower fuel burned
An economic study was conducted to evatuate the eftects of the design variables on arreraft divect operating cost (DOC) The results
of the economic evaluation tor intemational quadiet are shown in Figure 12 where contours of constant atrvratt divect operating costs
are plotted as a function of the primary cycle vanables. These results are based on the use of 119 conts per litre fuel and 1977 ¢cane
mic assumptions. The size of the aireratt and ity powerplants were adjusted to give the same payload and range for each combination
of pressute ratio and turbine temperature and priced accontingly. The replacement lite of the hot section gas path parts was asswned
constant (as metal temperature was held constant by varving the amount of cooling aiv). The price of the hot section parts was i
creased with increasing pressure ratio and turbine temperature to account for the increased complexity of the conted parts. Under
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these assumptions the optimum direct operating costs occur at a compression ratio slightly above 40 and at the JT9D-7 level of tur-

bine inlet temperature. However, the primary cycle variables can be varied over a fairly wide range without significantly affecting the
direct operating costs,

It is likely that in the future, fuel costs will increase more rapidly than the other aircraft direct operating costs. This would make
higher engine pressure ratios even more attractive economically. There is no economic incentive to increase turbine inlet temperature
above today's operating levels.

As a result of these and more detailed studies, the F 3 design parameters were selected as shown in Figure 13, The corresponding
JT9D-7A engine values are given for comparison. An overall pressure rtio of 38 and a combustor exit temperature of 1425°C
(2600°F) were chosen as giving the best balance between potential fuel consumption improvement and program risk. A bypass ratio
of 6.5 was selected on the basis of achieving the best combination of installed weight and performance. The fan pressure ratio was set
slightly above 1.7 in order to achieve best performance and to set the primary jet velocity at a level such that noise levels 4 dB below
FAR 36-7 could be achieved. A fan tip speed of 455 me(t{s per second (1500 fps) was selected in order to achieve acceptable fan sta-

bility margin at the desired fan pressure ratio level. The E- engine incorporates an exhaust stream mixer in order to further improve
fuel consumption and reduce jet noise levels.

The exhaust stream mixer transfers energy from the turbine exhaust gas to the fan exit air by mixing. If done efficiently, this can
provide a 3 to 5% improvement in specific fuel consumption at maximum cruise conditions relative to a non-mixed engine of the same
diameter,

Figure 14 shows a picture of an exhaust mixer that is being developed as a part of the JT8D-209 engine. This is a convolted
mixer of advanced design and high efficiency. Pratt & Whitney Aircraft has also tested a number of small-scale models of convoluted
mixers for high bypass ratio engines. Some of the model test results are shown in Figure 15. Mixer efficiency is plotted as a function
of the mixer length to diameter ratio. The E3 mixer efficiency goal is higher than those demonstrated by the model tests. Further
mixer design analysis and model testing is planned. Hopefully the 85% goal of the E 3 program can be met.

Figure 16 shows the estimated effect of the exhaust mixer on the E3 engine characteristics and aircraft performance. A potential
reduction of over 4% in fuel burned and approximately 2% reduction in aircraft DOC relative to a non-mixed engine is shown. These
preliminary studies do not include such effects as wing interference drag and possible pylon and wing weight penalties. Further effort
in design, mixer model testing, and nacelle/wing wind tunnel model testing is required to determine whether the estimated mixer bene-
fits can be made a reality. The potential of the mixer is sufficient to warrant such an evaluation program.

The use of gearing between the low pressure compressor and fan was seriously considered in the g3 study. The use of the gear
permits lower fan tip speeds and higher bypass ratios (both of which favor lower fuel consumption and lower noise) without compro-
mising the design of the low pressure compressor and low pressure turbine. A cross section of the geared engine is shown in Figure 17.
The geared engine is more complex in that it incorporates the added gearbox component and an air-oil cooler to reject the gear genera-
ted heat. Some sort of safety provision would be required in order to prevent turbine rotor run-away in the event of a serious pearbox
failure.

Figure 18 shows the effect of bypass ratio on the cruise fuel consumption of the direct drive and geared fan engines. Figure 19
shows the corresponding variation in fuel burned for the intercontinental aircraft operating at its average stage length; and Figure 20
the aircraft direct operating costs. A bypass ratio of 6% was selected for the direct drive engine and a bypass ratio of 9 for the geared
engine based on obtaining near minimum operating costs and fuel burned. These evaluation studies show the geared fan engine to have
approximately 1% lower fuel burned than the direct drive engine and about 1% higher aircraft direct operating cost. A comparison
of some of the key design parameters of the geared and non-geared engines is shown in Figure 21.

The direct drive engine was selected for E3 as the 1% fuel burned advantage of the geared fan engine was not judged sufficient to
offset its increased cost and added complexity and risk.

A preliminary layout of the E3 engine is shown in Figure 22. It is a two-spool engine configuration. The high spool incorporates a
14:1 pressure ratio 10 stage compressor driven by a single-stage high pressure turbine. The burner is a two-stage Vorbix combustor de-
sign evolving from the NASA Clean Combustor Program. The high pressure rotor is straddle mounted between two bearings. The low
rotor consists of a single-stage shroudless hollow titanium fan and a four-stage low pressure compressor driven by a four-stage low pres-
sure turbine.

The engine incorporates just two main support sections located directly before and after the high pressure rotor. The fan ducts
are structurally integrated with the engine in order to minimize engine deflection and clearance changes under flight load conditions.
The engine also incorporates an exhaust stream mixer just upstream of the propulsion nozzle. Duct noise attenuation treatment is inte-
grated with the duct structure.

Planned advanced design features for the E3 are listed in Figure 23, The design features are listed in three categories: those that
primarily improve TSFC, those that improve weight and cost, and the one which improves emissions. Some of these technotogies will
be discussed in more detail.

The principle of the supercritical airfoil providing shock free flow at high subsonic Mach numbers is shown on the right hand side
of Figure 24, A conventional airfoil with flow acceleration to supersonic speeds and a consequent shock wave is shown on the left.
Limited cascade testing of the supercritical airfoils has shown an increase in blade critical Mach number relative to conventional double
circular arc airfoils and low losses over a wider range of incidence angles at all approach Mach numbers (see Figure 25). This gives pro-
mise of improved efficiency at both design and off design condition.

Recent studies of engine deterioration conducted under the NASA Engine Component Improvement Engine Diagnostics Program
have indicated that the major causes of engine performance deterioration are the rubbing out of the blade tip and seal clearances, and
erosion of the fan and compressor airfoils. The E3 design incorporates a number of features to help minimize deterioration due to
these causes. (See Figure 26). Among these features are the structurally integrated fan ducts which minimize engine deflection under
flight loads; and the use of active clearance control to open up the compressor and turbine blade tip clearances under flight conditions




where engine transients and fhight loads would be anticipated to cause blade tip and seal wear. Lower aspect ratio blading along with
Crosion resistant coatings will be used in the compressor to minimize the effect of erosion.

T'he single crystal matenal used in the l-"‘ turbine airtods is an evolution from our earlier work on directionally solidified turbine
anfoils. Figure 27 shows JT9D blade castings of conventionally cast material, directionally solidified material with columnar grains
aligned with the primary stress axis of the blade. and single crystal blades formed from a single grain with no grain boundaries in the
blade. Directionally solidified turbine blades are now incorporated in several 1T9D production models. Single crystal turbine blades
have undergone successful engine testing and are continuing in development.

The patented process of casting both the directionally solidified and the sinple crystal blades is illustrated in Figure 28. The pro-
cess begins with the pouring of molten metal int  th= mold. In the case of the directionally solidified blades, water chills the base plate
and the grains are formed along the vertical avis as blade s slowly withdrawn from the furnace. In the case of the single crystal
blades, the same process is used. However, the helicai selector permits only a single grain to pass up into the blade, and as the blade is
withdrawn from the furnace it is formed by a single grain of the material. Current directionally solidified blude production facilities
can readily be used to cast single crystal blades.

The absence of grain boundaries means the single crystal alloy does not require the constituents normally required to strengthen
the grain boundaries - Carbon, Boron, Hafnium, and Zirconium. The result is that improved alloys can be developed having increased
strength and temperature capabilities. Figure 29 shows that the current single crystal material has a 28°C (S0°F) higher creep capabi-
lity than the directionally solidified material at the same stress level. Advanced alloys under development will provide an additional
28°C (S0°F) increase in metal temperature capability.

Figure 30 shows that the relative low cycle fatigue life of the single crystal material is also clearly superior. For a given applied
stress, the LCF life of the single crystal material is eight times that of the conventionally cast matenal and twice that of the direction-
ally sohidified matenial

An improved high temperature disk material, MERL 76, is under development and will be available for the g3 program. Figure 31
compares the properties of MERL 76 with two of the alloys now in commercial service. The improvement in bore strength, stress rup-
ture temperature capability at rim stresses, and relative LCF life provided by MERL 76 are quite significant

Figure 32 shows the relationship between efficiency and rim speed for high pressure turbine stages. A single-stage high pressure
turbine driving a 14:1 high pressure compressor requires a very high rim spead (approximately 5§20 m/sec) in order to achieve a reason-
able efficiency level. This is about 20% higher than the turbine rim speed required for a comparable engine designed using a two-stage
high pressure turbine. The highly loaded single-stage has inherently lower efficiency than the two-stage design as a result of the high
Mach numbers required in the nozzle guide vanes and blading.

A comparison of the E3 and JTOD-? high pressure turbines is given in Figure 33, The E3 turbine delivers more work per kilogram
of gas in one stage than the JTOD turbine does in two. An increase in rim speed of SO% is required to accomplish this. Since stresses
tend to increase with the square of the rim speed, considerable refinement in the design of the blade, its attachment, and the disk, as
well as matenals improvement, will be required in order to achieve satisfactory commercial life. For instance, it is necessary o taper
blade thickness from root to tip in order to reduce blade root and attachment stresses. Our objective is to reduce the turbine cooling
and leakage air by a factor of almost 2 through the use of a single-stage turbine incorporating improved single crystal alloy airfoils.

The biggest potential payoff of the single-stage turbine is the large reduction in the number of high pressure turbine airfoils, about
80 percent, that appears achievable by use of advanced materials. Since high pressure turbine airfoils account for approximately one
third of today's high bypass ratio turbofan engine maintenance material costs, this airfoil reduction could substantially reduce costs if
the airfoil parts lives and costs can be maintained at today's levels.

As shown by Figure 34, MERL 76 advanced disk material is required in order to achieve disk life and burst margin design require-
ments. Use of a current material in the high pressure disk would require a significant increase in the number of rotor blades in order to
achieve an acceptable burst margin. This increase in blade count eliminates the potential operating cost advantage of a single-stage high
pressure turbine.

The estimated completion dates for the major tasks of the NASA g3 program are shown in Figure 35. This program will provide
the substantiation of the technologies required to design a commercial turbofan in the mid 80's having the capability of 12 to 15% re-
duction in specific fuel consumption compared to today’s high bypass ratio turbofans.

Next, | will discuss the potential alternative cycles. Figure 36 lists the alternative cycles evaluated under the NASA study of
“Unconventional Aircraft Engines Designed for Low Energy Consumption™. Alternative primary cycles and propulsors were evaluated.
The check marks indicate the more attractive cycles which will be discussed further.

A comparison of the thermal efficiency of the most attractive primary cycles is shown in Figure 37. The regenerative and com-
pound engine cycles with projected future technology could potentially provide thermal efficiencies comparable to the simple gas tur
bine cycle. However, they are heavier, more bulky, and considerably more complex. Thus, primary cycles other than the high pressure
ratio do not appear attractive at this time for large commercial aircraft powerplants.

Propulsive efficiency is a key parameter in discussing propulsors. The effect of propulsor diameter on the ideal propulsive effi-
ciency at Mach 0.8 is shown in Figure 38. Conventional turbofans and conventional propellers are shown on the two extremes of the
curve. There is an intermediate diameter on the order of twice the diameter of a conventional turbofan that appears of interest in that
it approaches the ideal propulsive efficiency of a conventional propeller and 1s about half its size. There are two propulsor candidates
that fall into this diameter range; the shrouded propeller and an advanced propeller concept called a prop-fan.

The propulsive efficiencies of a conventional turbofan, a shrouded propeller of 1.1 fan pressure ratio, and an advanced propeller
(prop-fan) with a 1.05 pressure ratio are shown in Figure 39. The ideal propulsive efficiency is shown for each of these propulsors and
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their corresponding installation losses. Both the shrouded propeller and the prop-fan offer the potential of significantly higher propul-
sive efficiency than a conventional turbofan. However, a more detailed investigation of the shrouded propeller uncovered serious sta-
bility and weight problems. Therefore, the prop-fan was selected for further investigation

A picture of a prop-fan model is shown in Figure 40. The prop-fan uses 8 to 10 relatively low aspect ratio blades. The blades are
swept back near the tip for improved cruise performance and reduced noise. The blades are of spar and shell construction, similar in
major aspects to current proven production designs. The blades consist of a flattened metal tube spar, a composite airfoil shell, and a
titanium ieading edge sheath for foreign object damage and erosion protection. This configuration has been analytically shown to meet
the acrodynamic and structure requirements. Uncontained blade fragmentation is not considered to be a major probiem, based on 60
million hours of propeller operation without a single incident. The nacelle is contoured to decelerate the flow entening the root section
of the blades. This flow deceleration is required in onder to avoid exceeding the critical Mach number of the blading near the root. The
prop-fan disk loading is approximately 4 times that of a conventional propeller

achieve the high blade critical Mach numbers required for efficient 0.8 Mach number cruise

Three prop-fan models of 62.23 om (24.5 in) in diameter were fabricated and wind tunnel tested to determine their performance
Figure 42 shows a picture of a blade from each of the models. The work was done by Hamilton Standard under contract from NASA-
Lewis. The latest model, SR-3, incorporates increased sweep-back in the tip region in onder to mprove cruise efficiency and to reduce
the near field noise level at cruise and climb conditions.

4 . Some of the prop-fan design parameters are compared with the Electra propeller in Figure 41 Thinner blade sections are used to

Results from the prop-fan model tests are compared with the goal efficiencies in Figure 43 The SR-3 model pave the best effi-
clency at Mach 0.8, and was within 1% of the goal. These results give a high degree of confidence that the 80% goal can be exceeded
i with further refinement. This represents a significant advance in flight Mach number capability relative to the 1950 propellers.

The prop-fan powered aircraft must have cabin comfort levels (noise and vibration) that are comparable to turbofan powered air-
craft in onder to gain airline and passenger acceptance. Achievement of this goal will be difficult as the fuselage 1s in the direct noise ’
field of the prop-fan, whereas inlet and exhaust ducting shield the fuselage from turbofan fan noise

‘: There are several features of the prop-fan which will tend to improve cabin noise relative to copventional propellers. The smaller

‘ diameter of the prop-fan permits location further from the fuselage; and its thinner swept-back tips will reduce the level of noise gen-

{ erated. However, extensive fuselage noise attenuation treatment will probably also be required in onder to achieve cabin noise levels 3
| comparable to turbofan powered aircraft

Some preliminary prop-fan noise testing and tuselage noise treatment studies have been conducted under NASA sponsorship. Ad- i
! ditional prop-fan testing and fuselage attenuation treatment development are needed before a rigorous assessment can be made of the 4

weight penalties associated with achieving a competitive cabin noise level.

Preliminary studies of a medium range aircraft have been made by Boeing, Douglas, and Lockheed to determine the potential tuel
burned and direct operating costs benefits of an advanced prop-fan propulsion system. The results of these studics, shown in Figure 44
indicate a potential fuel savings of 10 to 20% and a direct operating cost reduction of 6 to 8%, relative to a comparahle aircraft
powered with advanced turbofan powerplants. The range of values is due to uncertainties in the drag due to prop wake effects on the
nacelle and wing, in the weight of noise treatment required to achieve satisfactory cabin no e levels, and in the maintenance costs of
the prop-fan and reduction gear.

The NASA prop-fan program is currently in the Phase | technology effort (Figure 45). This phase covers tests of prop-fan models to
determine their noise and performance characteristics, tunnel tests of prop-fan/nacelle/wing models to determine the drag interaction
effects and acrodynamic excitation forces on the propeller blades, studies and tests of cabin noise attenuation concepts, and aircraft
evaluation studies to provide program guidance.

Phase I1is planned to start in 1980 and will cover testing of a 2.5 m to 3.5 m diameter prop-fan. Ground testing would concen-
trate on the structural characteristics of the prop-fan, its drive gear and pitch change mechanism. Flight or wind tunnel tests would be
conducted to venify the performance and to determine the near and far field noise characteristics. There would be a continung effort
in installation acrodynamics and fuselage acoustic treatment. Phase 1 would fund testing of a prop-tan powered demonstrator aircraft
This would probably be a muodification of an existing aircraft to incorporate the prop-fan powerplants and the fuselage noise attenuation
treatment. Such a flight demonstration of the prop-fan is required in order to satistactorily demonstrate the aircraft's system perform-
and operation, and most important to show that cabin comfort levels comparable to turbofan aircraft can be achieved.

4 In summary, (Figure 46), the F“ turbotan represents an evolutionary approach with a rnlemial reduction in specific fuel con-
4 sumption of 12 to 15% relative to today's high bhypass ratio turbofan engines. The NASA E* Program is underway, and its technology

should be substantiated by the mid 1980's. The advanced prop-fan represents a significant change from today's large commercial air-
craft powerplants. However, it offers a potential of 25 to 30% reduction in fuel burned relative to today's high bypass ratio turbofans
There are some technical, cost, and customer acceptance uncertaintics in connection with the prop-fan that need to be resolved. The
NASA prop-fan technology program is underway and a large scale demonstrator program is planned in order to resolve these uncertain-
ties. Prop-fan technology is scheduled to be substantiated in the mid to late 1980's. Other altermative cycles are not currently attractive
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Figure 22 Advanced Turbofan Engine Concept
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* Single crystal turbine airfolls
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© Short efficient mixer

Weight/cost reductions:
¢ Increased rotor speeds
* Single-stage high pressure turbine
* Improved compressor and turbine disk materials
* Composite nacelle
Emissions improvement:
* Vorbix combustor

Figure 27 Advanced Turbofan (E3) Selected Design
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¢ Erosion resistant coatings
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Figure 33 E3 High Pressure Turbine Characteristics
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Figure 40 Prop-Fan Design Characteristics
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ENERGY CONSERVATION AIRCRAFT DESIGN AND OPERATIONAL PROCEDURES

by Philippe POISSON-QUINTON

Office National d'Etudes et de Recherches Aérospatiales (ONERA)

SUMMARY

92320 Chatillon (France)

The main objective of this lecture is to review the most recent studies and applications
leading to a better fuel efficiency for the next twenty years air transportation system.

First, the major technological progress in aerodynamics, structures/materials, propulsion
integration and in avionics are quantified for the subsonic transport aircraft, but also for
future VTOL, STOL and SST.

In a second part, it appears clearly that major improvements on flight and ground
operational procedures are in progress ; these improvements must strongly reduce the energy
waste of the current civil and military air transportation systems.

LES ECONOMIES D'ENERGIE LIEES A LA CONCEPTION DES AVIONS
ET AUX PROCEDURES OPERATIONNELLES

Résumé

L'objectif de cet exposé est de passer en revue les plus récentes études et applications
destinées & réduire la consommation d’'énergie du transport aérien au cours des vingt prochaines

années.

En premiére partie on passe en revue les récents progrés technologiques en aérodyna-
mique, en structures/matériaux, en propulsion intégrée et en avionique, qui vont contribuer &
une notable réduction de la consommation de carburant et & une meilleure économie du
transport subsonique, mais aussi des avions a essor vertical, & décollage court et A croisiére

supersonique.

Dans la deuxiéme partie, il apparait clairement qu'une amélioration importante des
procédures opérationnelles en vol et au sol est en cours de développement, ce qui devrait
entrainer progressivement une sensible réduction du gaspillage d'énergie actuellement
constaté dans les systémes de transport aérien civil ou militaire.
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FOREWORD and CONCLUSIONS ON ENERGY SAVINGS
IN AERONAUTICS

Before explaining how to save fuel in Air
Transportation, it is necessary to provide an
overview of current and future trends of energy
consumption and especially in transportation.

A recent FAA paper ([ 70) has given the U.S.
pretroleum consumption by major sectors for the
fiscal year 1977 : the total U.S. fuel consump-
tion reaches 18 million barrels per day i.e.
276.10%9 gallons per year (850.10® metric tons/
year) .

The following table shows that transporta-
tion demand ia the most important consumer with
about 152,107 gallons per year (470.10° tons):

~ Transportation 54.8 1
b “ouloﬁolz and Commercial 7.7 X
~ Industry 2.1 %
~ Electricity Generation, Utilities 10.1 %
~ Other 0.3 ¢

When the petroleum consumption by mode of
transportation is considered, the part of Civil
Aviation is quite small as shown on the follo-
wing table :

~ Automobiles 53.1 %
=~ Commercial Buses and Trucks L (-
-~ Civil Aviation 8, %
~ Water T6x
= Trains 2.9 %
~ Transit 0.3 2

The 8 percent Civil Aviation share of the
transportation consumption corresponds to 4.4 %
of the total U.S. fuel usage and represents

12.2 .109 gallons (37.7.10° tons) per year.

More precisely the total U.S. Civil Avia-
tion fuel consumption is shared between inter-
national and domestic markets. The total domestic

Civil Aviation (90 % Air Carrier and 10 % genera[

aviation) consumes 9.2.109 gallons per year.

For fiscal year 1977, the air carriers fuel
consumption has reached 8.2.10% gallons (25.4.
10 tons) ; only | X fuel savings obtained with
improved operating techniques would yield total
savings of 82.106 gallons per year for the U.S.
airlines (or § 30 million a year with a fuel
price of 37 cents a gallon).

This study reflects the Aviation Energy
situation but only the civil aspect ; the U.S.
military fuel concumption must be taken into
account : from a U.S. Air Force study (8), for
fiscal year 1975, military aircraft operations
estimated consumption represents 2,2 I of the
total U.S. fuel demand ; so the U.S. military
aircraft fuel consumption is now less than the
civil one ; that is why all the technological
and operational improvements must be applied to
both civil and military A/C.

In Europe, oil consumption sharing is (uite
different, with about half the U.S percentage
for aviation ; for instance, in 1976 for France,
fh. ]figuru by consuming sectors are as follows

581 :

=~ Transpo 25.7 %
- Icogdont al/Commercial 30.

= Industry, Flectricity, etc ... 30. %
= Others 13.5 %

Within the French transportation sector, fuel
for airplanes represents about 2 I and about
0.01 % for helicopters ; for the same year 1976,
the total fuel consumption for aeronautics ip

Europe was about 14.5 million tons, i.e. 2.7 X
of the total European fuel consumption.

Considering the fuel price the following graph
shows its sudden increase after the 1973 oil
crisis for the U.S, airlines ; the international
air carriers were more severely concerned (300 %
increase)

Us AIRLINES

FUEL PRICE | 8/ galion
- Internctional

5 _-«""6om¢-m
0 2l
10 YEAR

. 1 1 o
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On the other hand, if the evolution of the
labor cost index since 25 years is taken into
account,the ratio “fuel price index/labour cost
index"for 1975 was about the same than at the
beginning of the 60's, at least in the French
case [ 51) as shown below :

FUEL PRICE INDEX
? LABOR COST INDEX

, for france

Nevertheless, the fuel cost will remain a signi-
ficant part of the flight operating cost ; the
far-term fuel price evolution will depend on the
future political and socio-economical conditions
in each country ; these same conditions will
govern the expected aviation growth through the
end of the 20t century. Both NASA [89) and FAA
[90] have recently given an interesting outlook
for U.S. aeronautics up to the year 2000, as a
function of various scenarios : from limited to
expansive U.5. economy growth :

Scenarios (1975-2000) | Fuel consumption Fuel price
Limited growth + 43 % - 9%
Expansive growth + 362 2 - 3 2

From all these findings, we can draw some
general conclusions, valid for all developed
countries @

* Fuel usage for aeronautics is a very small
percentage of the total oil consumed ; thus, it
seems wise to keep the necessary amount of fuel
for Aviation, because it is the most efficient
and economical source of energy (even in far-
term, liquid hydrogen or nuclear energy use is
highly unlikely for most A/C missions, both
civil and military).

* But, such o0il energy will remain expensive
for tﬁ:—oporntora and a penalty for the foreign
balance trade of most countries ; that is why a
continuous effort will be needed to increase
flight efficiency on every type of aircraft :
mainly subsonic transport, but also VTOL, STOL
and SST.




Pty e

[ AVIATION TRANSPORT lFNCI!NCLI

a) USEFUL TRANSPORT WORK - PAYLOADxDISTANCE

PAYLOAD:DISTANCE kg X km
8 TRANSPORT EFFICIENCY - T ool "ENERGY kg FUEL

for steady conditions . LIFT - WEIGHT and

THRUST - DRAG

[ uer ) PAYLOAD . [ THRUST X DISTANCE
ot \ omag WEIGHT THERMAL ENERGY
% THE TRANSPORT EFFICIENCY :
IS A FUNCTION
OF TNE STATE OF TNE ART IN : | AERODYNAMICS STRUCTURES | and | PROPULSION
0 20% C e o 10 20%
FUEL SAVINGS RELATED 0 —> g Tenaine '(:mmlo
TO TECHNOLOGICAL SFC IMPROVEMENT
IMPROVEMENTS ON : -10%
— assrodynemics
—= structure -20%
- propulsion

FUEL REDUCTION for 8 “rubber” A/C, DC-10 clees/3000 nM range

®  BUT, THE TRANSPORT EFFICIENCY IS ALSO FUNCTION OF

e OPERATIONAL PROCEDURES (POTENTIAL FUEL SAVINGS)
e A/C PRODUCTIVITY (HIGH SPEED PAY.OFF)

Fig. 1

'Novortholcll. the price to develop new techno-
logies, and to manufacture new types of air-
planes and engines is now so high that it is
important to analyse their "cost effective-
ness', as seen by the user (Airlines are reluc~
tant to pay for reengined old jet~transports,
even if the fuel efficiency is 30 I better with
new fan-engines, because the price to pay is
often not cost-effective for transport A/C
operators).

Since the fuel crisis, extensive research
and development programs have been oriented to-
wards energy savinga, and a large part of the
present analysis is directly taken from the re-
cent results published in the last five years in
various countries.

- the largest effort is made in U.S where NASA
[1,89), the Federal Aviation Administration,FAA
(¢,90) and U.S manufacturers or agencies[3,
, 5, 6, 7, 8] have worked together on long
term programs oriented on fuel savings.

In Europe, the same objectives are in progress in
England (9, 10, 111 , in Germany {12, 13], in
France (14, 15, 16] » OtCus.

Before analysing the various ways to improve
the A/C energy efficiency - except on the engine
side, which is the main part of this lecture
series - it is interesting to explain what are
the various disciplines involved in this techno-
logical effort ; the basic formula of the trans-
port efficiency is given on figure 1 to show
that progress will be at first a function of im=
provements in aerodynamics, structures/materials
and propulsion, but also in "systems" (i.e.
avionics, etc... not shown here) ; but we shall
see that the transport efficiency depends
strongly upon the operational Flight and Ground

procedures, and of course upon the transport
productivity, i.e. the mission speed [11

Figure 2 presents the general trend of
flight efficiency over the last 25 years (37,
16) , to point out that the flight efficiency
index (given here in seat capacity x distan(»
flowm divided by the fuel burnt) have grown ra-
pidly for each successive flight regimes (figure
2-¢) : low subsonic regime with propellers and
high subsonic speed with the turbo-fans ; for
the supersonic transport, Concorde is a good
technical start of a new era, that opens the way
to more efficient derivatives and new SST gene-
rations.

The tremendous increase of the subsonic jet
efficiency is mainly explained by the introduc-
tion of high by-pass turbo-fans with much lower
fuel consumption than the first turbo-jets (fi-
gure 2-a), but also by the introduction of wide-
body-high passenger capacity-Aircraft family (B-
747, DC-10/1-1011, Airbus) ; nevertheless, figu-
re 2-b illustrates the very important load-factor
problem : increasing load-factors have more pay-
off for an Airline than the best technological
improvements...(the current mean load-factor for

U.S Air carriers was about 53 T for the last vcar%}

Adjusting A/C capacity and frequency to
various traffic levels is the key to Airlines

economy .

On the manufacturer side, the main problen
is to eatimate the potential benefits of applying
advanced technology and their effects on Air-
craft Direct Operating Cost (DOC) which is a
criterion of cost-effectiveness ; various, and
quite different methods are used for DOC caleu-
lation ; in Europe, the EURAC method was deve-
loped under A/C manufacturers cooperation ; this

method seems well adapted to new improvements ;
the most important parameter is the A/C maximum

B—
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gross-weight, but the DOC formula is also based Figure 3 illustrates a typical breakdown of DOC
on A/C price, fuel consumption, block-time and for an advanced 200 seat short/medium range A/C
thrust. operating on a 500 nM stage length [12] 2

Pox . nm PAX x km
Gollon 4«0 /kg TR
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- the largest portion of DOC (33.5 X) comes from
depreciation, interest and insurance , which

are direct functions of the A/C selling price ;

but about 72 X of this selling price is di-—
rectly connected to the production cost, as
detailled on the right graph of figure 3 ; an
efficient way of reducing the DOC is to im-
prove the production techniques ; as shown on
the lower graph prepared by two British manu-
facturers L 10] , there is a good chance to sa-
ve about 7 X on DOC in the next two decades
by these progress : further gains (+ 17 %) are
predicted with various technological and ope-
rational improvements, as explained later on.

Returning to the first graph on figure 3,
the fuel represents about 25 X of the DOC, and
this percentage increases with the fuel cost ;
this explains how important are the fuel saving
programs for a better economy on future projects.

To conclude this introduction, letushave a
look, figure 4, on some predictions for fuel sa-
vings during the next two decades, as seen by
the main American Agencies, NASA and FAA, work-
ing on a long range planning : between 30 and
40 X fuel efficiency potential gain seems rea-
sonably possible, the two more important items
being :

- the various A/C technology improvements,

- and a better Air Transport system management ;
both are quantified in the following sections.

Fuel savings from odvonced technology
os seen by NASA and Boeing .
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A) NEW AIRCRAFT DESIGN CONCEPTS

A-1) PROGRESS IN AERODYNAMIC EFFICIENCY

The aerodynamic efficiency of an aircraft
configuration can be improved through drag re-
duction[17,18]; for a subsonic transport A/C,
more than 90 X of the fuel consumption occurs

¢, o

BETTER
AERODYNAMIG/

LESS
INDUCED

DRAG Cp;

[ ! Cp;:=C ‘ D
' : l ot (Lloim

during climb and cruise, i.e. in "clean" confi-
guration ; on the diagram of figure 5 [17) are
recalled the major drag sources for a subsonic
transport A/C :

- gkin friction

- induced drag (drag due to increasing incidence)
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- parasitic drag (roughness, separations)

- interferences
-

longitudinal trim, etc...

In fact, approximately 85 X of the total
drag are due to skin friction and to induced
drag for such transport configurations at crui-
se conditions ; these two items represent the
greatest potential for drag reduction and hence
for fuel conservation ; nevertheless, we shall
examine briefly the usefulness of reducing each
of the various drag components.

A-1-1) FRICTION DRAG

Skin friction accounts for about 50 % of
the cruise drag of a current subsonic trans-
port A/C ; it offers the greatest potential for
drag reduction, but , at the same time, this
reduction is the most difficult to achieve.

Since transition Reynolds number is gene-
rally of the order of 3x100 and the transport
A/C Reg in the 20-100x10° range, the "normal"
state of the boundary-layer is turbulent on the
whole airframe.

But, it must be remembered that the turbu-
lent friction drag decreases with increasing
Reynolds number ; this trend is very favourable
to large transport Aircraft, as shown on figure
(6), where a 20 % friction drag reduction is
indicated between a small executive jet and a
huge future cargo A/C.
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To delay the transition process, the lami-
nar flow control (L.F.C) by suction through the
A/C wing skin 1s the only technique already pro-
ved[17,19]both in wind-tunnel (by Ackeret and
Pfenninger, in Zurich as soon as 1946), and in
flight (U,.S.A.F. Fxperimental X-21-L.F.C A/C in
1964) ; using suction through many and fine
closely-spaced-transverse slots, laminarization
to a Reynolds number Rc 30xl06 have been al-
ready obtained on wings ; for such laminar flow
extension, the drag coefficients are dramaticaly
low, near those of a laminar flat plate(figure
7 a) ; then, this concept appears very attractive
to reduce the fuel consumption as shown on fi-
gure 7b in the case of a NASA long range subsonic
transport project : some 25 T to 40 ¥ potential
fuel savings, depending upon the range.

But, as expected, such a concept using nu-
merous and fine suction slots, all along the
airframe surfaces, leads to very difficult ma-
nufacturing (i.e. financial) problems and nece-
ssitates a very complex pumping system (i.e. ex-
tra weight) ; on the other hand, several factors
affect laminar flow, such as surface contamina-
tion (insects,...), suction distribution, manu-
facturing tolerances, wing sweep effect, airfoil
shape, location of the propulsion and pumping
system (noise effect on transition), etc...(fi-
gure 7 b) ; finally, a laminar control would be
very difficult on the fuselage (which represents
about half the wetted area on & wide-body trans-
port). -

However, recent technology advances are
included in the NASA A/C energy efficiency pro-
gram on L.F.C ; for example : woven graphite -
epoxy porous surfaces, laser or electron-beam
drilling techniques and light weight composite
ducting, etc... : that is why 3 airframe manufac-
turers are asked to study L.F.C transport confi-
gurations projects for the 1990's [ 1

To take full advantage of the friction drag
reduction, it is desirable at the same time to
reduce the induced drag by increasing the wing-
span (AR4 14 for example) which leads to diffi-
cult structural optimization taking account the
suction ducts (cf. Boeing proposal : high wing
braced with a strut). .

To conclude on this controversed laminar
flow control, we must say that this concept is
only attractive for very ilong range missions and
will be very expensive to manufacture and to
maintain (internal complexity), while the opera-
tional problems would probably not be welcome
to any airline ; however, this concept would be
interesting for very long range/high altitude
military A/C as a first demonstration before
possible civil application ; for example, a Lockh-
eed - Georgia study had showa that application
of L.F.C to the wing and empennages of a C-SA
Cargo could produce 20-25 ¥ range factor impro-
vement : but, from a cost-effectiveness stand-
point, this application would be questionable at
ranges less than 6000 nM.

Another way to reduce friction drag is to
let the flow stay turbulent and to reduce the
turbulent shear ; the possible payoff in this
approach is about half the gain possible with
L.F.C but less sensitive to operational pertuba-
tions : two concepts are still at the early la-
boratory stage : ,

= turbulence control with compliant walls

%
- slot injection to reduce turbulent friction,

The compliant skins are flexible surfaces
made to respond uniquely to the fluid wotions in
the bdoundary-layer (maximum skin-friction reduc-
tion occurs when the foundamental membrane fre-
quency is about half the peak power frequency in
the boundary-layer). It seems too early to predict
some application of such flexible surface on an
operational A/C. [“e 20 ]

The slot injection concept is much simpler
in its principle : the low momentum slot flow,
injected to the surface at a low relative velo-
city (about 30 % of the free stream), alters the
velocity distribution in the turbulent boundary-
layer and reduces the skir friction ; but, to
have a net drag reduction, the skin-friction
reduction plus the slot thrust wust be larger
than the lgsses due to collecting, ducting and
distributIng the slot air,plus the slot base
drag : the few results available at subsonic
speed show that the local friction drag is about
half just behind the slot, and increases rapidly
downstream to the conventional turbulent fric-
tion value at a distance of about 100 time the
slot height [ 21 1; up to now, no systems ana-
lysis for A/C applications is available to jud-
ge the balance between gains and losses ; two
applications seem attractive :

- slot injection on the front fuselage used as
the exhaust of a laminar suction system ins-
talled on the wing,

- slot injection behind the fuselage cockpit
coupled with suction around a truncated base
at the rear (to maintain attached flow) ;

again, it is mandatory to estimate the price to
pay for pumping and ducting this auxiliary flow.

A-1--2) PARASITIC DRAG

Roughness or excrescence drag is mainly due
to local flow separations and vortex formations
produced by aircraft surface discontinuities
[ 17 1 1ike panel joints, engine jinlet contour,
gaps around doors, windows and contrcl surfaces,
rough surface finish, pressurization leaks, an-
tennae, misrigred controls, etc... Such typi-
cal roughness/excrescences represent about
3.5 T of the total cruise drag of the giant C-5A
U.S.A.F military transport [ 22 ] ; Boeing repor-
ted that a pressurized area seal leak (65 cm)
along doors and windows on the 727 could cause
about 71.000 Kg increase in fuel consumption per
airplane per year [17]: it would cost $ 61 and
a downtime of 4 hours to fixe the seal leak.
Another example again on a R-727, where a !-de-
gree sideslip, caused by misrigped control, re-
sulted in a fuel burn penalty of about 108.000
Kg per vear (i.e. a loss of about § 11,000, to
be compared to § 180 and 12 hr downtime to re-
pair the control !),

Another typical parasitic drag often appears
on large military cargo A/C, due to geparation
and vortices adjacent to wing-fuselage juncture
and fuselage afterbody door, etc...[23] : in
the case of the U.S.A.F cargo C=141, wind-tunnel
tests have shown that redesigning the wing/fuse-
lage fillet strongly improved the vortex flow pa-
tern which gave a S ¥ drag reduction at cruise ;
and thanks to a better lift distribution, it
would be possible to add a 6 foot wing-tip exten-
sion without increasing the wing atress, which

W5 3 i
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wo uld give additional 3 % drag reduction : per-
formance calculations have shown that this 8 %
drag reduction can be translated into 8 T fuel
saving for each C-141 (figure 8 a), i,e. a
total saving of 82000.000 gallons per year for a
fleet of 277 C=141 ; on the other hand, the modi-
fication cost was estimated at about 11 million
dollars, i.e. about one year fuel saving !!

It is unfortunate that thia improved wing-fillet
was not developped, because proposed too late in
the program.

As an airplane gets older, a sensible dete-
rioration in its airframe "cleanlinesa" is expe-
rienced, which explains a large part of the fuel
consumption increment during the life of an
Aircraft ; but, up to the fuel crisis,a general
drag cleanrup was not yet cost~effective for a
company ; certainly, it is no more the case and
a large amount of fuel can be saved both on mi-
litary fleet (tankers, cargo) and commercial
fleet by such periodic "clean-up"; a typical
"clean-up" exercise have been made recently by
Airbus Industry/SNIAS on a production Airbus
A-300 (fairing of all steps, slots and gaps)
comparative flight teats before and after clea-
ning have shown a zero-lift drag reduction of
about 4.5Y at cruise regime.

Finally the considerable parasitic drag of
the various external stores used on military
Aircraft can be minimized by a better integration
of these loads to the airframe ; a typical exam-
ple was recently given by Mc Donnell-Douglas with
a prototype flight test program on the air su-
periority F-15 A/C equipped with two fuel pallets
("Fast Pack”) mounted at the wing-fuselage inter-
face ; this concept created an additional 4500 Kg
of fuel capacity (increase of range/loiter time or
pavload) without compromising the air superie-
rity capabilities of the basic A/C (and a very
small increase of the transonic drag thanks to a
clever area-ruling of the packs along the engine
nacelles (figure & b),
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A=1-3) DRAG DUE TO LIFT

We have seen that the polar curve can be
vritten Cp = C“o + C‘Di’ the drag to lifc, Cm.

representing between 40 and 45 X of the cruise
drag. At subsonic speed, the drag due to lift is
primarily induced drag, but also includes growing
participation of parasitic, friction and pressure :
drags with increased angle of attack, which is !
reflected in the term, e, span-efficiency factor;

when the polar curve is vepresented as a parabola

in the Cp range of interest flown with a clean 4
configuration : L2 4
Ut Wi :

N.AR.e 1

c9 depends upon the spanwise lifc distribu-
tion o ‘r the wing (an elliptical one gives the
minimum .. for a given aspect-ratio) ; but, since
induced JPI; is inversely proportional to wing
a.poct -ratio AR, the most direct way of reducing
is to increase the wing span ; however this
{Rigor -nan introduces increased wing-root bending
momenta ® (and flutter danger), i.e. more structu-
ral wing weight for a given thickness (see section
A-2) ; one solution would be to increase the wing
thickness to cope with these larger bending
moments, but it is well known that increasing
airfoil thicknesa ratio increases the transomic
drag (or, more precisely, reduces the drag diver-
gence Mach number) for a given wing sweep angle ;
wve shall see (section A-1-4) that the introduc-
tion of the supercritical technology, which per-
mits thicker airfpil section for a same drag di-
vergence Mach number, gives a satiafactory solu-

tion [24 ] .

¥ Very large aspect-ratio, high-wing braced mono-

plane (AR = 20.2) was produced in France by N.
HUREL (HUREL DUBOIS H.D.321/twin-propellers A/C)
from 1957 ; outstanding L/D were obtained in flight;
the original idea was to use the struts as lif-
ting surfaces.
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However, the overall efficiency of an airpla-
ne is a function of its structural weight as well
as of its aerodynamic efficiency : the optimum
aspect-ratio must be a compromise which depends
upon the mission (high aspect-ratio is mandatory
for a long-range transport) but also on eccnomic
considerations (fuel price and/or fuel shortage).

For most of the existing high-subsonic jet-
transports in service, the aspect-ratio is around
AR = 7, because it was the best compromise, for
airlines economy, taking into account the low
prices of the fuel during the 1960's ; it is no
more the case since the 1973 fuel crisis, and all
the designers work now on new projects - or modi-
fied versions of existing A/C - which have larger
aspect-ratios, up to about AR = 12 or more in
some cases.

At first, let's have a look at the cruise
aerodynamic efficiency L/D as a function of the
aspect-ratio - or in term of wing span and to-
tal wetted area parameter : (bzlg,.t)‘/h This
later parameter appears when we look at the mi-
nimum drag condition for a long range cruise,
i.e. at the maximum L/D given by the tangent to
the parabolic polar curve (figure ¢ ) ; in
this condition Cp, = CD‘ and :

Cw-zcno

1/2
Crma ™ (Cpe .M. AR, e.)

o (1(;-)““ =5 (M. AR, e/Cp) /2 ;

but the zero lift drag Cp, depends essentially
on a mean friction coefficient Cf applied to the
wvetted surface of the airframe

«® S wetted surfaces
cbo " § reference wing

and AR = (3P“)2 | Sreference ;

thus : (%)max _%(2;_?%__:“ 9 s \’!Em

On figure 9 are plotted the cruise values
of various large aspect-ratio Aircraft (civil and
military transports, bombers) as a function of
this parameter b/VS wet, which shows that most

contemporary subsonic civil transports
follow the mean curve given by L/D=14 . B/VS wet,
when a span efficiency factor e = 0.75, and a
mean friction Ct Cf = 0,003 are taken. Notice
that military cargo (not so streamlined by defi-
nition) are below this mean curve.

We have also plotted the values calculated
by Boeing [25 ) for two subsonic transport: con-
figurations having the same range (3000nM) the
same T.0 field length (8300 ft) and the same
payload (196 passengers = 18140 Kg)

- the first one is a "conventional technélogy"
(aluminiur) three jet (CF-6), wide-body scheme,
optimized for minimum fuel (M = 0.82, 3000 nM);
the aspect-ratio is only 6.8 and quarter-chord
wing sweep is 35° : the resulting calculated
cruise L/D is 15.7.

- the second one is an "advanced technology"
concept (NASA TAC/Energy study : introduction
of composite materials, supercritical airfoils,
neutral stability, four advanced turbo-fans
BPR = 6, etc...) ; the wing aspect-ratio is
very large : AR =12, with only 25° sweep angle ;
the cruise Mach number is slightly reduced to
M= 0.8 ; the resulting calculated aerodynamic
efficiency is L/D = 19, i,e. 21 ¥ more than for
a typical contemporary wide-body jet.

Finally, it is important to recall that the
optimum lift cooff*%ont increases with the as-
pect-ratio (as AR ) , which necessitates to

optimize the wing sections for larger G, to
avoid some form-drag penalty [ 24 3. ¢
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Methods to increase the effective aspect-ratio
of a given wing

Since even a small increase of L/D may be
very interesting for fuel saving, various con-~
cepts have been recently developed to increase
the effective aspect-ratio of a given wing plan-
form :

- tip extension
- winglets
- jet momentum effect near the wing

FUEL SAVING BY A/C MODIFICATION :

St wing tip
extension (4%b) ¢ .
on the Lockheed L1011 Y
Goten @ (275 pox / 3000 nm) o G
N e -
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0 1000 2000 5000 4000 nm
Fig. 10

a) wing-tip extension : a Lockheed/NASA study
[26 ] has shown that a small planar extension
at the wing-tip of the L.1011 wide-body trijet
(+ 3 feet, i.e. 4 ¥ of the initial span) is suf-
ficient to reduce by 2.5 T the block-fuel used
for a 3000 nM mission (figure 10 ), thanks to
the drag reduction during cruise and second seg-
ment climb ; but, to cope with the small increa-
se in the root bending-moment due to the larger
span, a small reduction in the maximum take-off
weight (195.000 to 185.000 Kg) will be required
(i.e. a small reduction on the maximum stage
length); but in this case, the retrofit on in

(@) Application of “winglets® to

Vﬂ current A/C :

PREDICTED ]

: PAY-OFF ON A ;

: /———/‘<{ KC-155 TANKER A/C: |
//' *ALl/ov+8Y l

*» A Ranqe ~ 87.

N i
Zj—»&j‘ E e » Fuel savings ~ 7%

service L~10!1's necessitates only a very simple
and cheap addition without wing structural streng-
thening for a quite large fuel saving pay-off in
operation.

We shall see, in section A-3, that an active
control system can automatically reduce the ex-—
tra root-bending moment due to a larger tip ex-
tension on the same L-101) A/C.

b) winglets

The use of "end plates effect" to increase
the effective aspect-ratio of a given wing is
well known and is widely applied, mainly on small
aspect-ratio wing, either with tip-fins (extra
yawing stability on a sweep shape), or with tip-
tanks or tip-missile (better structural load
distribution) ; but these end-plates applied to
large aspect-ratio wing had generally a poor ef-
ficiency because their added skin-friction more
than offsets any reduction in induced drag.

Just recently the concept of specially tai-
lored end-plates has been proposed by R.T Whit-
comb at NASA-Langley [ 24 ]; these wing-like
devices, or "winglets', at the tip of a wing
were originally tested to reduce the wing tip
vortex wake on large transport A/C (reduction
of the vortex pollution near airports) ; but the
preliminary tests analysis have shown that it
was possible to optimize the location and the
shape of such end-plates located in the strong
natural vorticity of a wing-tip ; figure 11-p
[27 1 gives a clear explanation of the capture
of this vortex flow to generate a winglet lift
force and redirect the flow to diffuse the wing-
tip vortex (this explains the name 'vortex dif-
fusors" also given to winglets) ; the winglet
lift can be directed forward as well as side-
ways to produce a drag - reducing thrust which
exceeds their profile drag ; furthermore, the
downwash effect on the main wing, and therefore
its drag component due to lift, is also reduced
which leads to a net gain on wing (L/D).

19¢
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How this winglet concept compares with a - a wing span smaller than ving-extension, which
simpler wing tip -extension ? simplify the parking probleéss on airports,

A theoritical approach of this comparison - a reduction of the vertex-tip pollution from
128 1is given on figure 1l-c which compares large A/C near airfield (less terminal area
the gain on the induced drag and the increase separation, i.e. fuel savings),
on wing root bending-moment, respectively for a N
upper surface winglet and a tip-extension ap- - increased yawing stability when applied to
plied on a aspect-ratio 8 swept wing ; the indu- swept-back wings.

ced drag reduction is given at the cruise con-
dition (Cp = 0.4), while the increase on root
bending-moment is taken at the maximum load fac-
tor for a transport A/C (n = 2.,5g , i.e. C = 1)
it is clear that the winglet concept is far bet-
ter than a tip-extension for a same extra ben-
ding-moment (50 % less induced drag) ; and for
the same efficiency (i4 ¥ Cpi reduction), a tip-
extension, of about 8 X of the initial span,
gives more than twice root bending-moment.

We shall see in section A-5, that the ver-
tical fins at the tip of a flying-wing without
taper ('spanloader''cargo concept) are the most
effective '"winglets", that increase tremen-
dously their effective aspect-ratio, i.e. their
aerodynamic efficiency for a modest geometric
AR. (see figure 33).

c) jet momentum effect near the wing

For those transport A/C equipped with engines
attached to the wing, a very large momentum is
exhausted near the wing surface which induces
supervelocities by entrainment effect :; how to
use this strong interaction to reduce the drag-

due-to-lift ? Several ways have been explored in

Notice that root bending-moment is a satis-
factory index of the effect on wing structure,
the final design objective for a transport A/C
being to obtain the best cruise efficiency at
the minimum cost in the structural weight.

Several applications of the winglet concept vmd-tunnel, some of them will be analysed in sec-
have already been made, both on existing A/C tion A-4-1.
(as a retrofit), or on new projects (maximum c BASIC ™
wvinglets benefit will be obtained wher -
the wing can be specially designed to have a tip ? -—D—'l- wine T'pl
loading heavier than for a current A/C) : CL
006 - | R-6.4
- winglets on the Boeing KC-135 jet-tanker have s d
been studied by Roeing [ 29 ] ; the final de- A s e D=045¢
sign (figure )] a) is an upper winglet (surfa- e 1/ 1 r4
ce = 2.8 X of the wing semi-span surface and ¥
winglet span = 13.5 % of the wing semi-span) CL
which gives a 14 X reduction on Cp; at cruise 006 — \
conditions (M = 0.77, C, = 0.43) ; a 7.8 % b FAN.JET
gain on L/D is translated in a 8.1 % increase ENGINE (PR ,15)‘3
on the range factor (8720 nM versus 8065 nM) MOUNTED x
and finally a 7 7 fuel savin f?r l"typxca} . jo= AT THE WING TIP
long range mission. The production "retrofit
winglet weight would be 430 Kg (0.3 X G.W), o~

vhich includes a slight structural modification 0.02 \9) Induced qu

near the wing tip ; prototype winglets will be T
flight tested,fall 1978,for U.S.A.F. NdUChOﬂ

with tip nacelle

- Similar study, but with upper and lower wing- r
NASA/Langley - M=07 ; R_=4x10¢

lets, have been made by Mc Donnel-Douglas a-~

round their existing transport A/C, which gives i SN
the following fuel savings for (specified) ty- 0 -V\ .
pical values of their stage length : (A 3 4 o-

INCIDENCE

Tip vortex
strengrh reduction
by wing-tip blowing

DC-8-61, Ablock-fuel = - [.74 X (800 nM)
DC-9-10, = d°- - 1.31 2 (300 nM)
DC-10-10, = d°- L 4 (870 nM)

More details on the DC-10 modification with the
vinglets are given in [ 30 7] .

- Grumman plans to put such winglets on his new
executive A/C "Gulfstream III", which permits a
8 % reduction of the wing area for the same per-
formance as with the conventional wing.

Finally it is important to recall that such
winglets give complementary advantages :

- a better (L/D) in climb, which is very important
for one engine-out capability ; in fact, it was
the primary goal of winglets installation én
the Israel Industries "ARAVA", twin-prop STOL
A/C ; in the take-off configuration, the indu-
ced drag is reduced by 20 % during the climb,
which permits to satisfy the F.A.R rule with
“one engine-outat the full T.0 weight ,

CTR



With the tip-mounted engines scheme, the
objective is to reduce the wing-tip vorticity,
i.e. C i by the cancelling effect of high-energy
oxhauu? of a tip-mounted fan-jet engine ; such a
concept have been tested at NASA-Langley [24and
18] on a semi-span untapered unswept wing (AR=6.4)
with a simulated fan-jet by-pass ratio 8 engine
at the wing-tip (Mach 0.7, fan-jet P.R = 1.5) ;
figure |2a shows that the powered fan-jet redu-
ces the induced drag by about 30 X over that for
the basic wing-tip model, i.e. below the theore-
tical minimum 1/ AR ; a part of the benefitial
effect is due to the "end-plate effect" of the
fan-engine (about 40 X of the previous gain is
obtained with a hollow duct having a same diame-
ter) ; in fact, the jet wake completely destroys
the concentration of the tip vorticity, and it
might be expected that a larger effect wculd be
obtained by prerotating the fan exhaust.

Such a concept was used on the production
"Noratlas', a French military twin-prop cargo
A/C, equipped with two small jetL-engines Turbo-
meca Marboré at the tip, mainly designed to in-
crease the take-off and climb performances, which
were much improved indeed.

Another scheme to conteract the formation
of the wing-tip vortex is a blowing slot along
the tip whose the jet is directed opposite to
the vortex ; figurel12 b illustrates a prelimi-
nary test made on a large aspect-ratio semi-span
wing in the ONERA/Cannes wind-tunnel to demonstrate
the complete destruction of the vortex core and
also the net gain on C net including the small
blown jet momentum ; such a device would be very
attractive to reduce a part of the vortex pollu-
tion on large A/C (in fact, this research was
initiated for reducing the vortex wake interac-
tion on a helicopter rotor).

A-1-4) INTRODUCTION OF THE SUPERCRITICAL
TECHNOLOGY

Since about fifteen years, the advance in
wing design have followed an "evolutionary"
process more than a revolution. [ %1 and 32] .

The basic idea was to design a wing section
able to develop on its upper surface an exten-
ded local supersonic flow without a too strong
shock at the rear, causing boundary-layer sepa-
ration ; for that, a rapid expansion must be
developed around a pronounced curvature near
the leading-edge ; then a quasi-isentropic re-
compression must take place to reduce smoothly
the supersonic Mach number ahead of a weak shock
(figure 13 ).

Due to this velocity peak ncar the leading-
edge, the first advanced airfgils were named
"peaky" by N. P, L scientists in U. K. ; the
supercritical sections are also characterized
by a substantial rear loading due to aft camber,
a flat upper surface, a large nose and a cusped
lower surface ahead of a thin trailing-edge ;
for a given thickness ratio, this shape accomo-
dates a wider spar and more room for the inter-
nal fuel. Since about ten years, a large part of
the development of these supercritical airfoils
in U.S.A must be credited to Dr. R.T. Whitcomb
at NASA-Langley [ 3% ]; in the mean time, con-
siderable progress on theoretical predictions
were realized thanks to computerized calcula-
tions of the transonic Viscous flow.
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The main advantage of these advanced air-
foils is a higher drag divergence than a conven-
tional section (NACA family) for a given thick-
ness ; on the other hand, this concept can be
utilized to increase airfoil thickness for a
given drag divergence Mach number ; thus, two
types of applications are possibie :

a) Keeping the same cruise Mach number, (figure
14 a). e wing thickness can be increased :

- to reduce the structural weight for a gi-
ven planform,

- to increase the aspect-ratio for a given
wing weight (better aerodynamic efficiency
L/D)

- and to put more internal fuel.

Another alternative is to reduce the wing
sweep to have better high lift capability and
a better L/D at low speed ; in fact, the opti-
mum configuration is generaly obtained by a com-
promise between thickness, aspect-ratio and sweep
angle, taking into account the structural weight
and the global aerodynamic performances suitable
for a given mission.

b) Lncreasing the cruise Mach number (figure 14H
was the original goal of the supercritical tech-
nology, before the fuel crisis ; in fact, a near
sonic configuration (supercritical F8-U) was
flight tested by NASA and several transport A/C
projects were studied which have shown improve-
ments on the range factor, and of course on the
block speed, giving more productivity ; but the
high manufacturing price of such sophisticated
aircraft (including a difficult fuselage area
ruling) and its poor fuel usage more than

offset its small speed advantage.

o




SUPERCRITICAL TECHNOLOGY APPLICATIONS
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The state of the art on supercritical air-
foils,from published 2 Dimengional results, is
given on figure 15 : the upper curves give a
good overview of the progreas on the drag diver-
gence Mach number made in airfolil design from
the firat jet-transports, to present wide-body

jets and to new "supercritical" currveat projects.

The lower diagram gives the drag divergence Mach
number (for a given C, = 0.5) as a function of
airfoil relative thicl’nou. reapectively for
conventional and for supercritical sections de-
veloped recently by various laboratories and
firmas

-~ for a given thickness, the gain on the limit
Mach number can reach about AM = 0.1,

-~ for a given limit Mach number , & supercri-
tical section permits about 5C ¥ more thick-
ness than a conventional one ; this last re-
sult is very impressive when transferred in
wing structural weight saving : for example,
increasing the wing thickneas from (2 T to
18 T on a typical twin-jet/cargo transport
Aircraft (GW = 75.000 Kg, AR = 10, A= 25°)
reduce the wing structural weight by about
25 %, i.e. more than 3} % of the gross weight.

To validate these impressive gaina ob-
tained in wind-tunnels on very thick supercri:
tical wectiona, two experimental unswept “trai-
ner" A/C were flight tested with the same tech-
nique (existing conventional wing covered by a
plastic "glove" with new aupercritical shapes) ;
figure 16 {llustrates some typical results
obtained on a T-2C trainer in U.S and on a T-33
trainer in France, respectively :

a) in 1969, a 17 ¥ thick supercritical section
designed by Rockwell/colombus for NASA (24) was
fitted to the production T=2C wing having con-
ventional 12 T thick NACA sectiona : comparison
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of the drag measured in flight on both configu-
rations shows that they have almost exactly the
same drag divergence Mach number ( = 0.7 at

€, = 0.5) ; moreover, the buffeting gnlot is im
ploved in all the flight domain with this very
thick supercritical section and the low speed
maximum 1ift coefficient in flap-up configura-
tien is improved by 50 % |

b) More recently, a 17 ¥ thick supercritical sec-
tion designed by Aerospatiale/Suresnes in 1975
was fitted to a T-33 wing equipped with conven-
tional NACA 13 X thick sections (French MOD/ONERA
and Civil Aviation program) : here again the
flight tests [ 34 ] have confirmed the wind-tun-
nel predictions : about the same drag divergen-
ce Mach number (M ¥ 0.76 at ¢ % 0.3), for
both configurntiong. but also, excellent maxi-
mum lift (C 2 1.65) and handling qualities
at low |paeh ha good aileron response up

to "Dn for the supercritical configuration.

A typical example of the aerodynamic design of
thick wing for a swept subsonic transport is gi-
ven(figure 17) from a recent theoretical and
experimental study by NIR [ 35 T: the main ob-
jective of this design was to obtain an almost
shock free supercritical flow on the upper sur-
face of a AR = 8, 20° awept wing fitted with
very thick supercritical sections (18 T at the
root, 15 ¥ at the tip) for design Mach number
M« 0.75 at C, = 0.45 ; comparisons between
predicted undlhlnd—tunnel measured pressures in
3 dim. flow are in very close agreement and the
drag divoraoncg obtained in wind-tunnel
(R€ = 2.5 x 10°) ia exactly as predicted (HD -
0.75). 4

It must be rememberad that a typical short
haul A/C still in service, having about the
same cruise Mach number = 0.75, and fitted with
a 20° awept wing must have much less thickness
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(12 % conventional NACA sections).

We shall see later (section A-5) an attrac-
tive application of thick supercritical sections
to very large flying wing cargo A/C, the "span-
loader", and to various more 'classical" near-

term transport Aircraft projects (fig. 28-34) :
substantial fuel savings are obtained mainly
through a global optimization of wing aspect-
ratio, sweep and thickness, i.e. better aero-
dynamic and structural efficiencies indirectly
given by a supercritical design. AT
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A-2) PROGRESS ON STRUCTURAL EFFICIENCY AND
UCTION OF COMPOSITE MATERIA

By the use of improved structural airframe
design (computer programs for structural op-
timization) and new materials (particularly
composites), up to 25 X reduction in airframe
empty weight may be possible, which would trans-
late into fuel savings of 10 to 15 % [36,37],
as pictured on figure 18 for the next fifteen
years A/C designs.

.’1\ % AI/C STRUCTURAL WEIGHT
100 = T T T T T T Mince llaneous
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and
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on 5000 nm) Fig. 18

At first, advanced structural concepts and
new manufacturing techniques [ & ] will make a
large contribution to reduction of airframe
cost and weight (less structural components,
use of integrally machined panels, bonded me-
tal honeycomb, superplastic formed diffusion
bonded titanium, etc...).

Furthermore, new advanced "super-pure" alu-
minium alloys will permit significant reduction
on structural weights-as large as 8 to 10 %

(4) -for the 80's projects.

Another major technological development of
recent years is advanced composite materials ma-
de with graphite, bgron or kevlar fibers in an
epoxy matrix, which offer much superior ratios
of atrength and stifness to density [ 7 J;
but the principal barrier to an extensive use
of composite materials €or the next generation
of transport A/C is the lack of experience on
their durability and maintenance problems for
a 50,000 flight hours life extended on a 20
years period (we have already accumulated more
than forty years experience on Aluminium struc-
tures, both in service and in laboratory tests) ;
that is why the first step to obtain the neces-

915

sary experience under actual service conditions
has been to begin with secondary - non critical-
structural components (spoilers, ailerons, fai-
rings, rudders, etc...) or with use of composite
reinforcements applied on metallic primary struc-
tures (to extend the life of military A/C, as on
a C-130 cargo A/C). Such demonstrations began
about five years ago in several countries, the
strongest technological effort being made by
the U.S.A.F. Material Laboratory and by NASA
(composite primary A/C structures, a ten-year
program extented up to a complete wing primary
structure, (1)).

In those conditions, for the next transport
A/C generation of the early 1980's, the use of
composite will be restricted to secondary parts
as floor beams, trailing-edge surfaces or fai-
rings (also applicable as retrofit items on in
service A/C) ; then, the fuel reduction to be
achieved on first phase would be rather modest:
for example, on a typical wide-body transport
(L-101) or DC~10), a 2500 Kg weight reduction
permits about 1 % fuel savings ; then one needs
about 12500 Kg of composite structure applica-
tion (with an estimated 20 % weight reduction
Viz, aluminium structure) to have this 1 ¥ fuel
savings in operation. Consequently, the maximum
fuel savings for the next A/C generation would
be between ! and 2 T [ 5 ), but it is a part
of a mandatory learning cycle.

In fact, the real pay-off will be their use
on primary structures : for example, a composite
wing-box structure applied on a new A/C (of the
B-747 class) might save about 7500 Kg - equi-
valent to 75 passengers payload or about 3 X
savings in block-fuel ; but it is too early
for a sound manufacturer to launch now such com-
posite construction into a non-removable pri-
mary structure with a risk ofageing phenomena

(a4 1.

If we look now to far-term introduction of
composite materials into tramsport A/C projects,
it seems interesting to briefly summarize some
trends from general studies asked by NASA to
Boeing [ 38 ] : during the course of & parame-
tric analysis, they have looked at the structu-
ral weight penalty to improve the aerodynamic
efficiency through an increase of aspect-ratio
for a Mach 0.8 long-range wide-body advanced
transport A/C (200 passengers,on a 3000 nM stage
length, where about 80 % of the block-fuel is
consumed during cruise) ; the wing shape is gi-
ven : sweep :A1/4 = 30°, and supercritical air-
foil thickness from 15.5 X at the root to 10 %X
at the wing-tip ; figure 19 a gives the wing
weight, respectively for a conventional alumi-
nium structure and for an advanced composite
structure (with - 10 % and - 25 % weight savings)
as a function of the wing aspect-ratio (from 8.6
to 12) ; we have already seen (section A-1-3)
increasing aspect-ratio is a very powerful way
to increase the fuel usage (here 6 % savings
from AR = 8.6 to 12), but a full benefit of com-
posite materials is also very beneficial : 4 X
fuel savings for a 25 7 advanced composite struc-
ture ; in this later case, figure 19 b gives
some details on such a long-term transport A/C
structure :

- graphite epoxy honeycomb for the wing, where
advanced composite material is particularly
advantageous for a high aspect-ratio wing-box
(designed for gust and flutter considerations
rather than for maneuver),
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- graphite epoxy for fuselage and empennage pri-
mary structure, for all control surfaces, and
for propulsive nacelles with integrated acous-
tic treatment ; all figures in I are given
relative to aluminium skin stringer construc-
tion [ 38

To conclude this section, it seems interes-
ting to point out the structural wing weight
sensitivity to geometric parameters, as shown on
a typical modern wing design (figure 20) :

- wing thickness : thicker airfoils lead to a
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a) Wing waight and fuel usage
versus aspect ratio and
structural technology -

sensible weight reduction for given AR and sweep,

~ aspect-ratio : increasing AR is very detrimen-
tal to the wing weight if t/c is not increa-
sed,

- wing sweep : the structural weight increases
slowly with the sweep angle,

Again, it is clear that the introduction of the
supercritical technology is the solution to im-
prove both the structural and the aerodynamic
efficiencies.
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A-3) PROGRESS ON ACTIVE CONTROL TECHNOLOGY

In this section,we shall detail some active
control systems which will be a small part of
the integrated digital systems installed on
future transports ( 51 ; we have already some
ideas about the aviecnics technolopgy available
in the next twenty years [ D9 J, which probably
will be a key to fuel savings, because its large
impact on better operational procedures (see
section B-3) ; this integrated digital system
will monitor :

= fully digital automatic flight controls, plus
central air-data systems,

- fully automated three-dimensional! navigational
flight-path control,

- attitude/heading reference systems using laser
gyros,

- autoland capability for category III all wea-
ther landing,

- optimized profile navigation (4 dim.) for fuel
savings,

- digital data busses (using also fiber-optic
technology, for in-boardtransmissions),

- flight operations controlled from the ground
through data~link communications,

- propulsion control and A/C fuel management,

- and finally, active airframe control technolo-
gy_(ACT) based on a fly-by-wire inatallation.

For a transport A/C, the most important
requirement for a safe application of active
controls is an extremely high level of reliabi-
Tity in all the compouents of the system [ 1 1,
and particularly the computers which must be ca-
pable of failure detection, identification and
recovery.

The main goals of active control technology
for transport A/C are[4LQ4)and 427 :

- relaxed static stabilities,

- maneuver load control,

- ride improvement and gust alleviation,

- flutter mode control,

- ¢irect lift and side-force control,

- center of gravity control,

-~ variable camber and flight envelope limiting.
Some of these items are directly, (drag reduc-
tion) or indirectly (weight reduction) attractive
for fuel savings, either for the next transport
A/C generation and even derivatives of existing

A/C, or more generaly for longer-term projects.
Figure 2] gives a sketch of such idealized

ACT transport which highlights the importance
of the new avionics systems.
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A-3-1) RELAXED STABILITY

Several current commercial transport and

military A/C have already some stability aug-
mentation systems (yaw damper are already in ser-
vice on many existing A/C) ; but, here, the main
objective will be to reduce the tail size as ex-
plained on figure Z2-a for a conventionnal A/C
configuration | thanks to a reduced trim drag

in cruise and in flap-down configurations, and

to a reduced tail weight,.a "snowball effect"
leads to a smaller A/C, i.e. lessdrag, and
finally to a sensible fuel savings.

On a transport A/C the center of gravity
range is determined by passenger and freight
accommodation ; figure 22-b explains how the sa-
me C.G range can be obtained with a large hori-
zontal tail surface reduction thanks to stabili-
ty augmentation ; however the maximum aft C.C
location, i.e. the amount of controlled instabi-
lity is generally limited by control-power and
by nose wheel steering (for an imposed mainr un-
dercarriage location, generally fitted to the
ving) ; in the figure 22hfor example, about 7
aft wmovement of C.C leads to a 25 T reduction
on the horizontal tail area, with the same re-
quired C.G range.

A practical application of relaxed stabili-
ty is already planned by Lockheed for its "Tri-
gtar' derivative, the L-10!11-500, which will in-
corporate both a tip-extension (see next sectior
A-3-2), and a reduced horizontal tail surface
[ 5 1; figure 22 c shows that the new ho-
rizontal tail has a 37.5 X area reduction, less
sweep, but the same longitudinal control power ;
the combination of the reduced structural weight
(=720 Kg, i.e. about 0.4 X of its gross weight),
and of friction and trim drag reductions, leade
to a 3.5 T fuel savings for the standard mission
of this wide-body A/C.
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Relaxed stability has been successfully
flight tested on several military A/C (B-52/CCv,
F-4/CCV, YF-16, etc...) ; during the B-52/CCV
study, Boeing has calculated that a new bomber
having the same long-range mission (6430 nM),
would have a take-off gross weight of 175 tons
instead of 204 tons for the current production
B-52, i.e. a 14 X weight saving.

The controlled longitudinal instability is
particularly beneficial on a tailless configura-
tion, as it will be shown (section A-7) for the
French experimental Concorde n® 1.

In principle, the fin size can be reduced
in a similar manner thanks to an active control
on the yaw mode, the limitation beeing often




the yawing moment power needed to trim a wing-
pod- engine failure.

A-3-2) MANEUVER LOAD CONTROL

The basic concept of maneuver load reduction
is illustrated on figure 23 - a : the spanwise
aerodynamic loading of an efficient wing is us-
ually near-elliptical, as shown on the left-side
of the first sketch ; to reduce the wing root-
bending moment during a maneuver, active ailerons
are symmetrically up-deflected, proportionally to
the angle of attack increase, in view to obtain
less load on the wing-tip, i.e. a smaller root-
bending moment for the same global load (right-
side upper sketch).

The pay-off of this concept was demonstrated
in flight [ 41 ] on the U.S.A.F experimental
B-52/CCV (40 X reduction in wing root-bending
moment per g for aAn = lg meneuver), and on the
U.S.A.F cargo C-5A (30 to 50 T bending moment
reduction throughout the flight envelope ).

These gains can be used :

- either to reduce the wing structural weight
(= 5 X in design gross weight of a large bom
ber/B-52 class)

- or to improve airframe life (as proposed for
the C-5A)

- or to increase the nominal design weight
without wing structural modifications for an
existing production A/C.

But, because of fuel crisis, a cleverer approach
is a tip-extension (figure 23.b) in an amount
which just restores the bending moment at the
original design value ; Lockheed plans for 1980's
a modified version of its L-1011 Tristar with
such an active aileron system which permits a

9 ft tip-extension (about 6 X of the original
span) without structural modification at the
wing-root £5 );a larger aspect-ratio improves
the aerodynamic efficiency and leads to a pre-
dicted 3 % fuel savings ; positive and negative
symmetrical active aileron deflection is also
used to damp out the first elastic wing bending
response for reducing wing gust loads (better
passenger comfort) ; we have seen previously
that this same project will be fitted later with
an active horizontal tail to insure relaxed lon-
gitudinal stability and longitudinal gust alle-
viation ; then, the global fuel savings would be
- 6.5 %.

A-3-3) RIDE CONTROL

Flight through turbulence, giving an uncon-
fortable ride, results both from :

= the rigid response of the airplane (usually the
case for general-aviation with low wing-loading)

- and the excitation of the airplane'’s structu-
ral modes (usually the case for large flexible
transport A/C).

Various active control systems have been
successfully flight tested in both cases on ex-
perimental A/C (B-52/CCV, B-1 Bomber,...) and
even certificated on transport A/C : on the B-
747, a system was applied to improve the lateral
ride qualities in the aft-fuselage, which opera-
tes the rudder to suppress the structural modes
and to reduce the lateral acceleration (more

e

than 50 X lateral acceleration reduction for the
aft-cabin passengers). Since ride improvement
systems are not flight critical, they should
come very early into airline service, mainly on
short-haul A/C flying often in a low altitude/
bad weather ; but such comfort improvement has
no direct pay-off on the energy efficiengy.

A-3-4) GUST LOAD ALLEVIATION

The most spetacular application of a load
alleviation and mode suppression system was made
on the entire B-52-G fleet, in order to reduce
the A/C acceleration response to turbulence at
its primary bending mode frequencies, i.e. redu-
cing fatigue damage during low altitude high
speed penetration missions (increased service
life by a factor of eleven !) [40 to 42]).

Another application is the yaw damper installed
on the Lockheed L-1011 to reduce vertical tail
loads by about 20 X.

However a full application of gust load
alleviation for structural weight savings is dif-
ficult because”flight critical*(very high system
reliability is mandatory,and in some cases a
gust alleviation system can induce more load
than without ACT system).

+A-3-5) FLUTTER MODE CONTROL

Since flutter phenomena is an explosive ty-
pe of instability (i.e. can cause catastrophic
structural damage in seconds), a flutter mode
control system (typical"flight critical) would
be applicable on transport configurations only
for off-design conditions, such as "overspeed"

a1

However, flutter control systems are very
attractive on some military A/C, for example to
prevent wing/store flutter (the external load
can be jettisoned in case of ACT system failure).

A-3-6) DIRECT LIFT AND SIDE FORCE CONTROL

Such capabilities must improve the maneu-
vrability of large transport A/C, mainly in ter-
minal area ; thus, such systems will be helpful
for improved take-off and approach trajectories
(noise and delays reduction, increase of Airport
Traffic, see section B-3). Direct lift can be
developed by dedicated secondary flaps or by
spoilers ; direct side-force can be induced by
differential deflection of canard surfaces (fi-
gure 21-a).

A-3-7) CENTER OF GRAVITY CONTROL

An appropriate transfer of fuel mass, through
an automatic pumping system between various tanks
is a very simple means ofadjusting the A/C static
margin to optimize its aerodynamic efficiency.

On a tailless configuration like Concorde
SST, this C.G control is vital to cope with the
large rear shift of the aerodynamic center from
subsonic to supersonic regime (see sectiou A-7
and figure 43 ).

Even for a subsonic transport A/C such a
programmedC.C adjustment might be used to reduce
the trim drag due to a too large static margin ;
this technique is particularly attractive for
long-range military A/C[ & J, like the bomber
B-52 (2 X fuel savings), and the U.S.A.F airlift
fleet : C-5A (- 1.6 X F§), C-141 (- 2 X FS),and

| 4

A o




C-130 (- 0,9 X FS) ; on the civil transport side
Lockheed estimates that ! X aft C.C movement
would lower fuel burn by 0.2 X, and about the
same level is given for the Airbus A-300 (! X
fuel savings for 5 X aft C.C shift).

A-3-8) VARIABLE CAMBER CONTROL AND FLIGHT ENVE-
L

The main objective of an automatic control
of the wing flaps deflection is to optimize the
aerodynamic efficiency L/D (fuel savings) during
all flight regimes without pilot workload ;
for each regime (take-off, climb, cruise, loiter,
approach...) there are optimal combinations of
leading-edge flap (or slat) and of trailing-ed-
ge flap deflections which give the best L/D;
they are easy to control with the on-board com-
puter.

For flight envelope -limiting, the active
control system is used to prevent Aircraft from
entering some dangerous portions of its flight
envelope (in terms of angle of attack, normal
acceleration, Mach number, etc...) ; safety is
more involved than economy for such a task.

A-3-9) IMPACT OF ACTIVE CONTROL TECHNOLOGY
PORT A

To conclude on the ACT pay—off in perfor—
mance and economy for transport A/C, it is im-
portant to recall that such a concept must be
introduced and evaluated at the prelimina
design stage of a project, taking into account
the varfous Interferences on the other discipli-
nes (aerodynamics, structures, propulsion) ; in

APPLICATION OF ACTIVE CONTROL TECHNOLOGIES (>

such a case, active control technology would
have a decisive impact on the development of
new projects over the next 20 years.

A good example of such impact was recently
given by an USAF/FDL sponsored design exercise
with Boeing [ 41 ]1:

Two preliminary designs were conducted around a
large tanker Aircraft project, able to off-load
a 155 tons payload on a prescribed refueling
mission (figure 24 ) ; the first design, using

normal procedures, gave a very conventional con-

figuration, with a gross weight of 450 tons ;

the other project, in which five active control

concepts were introduced simultaneously, was !
very different indeed :

= thanks to relaxed stabilities control on
pitch and yaw modes, the horizontal tail was
removed and the fin surface was reduced ; the
wing size and weight were also reduced thanks
to active load-control ; and the thrust of the
four fan-engines was also reduced (less drag).

The main benefits due to ACT application are i
impressive : 3

= 25 % reduction on empty weight and 16 X on the
gross weight,(G.W = 380 tons),

- about 25 X fuel savings ;

- a reduction of 20 X on the first cost for a
fleet of 100 A/C,

- a reduction of 11.5 X on the yearly operating
cost.,

* RELAXED STABILITIES
(on pich and yew)

TO A LARGE TANKER A/C

* MANEUVER LOAD CONTROL

PRELIMINARY DESIGN
(Long renge refusling mission

* GUST LOAD ALLEVIATION
* FLUTTER MODE CONTROL

% off-load 186 tonnes payloed)
AND COMPARISON WITH A CONVENTIONAL CONFIGURATION

CONVENTIONAL
PROJECT
GW = 480 tonnes

@ A/C SHAPE

~ NO MORE HORIZONTAL TAIL @

MODIFICATIONS : ~ SMALLER WING AREA @
6’ ~ SMALLER FIN AREA @
L . ~ SMALLER FAN-ENGINES
BENEFITS
i * REDUCTION ON EMPTY WEIGNT (- 26 %)
TO ACTIVE
CONTROLS ¢ REDUCTION ON GROSS WEIGNT (- 16 %) _
for the * LESS FUEL CONSUMPTION (- 26 %) !
nz_. * LESS FIRST COST, (— 20 %, for 100 A/C) |
capebility * LESS OPERATING COST (- 11,8 Wyear) 1

USAF Bormg Sredy

Fig. 24

IMPACT OF ACT./CCV.

ON FUTURE A/C DESIGH AND ECONOMY
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A-4)PROGRESS ON AIRFRAME/ENGINE INTEGRATION

In this section, we shall review two ways
for improving the propulsion system of some
subsonic transport A/C, thankec to :

- a better design of the turbo-~fan nacelle moun-
ted on a wing,

= a new approach for an efficient use of a pro-
peller up to high cruise speed (M, = 0.8).

A-4~1)WING/NACELLES OPTIMIZATION

We have seen previously (section A-1-3,c)
that a turbo-fan location at the wing-tip can
reduce, by approximately one-third, the A/C
induced drag ; but this tip location has se-
veral drawbacks(large yawing moment associated
with tip-mounted engine failure, possible wing
flutter problems, etc...)

But for wing mounted engine at intermediate
spanwise locations, recent researches have

shown that both underwing and above the wing
nacelles/pylons locations can also lead to favo-
rable interference effects.

A-4~1,a) Inboard - underwinged Fngine installa-
tion

Some preliminary research at NASA-Langley
[24Jhave been devoted to the elimination of
adverse interference with poded engines ; in
fact, it was demonstrated that it is possible
to induce a favourable interference, which in-
creases with lift : the reduction of the drag
due to lift is due to a less outward spanwise
flow below the wing (we have seen the same ef-
fect with a winglet at the tip) ; such favoura-
ble effect must be studied for each particular
A/C configuration, taking into account the wing
and nacelle shapes to design the specific shape
of the pylon ; some theoretical approaches are
now available for such optimization.

A-4~1,b) Over - the - wing nacelle

The upper-surface blowing (U.S.B) concept,
where the fan-engine flow scrubs the wing upper-
surface is well known by its convincing applica-

tion on STOL A/C (Amstol Boeing YC-14, NASA/QSRA):

very high lift is obtained by "supercirculation"
effect generated by turning-jet effect around
the deflected flap for take-off and landing ;
this concept is also very attractive by its
fly-over noise reduction for a given propulsion
level ; but this scrubbing action at cruise speed
produces both more friction drag and unfavorable
transonic interferences[43).

An engine-nacelle location that is promi-
sing as a solution for avoiding this scrubi
effect is to locate the engine mounted rclazi;cly
high and forward above the wing(44 24];such a
twin-jet A/C configuration was tested for the
first time by V.F.W in Germany [45 Jand typical
results are shown on figure 25aithese lift and
drag variations with the jet velocity ratio are
relative to the wing and fuselage only,(the
propulsive nacelles being non-metric); the velo-
city ratio Vj/Ve = 4.4 is representative of
turbo-fan engine - FPR = 1.6 - operation at the
start of climb : the jet exhaust induces a signi-
ficant increase of lift and gives a reduction
in drag due to lift which leads to a 6 X increase
in 1ift/drag ratio in climb condition ; at take-
off and landing conditions, with flap-down this

entrainment effect induces a larger CL increment;
this induced "supercirculation" effect would be
even larger by deflecting the jet onto the flap-
down, as proposed by NASA-Langley [44 ].

In cruise condition, the velocity ratio is
much sméller (o .5 at M = 0.7) and, these gains
on CL and CD ar:s auch smaller (about 3 % on total
CD). Theoretical approach of this concept has
been already developed by NASA and Boeing(lb,&ﬁ]

which can help the optimization of each particular
configuration ; this includes the design of satis-

factory contoured nacelles and pylons ; transonic
tests made by Boeing have shown that installation
of symetric nacelles and pylons caused a large
reduction of the drag divergence Mach number and
a drag increase at cruise lift (figure2sb) ; on
the contrary, the configuration with contoured

nacelles and pylons shows a better limit Mach num-

ber that the wing-body alone, and even no extra-
drag at transonic speeds.

All these results are very encouraging and
must be further studied because such concept can
open the way to very attractive transport A/C
configurations, taking advantage of the shielding
effect of the wing to reduce the fly-over noise
level and of the jet-flap effect to reduce take-
off and landing distances ; finally, this over-
the-wing location of the propulsive nacelles per-

mits low-wing configurations with large turbo-fans
without ground clearance problems as on convention-
nal underwinged installation (see the "span-loader"

concept in section A-S5).
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=V,

O 8 v W 0 01
(a) Low speed performance
improvement with over-the.wing
pylon.mounted engines

* +large AC, and Ay
with flaps-down
(T0. @nd lending ). A
« +Fly.over noive ) g:
reduction . = S

High speed performance improvement
® wix p?opcr contoured nm\»
ond pylons “over-the-wing".

Co Nocelan ond pylons :
Symmetric Comtourd

= o ,;\. 8C0 naceties
T A TR
\\
o5 f-
\
02— \
0% 0% O0mM 080 08

Fig. 26

A-4-2 TRANSONIC PROPELLERS FOR FUEL ECONOMY

In the past, propellers were used very effi-
ciently at cruise speeds up to about Mach 0.60 ;
above this speed, the efficiency falls rapidly
due to increased transonic drag on the blades ;
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to overcome this drag divergence at higher cruise
Mach number, there are two well known solutions :
using thinner and/or supercritical blade sections
and swveeping the blade leading-edge ; and now,
with the use of composite materials and advanced
constructions techniques, it is possible to build
such blades(46,47].

As a part of its Aircraft Energy Efficiency
prognnt 1 ], NASA has asked the Hamilton Stan-
dard division of United Technologies to design and
test in wind-tunnel a family of transonic propel-
lers, or "prop-fans" ; these tests have shown that
a full-scale propulsive efficiency of about 80 X
can be obtained at a cruise Mach number of 0.8,
i.e. about 20 X higher than that of the best advan-
ced Turbo-fan (£fig.26) ; such a propeller requires
a power loading about three times higher than that
of conventionnal propellers (i.e. about 300KW/m2)
with eight blades, having very thin (2 ) and
swept (30°) tip sections, and advanced supercriti-
cal airfoils all along the blade ; finally the
prop-fan diameter is about one-half that of a con-
ventional propeller (no installation problems
with a low-wing configuration).

The above mentioned gain on propulsive effi-

ciency over the conventionnal turbo-fan comes main-

ly from much lower momentum losses with the lower
pressure ratio of the prop-fan, but also from the
elimination of the turbo-fan shroud drag ; the
gains are even better at low-speed/off-design con-
ditions thanks to its variable pitch, leading to
shorter field lengths and better rate of climb
(the best final saving would be for short-haul
prop-fan A/C).

RELATIVE FUEL CONSUMPTION
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However, the integration of the prop-fans
to the airframe (figure2q) is still quite cri-
tical, due mainly to the interaction between
propeller slipstream and the wing in a transonic
environment (supervelocities, plus flow rotation,)
but also between the propeller itself and the

spinner/nacelle arrangement ; both analytical and
experimental research are still needed to op-
timize a complete A/C configurations. Another
critical acrea is the fuselage, located in the
noise field of the transonic propeller (propeller
tip speed = 240 m/sec, i.es: slightly supersonic
at M = 0.8 cruise),which gives an overall near-
field sound-pressure level of about 146 dB ;
then, a very effective acoustic treatment of the
fuselage around the wing-mounted prop-fan is
mandatory (very difficult to cure because this
noise is mainly at low frequency, which needs a
quite large structural weight penalty, i.e. some
degradation in the fuel efficiency).

Finally, the mechanical maintenance costs
must be much lower than with the old turbo-prop
A/C (mainly on the gas-turbine, on its gearbox
and on the prop-fan itself) ; bu., again, advan-
ced technology can be applied (better modularity,
increased mean-time between failure).

To evaluate the future of new pcopeller-dri-
ven Transport A/C, it is interesting to analyse
the results of preliminary design projects made
by three U.S, airframe manufacturers for NASA
[47 Jto point out the fuel and operating costs
savings potential when compared with convention-
nal Turbo-fan A/C (figure2?7) ; for all these
studies, the ground rule was a cruise Mach number
0.8 and the use of a prop-fan family already
developped by Hamilton Standard from their trans-
onic wind-tunnel tests :

a) In the Roeins design study (figure 27a), two
prop-fan pewered transport configurations were
compared with an equivalent technology.level
turbo-fan configuration, having the same mission
(180 paxyon 330CKm at M = 0.8) : all three confi-
gurations are twin-engine/wide-body A/C, usi
1976 airframe and 1980 engine technologies [48].
One pro-fan design has the engines mounted on the
wing, the other on struts at the fuselage after-
body ; both designs have higher empty weights
than the turbo-fan configuration, due to the ex-
tra-weight of prop-fan systems, but also to the
weight penalty for cabin noise suppression

(2670 Kg) with the wing-mounted prop-fans ; the
aft-body prop-fan was studied to avoid this pen-
alty but, in this case additionnal structure is
required for engine struts. and larger tails and
to cope with more severe acoustic fatigue due to
the propeller/fuselage proximity.

The fuel savings for a 500 n.M stage length
is around 13 ¥ for both configurations, and direct
operating cost savings are between 4 and 6 X, de-
pending upon the fuel price.

b) The Lockeed-California study [49 ]is based on
fuur engines configurations for 200 passengers on
maximum range of 2780 Km at M = 0.8, with a 1985
service introduction taking account of new tech-
nologies (supercritical wing, AR = 10, active
controls for relaxed stability , composite secon-
dary structure and advanced engines) ; figure 27b
shows that the gross-weights of the two candidates
are about equal (compensation between less fuel
and more structural weights for the prop-fan
salution). The fuel savings for the prop-fan con-
cept is about 20 % for a typical 475 n.M stage
length with 58 % load factor. (The specific fuel
consumption is reduced by 19 ¥ at cruise and by
26 X during climb, the later figure beeing very
attractive for short-haul missions).

The D.0.C. savings are between 6 and §.5 %
depending upon the fuel price.
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¢) In the Douglas study[50 ], the DC-9-30 was
used as a basis of comparison with a modified
version equipped with two wing-mounted prop-fans:
here, the gross take-off weight and payload (92
pax) were held constant ; on the propeller-driven
version the wing was moved forward and the ver-
tical tail was increased by 30 X (for one engi-
ne-out control) ; again the prop-fan empty-weight
is a little larger than that for the turbo-fan
configuration. The fuel savings for the prop-fan
concept are much larger than those of the two
previous studies because the reference A/C
DC-9-30 uses old low BPR/JT 8-D turbo-fans ; on
the other hand, the prop-fan design was based on
advanced core engine technology (JT-10-D) and

on a 8 bladed propelled with 244 n/s. tip-speed,
giving a propeller efficiency of 0.8 and instal-
led T.S.F.C of 0.6 )g/h/daN (0.53 1b/1b/hr) ;

in these conditions,the prop-fan derivative uses
33 % less fuel than the DC-9-30 for the 290n.M
stage length ; and for the same T.0. weight, its
range is increased by 73 X.(figure 27c¢)

The D.0.C. savings for a higher TSFC (0.65
1b/1b/hr) are still between 5.5 and 10 %, depen-
ding upon the fuel price.

To conclude on the future of the pro-fan,
it is fair to say that this concept is again
attractive, not only for its large fuel savings
potential, but also by its propulsive efficiency
superiority over the turbo-fan at off-design re-
gimes, i.e. take-off and climb, cruise at lower
altitude and Mach number (very interesting for
civil short-haul and military Cargo A/C).

More researchedeveloppment are still necessa-
ry , including demonstrator A/C,to solve various
technical problems (transonic propeller fly-over

noise and cabin noise/vibration level, airframe/
engine integration, mechanical turbo-prop mainte-
nance) .

A-5) FUTURE APPLICATIONS OF NEW TECHNOLOGIES
TO SUBSONIC TRANSPORT A/C

A-5-1) SOME NEAR-TERM FUEL EFFICIENT SUBSONIC
TRANSPORT CONFIGURATIONS

We have seen, in the previous sections,
various attractive means of fuel savings in a
short term period by minor Aircraft modifications
and improvements (on aerodynamics, structures,
and propulsion system) ; but, in some cases,
such modifications are not cost/effective for
the operator : for example, although the fuel
savings with a reengined Aircraft is very subs-
tantial (i.e. new CFM-56 on a old B-707, see
figure 32 ), the cost of the engines and the
airframe modifications could have such impact on
D.0.C increase that negates this type of fuel
savings option ; on the contrary, a more modest
energy saving given by an aerodynamic improve-
ment (i.e. wing-tip extension, etc...) is cost/
effective due to its very small negative impact
on the D.O.C.

A second way which offers greater potential
fuel savings is the development of derivative
Aircrnft to increase the payload/range characte-

stics of the basic design. Such operation gene-
tnly requires a substantial development effort ;
for example fuselage stretch, introduction of
composite secondary structure, general drag re-
duction program, and even, a complete redesign
of the wing : this last option was taken recent-
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ly by Airbus-Industrie for the Airbus A-300 B-10
derivative which incorporates(figure 28 ) :

- a shorter fuselage (232 seats instead of 269
for the B-2/4)

- a smaller wing surface but with a larger aspect
ratio (10.16 instead of 8.57),and fitted with

Sxrm Sxkm
Gollon & kg Fue!

10 —J R 1.8
Neor term Lockheed project,

L 40 ‘four 10 tons fon-engines

60 —

5o—¢

thicker supercritical airfoil sections.

This new lighter configuration has a better ener-
gy efficiency than the previous configuration
(about + 6 X on the seat x Km/Kg fuel ratio), and

the same level as predicted by Lockheed
for a near-term project of about the same pay-
load/range class [ 26 1.
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This Lockheed configuration is a part of a
NASA parametric study (RECAT program) around a
third way for fuel savings : the development of
new near-term Aircraft, using 1980' level of
technology in all areas :

- aerodynamics (supercritical wing with optimized
geometry),

- advanced propulsion,

- advanced structure (new metallic structural
concepts and composite secondary st uctures),

- active controls .

The main objective of this program was to
analyse the impact of the fuel price (15,30 and
60 ¢ /gallon) on a new Aircraft configuration,
optimized either for the minimum D.0.C or for the
minimum block-fuel on a given mission (200 pax
on a 3000 nM stage length).

The major trends of the Lockheed [ 26 ] and
Douglas [ 30 Jstudies are given on figuresg and
30 , respectively ; the major impacts of fuel

cost escalation are :

- a reduction of cruise Mach number,

- an increase of the wing aspect-ratio,
- a decrease of the wing-eweep,

- an increase of the

All these trends are accentuated when the air-
plane is optimized for minimum block-fuel ins-
tead of minimum D.0.C ; in the case of the Dou-
glas study for example, optimization to minimum
block-fuel leads to an unswept wing of very lar-
ge aspect-ratio : AR = 15.5 (not shown on the
figure 30 ) ; this configuration needs a lit-
tle smaller block-fuel (26.340 Kg),but has a
larger gross-weight (124260 Kg) than the previous
minimum D.0.C/60 ¢ project : but more pertubine

cicritical wing thickness.

9.25

: M= 0.7C only,

is a too low cruise Mach number
and a too large span (b = 56.9 m)for the exis-
ting Airports handling capacity. The same trends
are confirmed by the Lockheed optimization to
minimur block-fuel (figure 29).

It is important to point out that, generally,
a configuration optimized for fuel savings is
not the most economic one for the operator, be-
cause its larger empty weight (more manufacturing
cost) and its smaller productivity (lower cruise
speed) ; this statement appears clearly in a
SNIAS study [ 51 J on a medium-range twin-turbo-
fan transport optimization ; furthermore, the
same conclusions are shown by Boeing from a para-
metric design study of large advanced military
transport [52] ; using modern computing techni~-
ques with ten independant variables, the main
objective was to optimize a cargo A/C project
alternately for minimum gross weight and for mi~
nimum block fuel on a prescribed mission :

- fixed payload : 18] tons

- fixed range : 5500 nM

= T.0 field length : 8000 ft (2450 m)

- cruise speed : M = 0,78

Finally the technology level (on aerodynamics,
structures, propulsion and active control systems)
was taken appropriate to a 1985 delivery.

The table on figure 31 shows that two
opposite requirements give very different confi-
gurations ; the "minimum fuel' project has :

- a larger gross weight,

- a larger wing surface,with a much larger aspect-
ratio (AR = 12 instead of 8 for the "minimum
weight" project)

- and a 14 % reduction on the mission fuel weight.
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Both projects are much more fuel-efficient than
a current B-747 freighter (+ 43 X and + 75 X for
mini-weight and mini-fuel, respectively) ; redu-
cing by 25 % the structure weight fraction
(thanks to far-term advanced technology) gives
a cumulative gain of about + 120 T |

To conclude on the potential gains en fuel
consumption during the next two decades or so,
the figure 32 gives a last picture of a pos-
sible evolution of a subsonic transport refcied
to the first generation/turbo-jet A/C (B-7U7 or
DC-8) : the introduction of new high-by-pass-
ratio turbo-fans (CFM-56, JT-10D, etc...) will
give the possibility of about 30 X more energy
efficiency...and much less noise !

A slightly larger gain in energy efficiency was
calculated by Dassault/Breguet on a derivative
of their Mercure equipped with TWO CFM-56 fan-
engines, when compared with the current B-727-
200, on a typical 600 nM mission [88]:

B-727-200 Mercure 200
% Three JT 8D-15 # Two CFM-56
(3 x 15500 1b) (2 x 2500 1b)

m G.W = 76 tons
(174 pax/2300 nM)

» G.W = 86.4 tons
(153 pax/2100 nM)

» Block fuel
on 600 nM = 7065 Kg = 5266 Kg
# Resultant fuel efficiency :

seat x Km
g fue

- 24 = 36.7 (+ 52 %)

The other advanced technologies introduced
by NASA/Ames in their transport synthesis com-
puter program optimization 655] confirm the
pay-off given by larger aspect-ratio wings

fitted with supercritical airfoils and by the
introduction of a graphite/epoxy wing structure.

A-5-2) LARGE UNCONVENTIONAL CARGO A/G

Almost all the new technologies discussed
previously can be applied to a very attractive
concept, the "spanloader" A/C, (figure 33 )
for a future worldwide air-freight transporta-
tion system ; both the military and the Airlines
would derive cost savings from joint development
of such a cargo system, in the 1990's [ 5,54).

The basic requirement, for an efficient
air cargo system, is to be able to carry the
standard intermodal container (8' x 8' x 20')
currently transported by trucks and ships ;
the basic new idea (due to NASA scientists) is
to distribute these containers along the span
("spanloader'") of a huge wing to save structu-
ral weight (large reduction of the bending-mo-
ment) ; furthermore, a constant chord along the
span {s very favourable to reduce the wing ma-
nufacturing cost.

We have seen that the supercritical tech-
nology is the way to efficient very thick air-
foil (17 X to about 22 X or more) and their
shape is well suited to accommodate two rows of
such containers.

But landing loads will have to be distribu-
ted over the span as well, and another good
idea is to use an air-cushion landing system
[ 37 1; the air-cushion technology has been
already flight tested on a C-8 "Buffalo" (USAF
"A.C.L.S8" program) and this concept allows to
operate from unpreparcd terrain and water, a

very attrictive capability for a worldwide
transport system.
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The aerodynamic efficiency of such concept
will be very high for "all-wing' configuration:

a) the wetted area, i.e. friction drag, is low,

b) a swept-back untapered wing fitted with tip-
fins has a large "effective'" aspect-ratio,

[551.

¢) an active control system will permit relaxed
stabilities on pitch and yaw, giving a large
trimmed L/D,

Finally, a“spanloader’configuration will
have about twice the energy efficiency of a cur-
rent B-747 freighter (figure 33 ) thanks to
a payload fraction of about 0.5 G.W (instead of
0.22), an operating empty-weight of about 0.23
C.W. (instead of 0.45 for a current Air-cargo),
and a better aerodynamic efficiency (L/D & 22
instead of 17)

A parametric study of large freighters
designs have been made by Lockheed for NASA [ 56].
Figure 34 gives an overview of the main

performances of four configurations having :

- the same gross-weight (544 tons),
= the same payload (50 X G.W.)

= the same structural 1990's technology (60 X
composite materials)

- and 1990's advanced turbo-fans.

A conventional cargo A/C configuration was
calculated as a reference, which have a current
cruise Mach number (M = 0.80) but a very poor
range (R = 1300 nM) ; at the opposite, two“span-
loader” configurations have about the same attrac-
tive range (R + 4000 nM), but swept configuration
(40°, AR = 6.1) has a higher cruise speed (M =
0.75) than the straight wing configuration (M =
0.6), i.e. a much better productivity ; finally,
the delta (53°) configuration has the highest
cruise speed (M = 0.87) but a lower fuel effi-
ciency than the spanloaders.

HOVERING CHARACTERISTICS
OF THE VTO.L. A/C FARILY

HOVERING

THRUST & T/p . ka/wp
POWER w |-

RATIO |

A-6) TOWARDS MORE ECONOMICAL VTOL AND STOL
CONCEPTS

1i
i
For twenty years, considerable Research and '1
Development have been directed towards Aircraft |
configurations able : ’i

|

]

- to take-off from, and to land on,very small
platform (VTOL concept),

- to operate from or into a small unpreapared f;
airfield, about 2000 foot length or less (STOL i
concept) .

Both concepts will be always more fuel consuming
than a conventional transport Aircraft (CTOL)

and more expensive to operate [ 57 J; but their
unique operational flexibility is increasingly
appreciated both by civil and military opera-
tors ; furthermore, their fuel efficiency can be
relatively more improved than future '"conventio-
nal" transport A/C previously discussed.

A-6-1) HOVERING CAPABILITY THROUGH ROTOR CON-
CEPTS AND FUTURE ROTORCRAFT

For a machine able to lift a given load off j
the ground by means of its engine thrust, the
first objective is to calculate the power re-
quired, to estimate the price to pay ; the basic
equations of the mechanics indicate that from a :
hovering efficiency standpoint, it is advan- I
tageous to accelerate slowly a large mass of air, i
as it is the case for a helicopter rotor T/P =
2/Vs {Vs being the slipstream velocity behind the
actutor,requiring a power P to develop a thrust
T) ; for a high speed-jet exhausting from a
turbo-jet engine or from a rocket, Vs is about
600 and 2500 m/sec. respectively, instead of
Vs ~ 25 m/sec. for a helicopter rotor ; this ex—
plains the very large fuel consumption during
the hover phase of a jet-VTOL or a space-laun-
cher ; figure 35 gives an overview of the
thrust/power ratio of various VTOL candidates
as a function of the disc-loading, and also the
fuel consumption for a hypothetical 5 tons VTOL
(one order of magnitude between rotors and ro-
cket). |
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For some military applications, the hovering
time can be very short and the transition to
high speed cruise regime takes less than one mi-
nute : in such cases turbo-fan engines are well
adapted, as demonstrated by the VTOL Combat A/C
"Harrier” (the only concept that reached a lar-
ge development).

But vhen a long hovering time is r.andatory
(rescue, etc...) and a high noise level prohi-
bited (inter-city service, etc...), the best
concept is the rotorcraft because its good hove-
ring efficiency and its low slipstream velocity
(low noise, low ground erosion, etc...) ; the
major drawbacks of conventional helicopters were
their poor cruise speed, their maintenance pro-
blems and their high level of vibrations ; but
since few years, the manufacturers and Research
laboratories have considerably improved the he-
licopter performances thanks to a large drag re-
duction [ 58,59 and 60 ] ; figure 36 shows
that the parasitic drag still takes more than
40 X of the power required at cruise conditions
for a recent helicopter (SA 330 "Puma",[58]),
but much more for previous "dirty" designs ; in
fact, large gains are still possible on future
designs.

As for the future conventional mirplanes,
the potential energy savings also depend upon
other technologies improvements (Rotor Aerodyna-
mics efficiency, structural weight reduction via
composite materials, improved gas-turbine SFC,
etc...) ; thus, figure 37-b illustrates the
main conclusions from a NASA/Vertol study based
on a 100 passengers transport helicopter design
[ 60 ] using some advanced technologies avai-
lable in the 1990's :

- regenerative-turbine engines, giving SFC as
low as 0.35 1b/hp/hr,

- rotor cruise efficiency lnprovemnt.A(,f‘;):#ZOl.
through the reduction of profile power,

= rotor hover efficiency imprcvement (figure of

Merit up to 0.82), through about 10 X reduction

of the induced power,

= advanced structures, giving about 12 X empty
wveight savings, through an extensive use of
composite materials.

Combined effects of these improvements could
save up to 38 T of fuel when compared to current
helicopters still in operation ; the same figure

37- b shows that "super-emergency" power engi-
nes, giving 200 X power to satisfy hoverone-
engine-inoperative} would allow installation of
two instead of three engines on this project,
with 10 ¥ G.W savings and about 25 X fuel econo-
my.

Now, it is interesting to estimate the ener-
gy efficiency of current and future helicopters
as compared with other Air and Ground Transpor-
tation systems, on the same short-haul mission
(i.e. 200 nM, like New-York to Washington) ; the-
se comparisons, calaculated by W.Z. Stepnewski

61 1, are given on figure 37- a, in Kg fuel/
passenger x Km (or gallon/pax x nM); taking into
account realistic load factors for each mode of
transportation : it is clear that current heli-
copter still in service on New-York Airways (Si-
korski S-61-L, 28 seats, with 60 X load factor)
uses much more energy per passenger than bus,
train or standard automobile. But, more interes-
ting is a 1985's advanced technology 100 passen-
gers helicopter, the TH-100, studied by Vertol/
Boeing [ 62 ], which gives about 32 X fuel sa-
vings as compared with the S-61, and becomes
competitive with regular jet or prop A/C service
(with certainly less delays) ; the longer term
helicopter projects previously deacribed on fi-
gure 37- b are even more fuel efficient.

By definition, the cruise speed of a conven-
tional helicopter is limited by the development

—T
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of transonic troubles appearing on the blades
(increased required power, vibrations, etc...),
to about 130-170 Kts ; to fly faster, the TILT
ROTOR CONCEPT is very attractive because it com-

nes the hover and low speed efficency of the
helicopter with the cruise capability of a con-
ventional turbo-prop Aircraft : the rotors tilt
to provige vertical lift in hover, and then

swving forward to produce thrust in cruising flight,

the necessary lift being given by the wing :this
concept is currently flight-tested by NASA and

An interesting comparison between the pre-
vious 100 passengers tandem-rotor helicopter
and a twin-tilt-rotor project performing the
same mission (200 nM) has been made by Boeing-
Vertol [ 62 ] ; the two concepts (using 1980's
technology) are pictured on figure 38a and b :
for about the same gross-weight and the same
installed power, the tilt-rotor concept has
more than twice the cruise speed of the helicop-
ter , which translatesin a much better fuel ef-
ficiency and block-time for this 200 nM stage
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Mission : V cruise Block )geat x Km
100 pax/200 nM Kts time,min| Kg fuel
(a)helicopter A/C 165 80 16
(db)tilt-rotor A/C 350 45 26
+ 110X 1 -44 X1 +6072%

the fuel efficiency versus range, on figure 38 ,
demonstrates other important trends :

- the advanced large transport helicopter shows
a marked improvement over the hest current
helicopters in service,

- the tilt-rotor transport concept is above the
winged-vehicle: band for such short stage
lengths .

Finally, the perceived-noise levels at 500
ft sideline in hover are quite low (92 and 98
PndB respectively for the helicopter and the
tilt-rotor), the later being quieter in cruise
mode.

To conclude on the Rotorcraft configura-
tions, it seems they have a bright future for
passengers and freight transportation when ver-
tical flight is mandatory ; the most demanding
VTOL capability is now for offshore oil plet-
form traffic (North Sea, Gulf of Mexico,etc..),
where sufficent range and speed are needed ;
also good navigation/equipments and de-icing,
and easy maintenance are mandatory for such
all-weather missions.

A-6-2) SHORT TAKE-OFF AND LANDING CONCEPTS

We have already seen that short-field length
for take-off and landing are obtained through
high lift systems and/or low wing loading ;
these high lift performances can be obtained
either with sophisticated mechanical flaps or
with "powered lift" using the deflected slip-
stream of propellers or turbo-fans (jet-flap
effect) ; all these concepts are now well proven
and operational ; but, here again, the question
is 'what price to pay for STOL performances ?",
or, more precisely, the amount of mission fuel
as a function of the field length ?

A plruutric ntudy hay been made by Lock-
heed for NASA L ©3 ] on the design of a short-
haul A/C for fuel conservation ; a typical mis-
sion : 148 pax on 500 nM stage length was taken
with the same level of technology (advanced NASA
QCSEE fan-engine project with FPR = 1,35, i.e.
very low noise ; high aspect-ratio wing with su-
percritical sections, etc...) ; two concepts
have been compared for the same optimum cruise
Mach number M, = 0.75 :

- a four turbo-fan-over-the-wing scheme with in-
ternally blown flap (OTW/IBF), AR =12, A = 10°,
(this concept is currently flight-tested by
NASA on the experimental QSRA/Boeing A/C),

- a more convertional twin-turbo-fan A/C with
sophiaticated mechanical flaps on a wing of
AR = 10, A = 10° ; the figure 39 shows that
the best choice for STOL performances (2000-
3000 ft) is the four over-the-wing-engines A/C ;
if longer runway is available (3000-4000 ft)
the RTOL fan-engines A/C with conventional
flaps is more energy efficient. For the same
3000 ft field length, they have about the same
direct operating cost but the fuel consumption
is much lower for the OTW/STOL concept.
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Finally, both concepts have about the same gross-
weight (v 56.5 tons) and the same thrust/weight
ratio (% 0.4).

The fuel efficiency of the OTW/YBF concept

for 3000 ft field length = 31.15 seat x Km has
Kg fuel

been plotted on figure 38¢ to show that such
STOL transport A/C has about the same energy ef-
ficiency than the best current short-haul A/C,
but with much better field performances (half
runway length, less noise).

To conclude this section, figure 40 gives
two aspects of operational procedures (see sec-
tion B-2) used on helicopters to reduce the fuel
consumption :

~ optimal cruise speed and altitude for fuel sa-
vings,

~ cruise on two-turbines for a 3-turbines confi-
guration.
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A-7) TOWARDS MORE ECONOMICAL SUPERSONIC
TRANSPORT

As a result of over a decade of intensive
Anglo-French effort on both the airframe and
the powerplant, the Concorde Supersonic Trans-
port has convincingly desmonstrated its abi-
lity to cross the Atlantic (3200 nM) at Mach 2
with full payload (100 pax) and required reser-
ves ; such achievement has proved to be very
difficult and expensive, using the best techno-
logy available in the 1960's [ 64,65 1.

When compared with the "fuel efficiency"
of existing or planned subsonic Transport A/C,
the Concorde value appears very low, as shown
on figure 2 , but it must be remembered that
the Paris to New-York journey is now comple-
ted in half the time taken by his subsonic com—
petitor.

As for the subsonic Transport already dis-
cussed, the future improvements in the SST ef-
ficiency depends upon the same technological
advances (figure 41 ) on the various dis-
ciplines : propulsion, aerodynamics, stuctures/
materials and systems ; but, another vital pro-
blem will be the noise level reduction around
airports, which needs further progress on

both the engine design and the subsonic
aerodynamic efficiency L/D (during take-off,
climb, approach) ; finally the subsonic L/D
must also be improved to reduce the fuel con-
sumption during holding, and for imposed subso-
nic cruise above populated countries to avoid
sonic boom.

As a first step, proposals have been made
by airframe fSNIAS 66 ) and engine [Rolls-
Royce, ©9 ] manufacturers for an improved "B"
version of Concorde :
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- on the aerodynamic side (figure 42 ), a small
increase of the wing-tip surface and droop-
leading-edge installation along the span lead
to sensible L/D improvements both at low speed
(which reduce the noise) and at cruise condi-
tions (M = 0.93 and M = 2) ; furthermore, some
minor changesin leading-edges and radome shape
must also improve the supersonic wave drag;and
structural weight savings are quite easy
thanks to the introduction of composite mate-
rials (Kevlar, Carbone) ;

- on the engine side, an increase of the mass
flow of the Olympus permits to improve the
SFC and to reduce the noise around airports.
In those conditions a 12 T fuel savings on the
Paris/New-York mission was estimated.

PROPOSAL

TO INCREASE CONCORDE
AERODYMAMIC EFFICIERCY = .
»Increosed S and R LEADING. £0GE

« Leading-edge flop installation ~§‘
Suﬂf‘."-(
cruine

HOQ0VED COnCORDE
increomec surface

ore &1 x_t_

CL uer \
Toke o )
cruive. vold

opprosch
and londing

CONCORDE A"

76 %  Minimum laval Slight
(tona off)

% @ Approach

< 225% : Low neise

Q,.T.y, LADY% mold (€90 W 10000 &)
02 - i o—ad + 1RGN Subsenic cruive
+77% : Supersenic cruise it
° ) Il (Med) I

0 s
LIFT/DRAG :AYIO ™ L,D
. G.CORMERY , St "
Ref. G.CORNERY , SHiAS Fig. 42

Another powerful way to improve the subso-
nic aerodynamic efficiency is the installation
of a relaxed stability control system (A.C.T),
which is particularly rewarding on the longitu-
dinal mode of such a tailless A/C ; thanks to
the installation of a fully redondant fly-by-
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-wire system with three digital computers on the

experimental Concorde n® 1, Aerospatiale was ~ variable cycle engine (V.C.E), a"magic”pro-
recently able to fly unstable in a large subsonic pulsion system which performs as a straight
domain (figure 43 ) and to demonstrate a 14 X turbo-jet cycle at supersonic cruise regime

; increase of the trimmed L/D for a 3 X C.GC back~ as a turbo-fan cycle during subsonic opera-
ward shift ; this improvement can be translated tions ; such attractive concepts need years
in a large increase of the permissible take-off of basic and applied research betore a possi-
gross weight (about 14 %) and/or an important ble service in the 1990's.
thrust (and noise) reduction for a future SST
configuration [ 67 and 42]; in fact, all - About structural weight, new structural concepts

, nd . and manufacturing methods, extensive use of
new U.§ 2= generation SST project are designed advanced composite materials and active control
with such relaxed Stability Control. aystems promise significant empty-weight reduc-
s ; tion, up to about 10 X.

CONCORDE =

longitudinal stability All in all,this second generation SST can
(NG, Praubion W) perform about twice the 6 % payload fraction of
a Concorde, and still satisfy some future FAR 36

nACH

Typical CO. shift with fug) tranafer

! N\ i ' operefion noise regulations ; such new SST, a logic follow-
Vim0 6 locations alreedy Hown ; . .
\ SRR on of the unique Concorde experience, will be .
| L used on long-range routes where high productivi-
] [ ty is cost-effective [ 69 ].
3 o
INPAOVERENT OF  TRMAED o™ 0 e ‘
! THE AERODYNARMIC 14 L L .-_\' . SUPERSONIC CRUISE AIRCRAFT and 55.T.
CFFICIENCY L23s.0on _- %
N \onding) R L/py CRUISE LIFT/DRAG RATIO
THROUGH RELAXED e [ e PR b il
STABILITY COMTROL (CCV) 10 ~ oA STUgES Y~
: ono CMC::‘D"!me y by 8 COH(O‘Igl DOUGLAS bO!L '0"(‘: "l. > : bv.,o
i Fig. 43 & [ GImm Fuuee ooy Ye e
; df e e
2 CRUISE MACH NUMBER
About this second generation SST, it is 0 A e o
8 eo ™ n

interesting to summarize some of the trends al- &2 & 26 286 0
§ ready published : %o rroes s TR DESIGN

3 ALUMINUM ALLOYS “DF “777 TITAMIUN ALLOYS > TEMPERATURE
POLYIMIDE COMPOSITES “R

- on the aerodynamic side, considerable progress Ay W.10%kg GROSS WEIGHT 2™ GENERATION
has been obtained since few years through mo- 400 SST prONe
re and more elaborate serodynamic computer ° ® i s e
programs, coupled with structural analysis, oo B I T =
which permits a complete optimization of pro- na2 S P T
jects taking into account all design cons- 6 (290) ¢ (N) passengers
traints ; a large part of these projects are L s I R - Me2 e
asked by NASA to the major U.S manufacturers (100)  (120)
as a part of the Supersonic Cruise Aircraft i ™ d
Research (SCAR) program [ 68]) ; their predic- A/ ol
ted supersonic aerodynamic efficiencies are 20 22 26 W waro ne2ss
illustrated on figure 44 , as a function of & RANGE o
the cruise Mach numbers chosen by the various ! o
airframe manufacturers ; improvement in L/D “ 3 oy
to a value larger than 9 (instead of 7.3 for CONCONDE 5 el o2
Concorde) seems technically possible in ten years 0 CNASA 5CAR By
or so for slender shapes with a well designed 3000{ CRUISE MACH Mr
propulsive nacelles and fuselage integration. N e oy -

- for the size, all the projects have a much Fio. 44
larger capacity, around 280 passengers instead 9
of 100 for Concorde,

- and finally their range is sufficient for a B) NEW OPERATIONAL PROCEDURES
Trans-Pacific service (4000 nM or more) ;

= but the best cruise Mach number is still con- B~1) INTRODUCTION
troversial - between M = 2,2 (where aluminium
alloys are used for a large part of the struc- When looking for ways of improving fuel
ture) and M = 2.6 (where mainly titanium alloys efficiency, we must consider the total air trans-
must be used). w and we shall see that,at thes mo-

ment, a large part of the wasted fuel is due to
About the best propulsion system for such pro- the present alr trafic control (ATC) constraints,
jects, the airport environmental regulations to the imposition to follow special routes (to
will impose lower jet velocities than on rehea- avoid noise sensitive area, etc...), and mainly
ted Concorde nozzle and perhaps the use of ef- to the delays arising from congestion ; figure
ficient noise suppressors ; several solutions 45 gives their typical effects on block fuel
are proposed : for a 500 nM stage length [10 1 : a penalty of
27 % in blocklfuol(;o-:hnn by these very fre-
- oncorde=01 engine quent constraints n. hold before take-off
:‘:;':':::':::,:h;.s...: 1 .nd,?;‘;.(gl:'gsj = non optimm cruise altitude, extra-distance fo\"




airways and noise routings, and at last, 10 min.
hold before landing) ; such energy waste is ac-
companied by penalties of 25 X in block-time and
about 15 X increase in D.0.C ; these problems
are unlikely to arise on every flight,and affect
short-range flights much more than longer ones.
However it appeared vital, at the beginning of
the fuel crisis, to study the various ways to
improve the operational procedures, the pay-off
being of the same order of magnitude that from
the .most sophisticated technical improvements
applied on the airplane itself.
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A large effort has been successful in every
country since the 1973's fuel crisis to reduce
the most evident fuel wasting, and long-term
plans have been prepared between regulatory agen-
cies, airports management , aircraft operators
and aviation industries to analyse future gains
on fuel efficiency - and the price to pay, ta-
king into account the key factors affecting the
various options : technical, socio-political,
economic, regulatory and operational.

At this stage, it seems interesting to sum-
marize the impressive work done in U.S.A by the
Federal Aviation Administration (F.A.A), as re-
ported to U.S congress [2,86]:

- significant increases in aviation fuel efficien-
cy have already been made just after the fuel
crisis, examplified by the large improvement
of the revenue-ton-miles-per-gallon (RTM/G)
on U.S domestic civil Air Carrier, between 1972
(RTM/G = 1.90) and 1974 (RTM/G = 2,21), i.e.
more than 16 X improvement on this fuel effi-
ciency index (which take into account the pas-
senger load factor and the air freight) ;

- on the following tables are listed the various
options recommanded by F.A.A respectively in
short term (2 years), intermediate term (3
years) and long term (4-10 years) programs ;
some of these options have been already analy-
sed in the previous sections ; some others,
relative to operational procedures, are discus-
sed in this chapter and are indicated on these
tables with a mark ().

A first overview of potential fuel savings
with some of these options on operational proce-
dures is given on figure 46, from a Lockheedd
study [ 26 Jfor the NASA/RECAT program L7 1;
the block-fuel consumptions are given as a func-
tion of the stage length for a typical tri-jet
(Lockheed 1011 or DC-10) ; the near-term fuel
savings can be obtained with the existing Air-
Traffic-Control (- 3.4 X) but a larger gain
(- 5.5 %) will be obtained after the long-term
A.T.C management,

[\ BLOCK FUEL CONSUMPTION (NASA/LOCKHEED Study)

FUEL SAVING
0 -2 -4-6%

|

Long range cruise [}

Step climb - |
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B-2) FLIGHT MANAGEMENT

In this section, we shall examine the
various options to save energy around the cruise
regime (optimum cruise speed and altitude, climb
and descent optimization, influence of the fuel
reserves and tankering, em route navigation and
control, etc...).

The most significant pay-off in flight pro~
file management occurs during the airplane
cruise ; for a long-range aircraft, cruise con-
sumption reaches about 80-85 X of total block-
fuel ; for fuel savings, airplanes need to be
operated at optimum speed and altitude : a de-
crease in cruise speed and/or an increase in
cruise altitude \nh reduce fuel consumption, as
I1lustrated on figure 47-a,for the Boeing 727
case [ 2 J]; a reduction in speed from M = 0.82
to 0.78 decreases the fuel usage by 3 X on a .
standard mission,and flying at FL 350 (35000 ft)
instead of flight level 310 reduces the fuel
consumption by 2.6 X ; the two effects are appro-
ximately additive ( - 5.6 X fuel consumption).

For an Airbus A-300-B4, on the same 1000 nM sta-
ge length (block-fuel : 13.9 tons), the economi-
cal cruise speed is M = 0.78 and higher speeds
are much fuel consuming for negligeable time sa-
vings :

M = 0.80,A fuel = +400 Kg, At = -2min,
instead of
M=0.78 :

M = 0.82,0 fuel =+1200 Kg,A t ==5 min.

In the case of a Lockheed 1011, on a 2000 nM rou-
te, the cruise speed reduced from M = 0.85 to
0.82 leads to about 2.2 X fuel savings.

In fact, almost all airlines have already
instituted these procedures since several years ;
but safety considerations have a bearing on how
slowly a jet can be flown at high cruise alti-
tude (because increased Cp values, near the trans-
onic buffe? placard ; and because increased
A.T.C workload with mixed fleet at different crui-
se speeds.)

o 060 0.82 CRUle MACH
| T 5 T

nooo 33000 ssooobz.n
e

Several current transport A/C of the 70's
were designed for high cruise Mach number -about
Mo = 0.87 - and cruise speed reduction up to
M = 0.80 (figure 47-b) is very beneficial to
tRe energy offichncy (+ 10 X) for a typical
short-haul A/C [ 72 ] ; on the same figure is
given a new advanced 1980's project, designed
for various cruise Mach numbers (with adequate
propulsion and aerodynamic optimizations), to
illustrate that advanced technology allows :

- to cruise at M = 0,95 with the same fuel con-
sumption (but it is no more attractive since
the crisis),

= or to cruise at the same My = 0.80 with about
18 X more energy efficiency,

- or even to optimize the A/C at Mo = 0.70 with
a much larger gain on fuel, but with a poor
productivity due to low block-speed.

In fact, this time penalty and the competi-
tive disadvantage of low cruise lpecd is only
significant for long-range missions : for example,
reducing the cruise Mach number from 0.9 to 0.8
induces a significant 40 minutes penalty on the
block-time of a North Atlantic crossing, but a
very small 6 minutes penalty for a short 2000 km
journey.

Concerning the optimum flight profile, it
must be remembered that most of the Euei (about
90-95 %) is burnt durig_g the climb and cruige
portion of the flight, indicating that it is
mandatory to maximize aerodynamic (L/D) and pro-
pulsive (V/SFC) efficiencies ; a continuous
cruise-climb procedure (altitude increasing un-
versely proportional to the decrease of A/C
weight) is .the most economical one, but the abi- ;
lity to fly such a cruise-climb is limited by
the current ATC:since the end of the 50's, sepa-
rations rules lead the airplanes to fly at fi-
xed flight levels;above the altitude of 29000ft
(flight level FL 290),a 4000-foot altitude in-

crement is required (ex : FL 310 - 350...in one
direction and FL 290 - 330 - 370 in the opposite

Design d effects
@ fora bh%:‘f houl A/C

o ENERGY EFFICIENCY, seotskm/yq i) ]
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direction). The actual traffic is concentrated
on four main levels between FL 310 and FL 370 ;
their utilization reaches 32 % of the total traf-

937

reduction of the required fuel reserves, as ex-
lified by the following table, taken from a
A-T.A.C/Boeing study (200 pax/3000 nM/M = 0.8):

fic (8 T each). These limitations lead alsc to required |potential savings with
congestion and "en-route" delays due to the ap- Stage reserves, |50 % reduction on required
plication of horizontal separations rules. length Zblock-fuel| reserves :
(X B.F)
Future advanced Air-Traffic~Control would
allow at first a reduced vertical separatiomn 3000 nM 25 X B.F |savings : - 6 X of B.F
(only 2000 foot sters) and later a continuous 1000 nM 70 T B.F - d° : -7 % of B.F

cruise-climb procedure : figure 47-c, relative
to the Lackheed 1011, shows that such operatio-
nal improvements lead to fuel savings of 0.3 X
and 0.7 X respectively.( 26].

OPTIMIZED CLIMB SPEED

A reduction of the climb speed induces
significant fuel savings ; for example, in the
case of a NASA/Boeing study (200 pax/3000 nM/
M= 0,9/AR = 9 project), climb speed reduced

from 375 to 300 Kts gives a 2 % and a 5.2 X block-

fuel savings for a stage-length of 3000 nM and
1000 nM respectively ; it is concluded that this
slower climb is most attractive for this short
stage length zhere the climb lag consumption re-
presents 1/3¥¢ of the block-fuel. In the case of
an Airbus A-300-B2 on a 1000 nM route,the low
speed climb procedure (300 Kts) instead of 340
Kts saves about 155 Kg fuel (1.1 %).

PROFILE DESCENT

The amount of fuel used during the descent
from cruise altitude to the ground is a low per-
centage of the block-fuel, even for a short ran-
ge A/C (about S % B.F for a 1000 nM mission, and
less for a long range migsion) ; however, the
intent of the procedure is to keep Aircraft at
cruise altitude to a point where they can
descend to the final epproach path with the en-
gines at idle ; we shall see later, in the Ter-
minal Area procedures, that quite large fuel
savings and noise reductions are possible during
the final approach.

FUEL RESERVES

Another fuel saving potential would be a

Note) The required reserves are function of the
mission landing-weight and include 45 min. at
long range cruise 2 and M, a missed approach,
plus a 200 nM diversion, (figure 48).

In the case of an Airbus A-300-B4 on a
1000 nM stage length, the usual fuel reserves
are estimated at 5~6 tons, which cost about 400-
500 Kg extra-fuel to carry ; better traffic con-
trol regulations would remove for example ! ton
of these required reserves, and would save 145t
fuel per Aircraft/year !! [ 51 ]

FUEL TANKERING

On the other hand, if extra-fuel is taken
aboard, for example 50 % more than the required
reserves, there is a severe + 6.5 I block-fuel
penalty to pay ; finally if the 3000 nM mission
is performed with 2 intermediate stops (1000 nM)
each), with no refueling at each stop to spend
less time on the ground, the fuel penalty in-
creases to about + 19 I of the block-fuel.

This "TANKERING" procedure is sometimes
used by Aircraft operators because of differing
prices and availability of fuel at various air-
ports ; tankering is unefficient because of the
fuel burnt to carry this surplus fuel ; for ex-
ample 900 Kg of tankered fuel require an addi-
tional 55 Kg in fuel consumption which represents
about 1 X of the block-fuel on a 500 nM/B-727
mission. In the following table, are listed the
impact of tankered fuel on consumption :

CRUISE
AT ALTITUDE
STEP CESCEND TO CRUISE AT
cLiMe 10 000 ¢ ALTITUDE &S MINUTE
INITIAL HOLD AT
CRUISE cLims ALTITUOE
cLIMB DECELERATE DESCEND TO
ACCELERATE ACCELERATE 10 000 ft
CLIMB TO DESCEND TO \ DECELERATE
10 000 ft 10 000 #t e ;:::ouf;“ 15C0 ft 10 000 fr OESCEND TO
CLIMB T 1500 (¢
TAKEQFF AT 1500 ft FOR 10 000 ,,o
70 1500 tt IMINUTES APPROACH
APPROACH MISSED S 1
START, TAXI TAXI!, STOP APPROACH ST
AND GROUND AND TO 1500 ft 3
NHOLD SHUTDOWN
S MINUTES IMINUTES * é
MP  TAKEOFF ANDING RAMP LANDING RAMP
st b FLIGHT DISTANCE - n.mi. . 200 n.mi. 5 3
FLIGHT TIME RESERVE FUEL g
l [ BLOCK FUEL AND BLOCK TIME
'
ORIGIN DESTINATION ALTERNATE

* FUEL FROM RESERVE

TYPICAL MISSI0N FLIGHT PROFILE
AND REQUIRED RESERVES

Fig. 48
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A/C type | B-727 | A-300 B-747
range, nM 1000 2000 3000
xtra-fuel,

Kg, for 130 200 265
tankering

1 T

Xblock- | ;42| 0.752| o0.5012

fuel

Por a long-range A/C, the fuel efficieney
(seats x Km/Kg fuel) reaches a maximum and then
decreases slightly for very long stage lengths ;
this explains why in this case, a mid-point stop
for refueling is advantageous for fuel savings,
but not for the Airline's D.0.C and productivity,
because of the flight time increase ; the follo-
wing table gives these fuel savings as a func-
tion of the trip length with a mid-point stop
instead of a non-stop flight [ &6 ].

% fuel saved with

Total trip lemgth nM
mid-point stop

4000 4.6 T block fuel
5000 8.3 % block fuel
6000 10.7 % block fuel

LOAD TO AFT CENTER OF GRAVITY

Aircraft trim drag is minimized when the
A/C C.G. is at the aft limit,specified "safe"
for aerodynamic stability on a current configu-
ration ; we have seen previously (section A-3-
7) that, for a civil transport A/C, a 5 X aft C,
G. shift leads to about 1 I fuel saving ; larger
gains are cstimated on military cargo and bom-
ber A/cC.

AREA NAVIGATION (RNAV)

Use of RNAV permits establishment of direct
routes between preselected points rather than
having to fly along prescribed airways or requi-
ring radar vectoring by controllers to achieve
direct routing.( 73].

In a current controlled airspace, the Air-
plane navigates along segmented trajectories ba-
sed on use of VOR/DME system ; above each VOR
station the traffic is concentrated up to a risk
of congestion,and such navigation becomes a pe-
nalty : larger route lengths, increasedflight
time and fuel consumption.

On the contrary,with the RNAV concept, from VOR/
DME stations (or other groundbased equipement)
the aircraft receives radio signals which are
treated by an on-board calculator (integrated in
the cockpit) giving its position in 2 dimensions,
or with vertical guidance (3D-RNAV), and further-
more with time for scheduling location (4D-RNAV) ;
this concept will be progressively introduced in
the 1980's, at first in the U.S airspace, and
then in Europe ; the predicted gain on fuel sa-
vings will be important (up to 10 %)

OVERSEAS FLIGHT

Various systems have been developed for over-
seas flight, which give a much better precision
to follow a prescribed (shortest and quickest)
route without ground surveillance :

- Inertial Navigation System (INS)
- OMEGA radio-navigation system [ 74,75];

these two concepts are fully operational today ;
NAVSTAR (NAVigation System with Time And Ranging)/
G.P.S (Global Positioning System)[76,77,78], on
the contrary, is a new sophisticated concept
using 24 satellites in non stationary orbits
(12-hour orbit) to achieve global-high accuracy
position finding ; being presently developed

for U.S military A/C, this system could become
the basis for the btﬁ generation ATC (supposed to
be fully operational at the end of the 80's) ;

it requires installation of new - and still expen-
sive - electronic equipment.

The pay-offs of very precise navigation sys-
tems are important for the long-range flight eco-
nomy (fuel savings on direct routes, reduction
of the prescribed separation between airplanes,
etc...)

AIR TRAFFIC CONTROL (ATC)

The current system needs to be improved :
first, primary surveillance radar has permitted
A/C location to reduce separation to 5 nM for "en
route" flight and 3 nM in terminal area ; introdu-
cing a secondary surveillance radar (SSR) has gi-
ven new informations to the controller (A/C identi-
ty and altitude) ; but due to the increased traffic
density, the "garbling" phenomena (loss of informa-
tion from two planes) has appeared. New systems
for Airpspace surveillance are now developed in
U.S.A (Discret Address Beacon System : DABS), in
U.K (ADSEL: ADdress SELective) and in France (SRSSR:

Stochastic Response Secondary Surveillance
Radar) [74,75].

The DABS concept (Discret Address Beacon Sys-
tem) will provide the basis for the Intermittent
Positive Control function through a ground-to-
air data-link for rapid transmission of control
messages ; such system will permit improved sur-
veillance of future close-spaced air navigation

routes in dense terminal areas and parallel
approaches.

Fuel savings results from more direct rou-
tings,thanks to increased flexibility of the
A.T.C[L 2 J; and improved safety will come from
its collision-avoidance function, which will be
a part of an integrated system including also
the three main functions : surveillance, naviga-
tion and communication.

B-3) TERMINAL AREA OPERATIONS

The traffic density in terminal areas has
decreased a little at the introduction of wide-
body jets, but now increases again, up to a
complete "congestion" during peak hours traffic ;
then,important fuel penalties occur during :

- holding on the ground before take-off,
- holding at low altitude before landing.

The airport capacity can be improved by a shor-
ter runway occupancy, a reduction of the sepa-
ration between two aircraft, and various new
procedures during take-off and landing ; figure
49 sums up the improvements which are planned
in a future high capacity terminal L79§environ-
ment .
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In the short-term FAA project, landing ca-
pacity could be increased by reducing IFR spa-
cing or runway occupancy-time thanks to parallel
runways, rapid deceleration and high-speed turn-
off.

Later on, a large pay-off on fuel consumption
due to a reduction on separation intervals bet-
ween two A/C will occur by using wake vortex
detection : a Wake Vortex Avoidance System (WVAS)
may provide the basis for increased capacity
and improved safety.
The arrival to the final approach glide-path will
be improved by use of new systems like 4D-RNAV
and data-link, Vicrowave Landing System (MLS)
and curved approach paths for noise avoidance
over populated areas, cockpit dasplays interfaces
to permit all-weather operations, and the use of
steep/delayed-flap approach to save fuel and re-
duce noise.

HOLDING

Certainly, one of the primary causes of
fuel wasting is holding delays. It is interes-—
ting to give the level of those delays for the
U.S civil Air Transport in l975[‘2]by source :
hours'! X
- CGround delay (taxi-in + taxi-out)|251290(49.7

= Airborne delay 237090146.9

- Gate oclay
(ATC clea-ance, weather,
snow...) 16925 3.4

Total: |505305|100 %

Notice that delay is almost equally divided
amongst ground and air.

Ground delay is due to extended ground circuits
and traffic congestion which obliges Aircraft

to queue in line, before take~off. An improve-
ment can be achieved by keeping the Aircraft at
the gate (engines shut down) ; the clearance for
taxiing will be given by the control when the
ground delay is minimum (5 mn flor example). But

these procedures are difficult to apply because
of the airlines gate departures schedule, or be-
cause the gate is attributed to another Aircraft
on arrival.

Alrbtorne Dalay : usually,holds were performed
following special patterns called “racetrack pat-~
terns" at low altitude (5000~7000 ft). Fuel pe~
nalty is important and amplified by maneuvers

(4 7 consumption increase). Rolds performed at
15000 feet in a clean configuration rather than
at 5000 feet with extended flaps (2°-5° to re-
duce the Aircraft speed) can save approximatively
4 % of the wasted fuel. When terminal delays are
expected at the destination airport,the linear
hold technique can be used with the control au-
thorisation.

A new procedure : Fuel Advisory Departure
(F.A.D) has been studied by FAA to improve the
current situation and would provide a more ef-
ficient distribution of delay to users by en-
couraging ground instead of .airborne delays
(a B~727 consumes 58 Kg fuel/minute in cruise
instead of about 25 K3 on the ground, and much
less if holding at the gate) ; such redistribu-
tion of delay can be handled by computer techni-
ques ; one F.A.D exercise, made by F.ALA L 2
in 1976 at the Chicago O'Hare - the most crowded
airport in the world - hase shown an encouraging
saving : 490000 Kg fuel in a 6-hour test ! Cn
figure 50,0 80 ) expected reduced terminal delays
appear as a large part of the benefits gossible
with the future Air-Traffic-Control, mainly for
short range Aircraft (2.5 % for a DC-9-
because a large part of the flight time is spent
in Terminal areas ; by the same time, less "en
route'" delay will be necessary (1.6 X for DC 9-
30) ; notice also that shorter delays may lead
to reduce the required reserves, i.e. a "snow-
ball effect" on fuel savings.
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WAKE-VORTEX AVOIDANCE

Separation standards between aircraft have
increased in 1970 to 4-5 nM (in USA) for landing

(instead of 3 nM) and up to 6 nM in the most strin-

gent case (U.K, 1974 : when a small aircraft
follows a heavy one).

This increase is due to the presence of strong
wing-tip vortices generated by large aircraft,
Intervals may be safely reduced by using a wake-
vortex detection system to know the presence and
areas of vortices. Such a detection system can be
installed before the runway threshold but also .
on-board the aircraft ; then increased landing
capacity would also be obtained by a proper A/C
size sequencing ; finally, flight and wind-tunnel
research are in progress to reduce the far-field
vorticity behind large A/C by an appropriate
distribution of flaps and/or spoilers deflections
along the wing span[ &1].

FINAL APPROACH PROCEDURES

Usual jet-transport stabilized landing ap-
proach is performed with the "classic" ILS (Ins-—
trument Landing System), with a glide capture at
approximately 15 Km from the runway threshold
(figure Sl-a)ja conventional descent is flown
with extended flaps and gear-down inducing a lar-
ge drag, i.e. quite high thrust level is needed.
Such a configuration is fuel consuming and noisy.

In the last few years, improved procedures
were developed, at first to reduce noise around
Airports and more recently to save energy. Figure
51 illustrates the compared fuel consumption and
noise contours results from a Boeing-NASA study
about different B-727-200 approaches [ &2 J;
(tests were also performed at NASA-ARC with a
cv-990,[83]).

A first improvemant was the '"reduced flap"
approach (figure 51-b) developed and instituted
by Air Transport Association (ATA) members air-
lines ; but a major gain-both on fuel consump-
tion and on noise level- can be obtained with a
two-segment approach procedure:- 44 % of fuel is

saved upon the reference ILS approach ; and a
reduction is obtained on the npise area to 1/3
the size of that generated by the B-727 with a
current "reduced flap" procedure.

B727-200 . APPROACH PROCEDURES
( NASA/Ames . Boeing study)
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The glide capture is operated closer to
the runway threshold than for the other proce-
dures. The two-segment approach proposition has
been rejected by FAA in november 1976 (Federal
Register Docket n°® 15030 - amendement 91-134)

The most economically interesting approach
seems to be the decelerated one, or delayed flap




appvoach, already applied by various Airlines in
agreement with ATC authorities ; figure 51-d
illustrates this approach which beging at idle
regime and clean configuration ; then the pilot
decelerates progressively by sequencing flap
deflection (5°-15°-30°) and putting gear-down

at prescribed speeds;the delayed approach allows
about the same noise relief but more fuel saving
(! 25 %)than two-segment approach.

Such sequencing is a good case for intro-
duction of a mini-computer in the loop to opti-
mize this procedure and save pilot workload :
such a Decelerated Approach System (DAS) is al-
ready flown on the Airbus, where the computer
takes care of the autothrottle and gives visual

indications to the pilot for successive flap
settings and gear-down orders: such procedure,
applied on the A-300-B2 gives a 120 Kg fuel sa-
vings when compared with a conventional 1.3 Vs/
flap-down/gear-down approach from 2500 ft to
the ground (fuel economy represents more than
1.5 X of the 500 nM stage length block-fuel.)

TAKE-OFF AND CLIMB PROCEDURES

Take-off portion of the baseline flight pro-
file (up to 1§oo ft) is too short to estimate
some potential fuel savings ; usually take-off

is concerned with the noise abatement procedures:
thrust settings are high to permit the A/C to
fly over populated area at better altitude ;

then the pilot reduces the thrust level for a
while : these thrust changes are not fuel effi-
cient.

Another procedure consists in making a
turn as soon as possible to fly over water (ex :
Los Angeles) : Departure trajectories are leng
thened and more fuel consumed.

If noise abatement is not a limitation fac-
tor, then take-off with reduced flap settinge
and power settinge may save sowe fuel (taking
into account field length and gross weight 1li-
mitations).

Current A.T.C restrict climb speed to 250
Fts below 10000 ft altitude ; LIf such a limita-
tion can be eliminated in terminal control areas,
the jet airplanes would save significant fuel

by climbing at their oytimum speed which gene-
rally exceeds 250 Kts.

LANDING

During the landing phase, the fuel penalty
occurs when a missed approach must be decided.
Weather conditions are usually the basis of such
decision and a diversion is necessary : more
fuel is consumed and time is spent to reach the
diversion airport where safe landing is possible.
It is for safety reasons that operational minima
(minimum weather conditions) must be applied ;
large energy and time savings have resulted from
the introduction of various automatic landing
systems to operate under category III conditions
(on Air-Inter Afirbus, the decision height is 7.6
m and the runway visual range only 125 m.).

TERMINAL A"ILA NAVIGATION AND GUIDANCE

The impact of ARFA NAVIGATION will be im-
portant in terminal area because of significant

reductions on holiing delaye, on time and distance engines, cons

flowm and on pilot workload.

An FAA estimate [ 73 ] gives a fuel saving
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up to 385 x 106 gallons (1187 x 10° Kg) for the
U.S Air carriers in 1984,

Another advantage of RNAV will be to provide ap-
proaches to non-instrumented runways.

The MICROWAVE LANDING SYSTEM (MLS), still
under development, is based on a time-reference
acanning beam technique ; MLS will provide a
greater degree of operational flexibility and
precision than existing ILS for approach (and
departure) paths of civil and miiitary A/C ; MLS
installation will be possible at sites not now
serviceable with ILS, due to terrain conditions :

furthermore, MLS will make possible steeper ap-
roach paths, to meet V/STOL requirements for ex-
awple ; 1ts greater precision will also make pos~
sible curved trajectories and then close-spaced

parallel approaches, i.e. increased capacity (and
fuel savings) for congested Airports.

GROUND OPERATIONS

To improve the Airport Surface Traffic Con-
ggol (ASTC), nev grousd Servellionse Teiets toa
eing developed to achieve automatic A/C tracking
and ensure safe and efficient movement on the
ground even with poor visibility (reduced delays,
avoidance of collisions between A/C and other
vehicules, etc ...).

Another important aspect of ground operations
is the large amount of fuel consumed (increasing
Airport pollution) for this A/C ground traffic ;
several improvements are possible : taxi onfewer
engines and powered landing gear.

GROUND OPERATION®
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operators have already adopted this practice,
since the fuel crieis, on their three and four
engine A/C ; figure 52-a shows the large amount

i
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of fuel saved on a B-747 when one or two of its
engines are inoperative for ground maneuvers :
about 450 kg fuel saving for 2 engines, i.e. 30 %
economy for a typical 22 minutes taxi-cycle.lan-
ding/take-off ;significant fuel savings are also
obtained on three-engines (15 %).

Alternative far-term taxiing methods are
under study : powered landing gear, cable tow,
articulated tractors, etc ... ; the most attrac-

tive because autonomous, is the powered landing
ear concept, studied by various manufacturers ;
!x ure 52-b gives some results from an Aerospa-
tiale study [51] based on a medium-haul, 76 toms,
twin-jet (CFM 56) project : on each mean-gear is
installed a hydraulic motor which drive the wheels
through tire friction-rollers ; the hydraulic
power is supplied by the Auxilary Power Unit
(A.P.U.) ; the extra weight of the system is
about 240 kg (equivalent 10 kg fuel penalty) ;
the calculated fuel saving is impressive : about
200 kg (i.e. 4.6 X block~fuel on a 500 nM stage
length) ; the design ground speed : 25 km/h, is

a little lower than usual (current mean value :
35 km/h).

B-4) A/C OPERATORS MANAGEMENT

USE OF A/C SIMULATORS

Air carriers are now utilizing more and mo-
re simulators for flight crews training and
cheeking, to reduce the cost of actual flight
operations and save fuel (about 25000 gallons/
per yaar/per A/C for wide-body) ; FAA estimates
that 177000 take-offs and landings are avoided
annually, enabling U.S Airlines to save about
170 million gallons ; the French Org:snization
"Aero-formation" {84 ] o connected with Aerospa-
tiale and Airbus Industrie in Toulouse, has de-
veloped a very successful training system for
Concorde and Airbus crews ; in the case of the
A-300-B,15 flight hours for a crew formation are
normally required, but only 3 flight hours, if
crew is previously trained on the simulator ;
these 12 flight hours saved correspond to about
66 tons fuel saved/per crew).

BETTER MAINTENANCE

Engines account for nearly half the total
A/C maintenance costs ; investing advanced tech-
nology to improve engine reliability and maintai-
nability has also a pay-off on fuel consumption
C 10 J.(see previous lectures).

On the airframe side, the "ageing" phenomena
of A/C fleet leads to a continuous increase of the
empty-weight and to a progressive deterioration
of the airframe skin surface ; of course, both
trends are fuel consuming ; for example, Air Fran-
ce has established [85) that the empty weight of
most A/C of its fleet has increased by about 2
tons along the A/C life : each supplementary ton
increases the hourly fuel consumption by about
33 kg on a B-747 and by 150 kg on a Concorde !

On the other hand, we have seen (sect’ n A-I-
2) how large is the pay~off of periodic "clean-up"
operations to reduce airframe parasitic drag - and
fuel waste.

BETTER LOAD FACTOR

In the previous sections, we have always
quantified fuel savings with an "ideal" index :
seat/Km/Kg fuel which supposes a 100 I load fac-

tor : in fact, this load factor slowly increases
since the fuel crisis but is still very low :
about 55 % for the U.S Airlines in 1976, and wot
so different for other countries.

A better adjustement of A/C capacity and
frequency to each market is the evident - but
not so easy - solution to increase Airlines load-
factor.

Even a small gain on this index can save &
large amount of fuel,as shown by the following
estimates : taking as a basis the 55.8 % load-
factor obtained by the U.S domestic Trurck Airli-
nes in 1976, the amount of fuel saved by higher
L.F was estimated [ 86] :

Load Factor Fuel savings

instead of

a current = v -
L.F = 55.87 | L-F = 60% 479.106 Gallons

in 1976 for (1.480.000 tous)

U.S domestic

- & 6
Airlines L.F = 70% 1387.10” Gallons %

(4.278.000 tons)

¥ Note that the U.S domestic Air carriers have
consumed 8233 x 106 Gallons in 1977[ 70 J.

To conclude, av 14 I increase of the mean
load factor represents a much larger energy
saving (~-17 %) than the best technological
improvement.

It is a very frustrating conclusion for a
technician ... except when a Concorde, with a
100 ¥ load factor, appears more fuel efficient
than an old B-707 A with a load factor less than
47 % on a Paris-to-New-York trip (85].

B-5) EFFECTS OF ENVIRONMENTAL NOISE CONSTRAINTS
ON A/C CONCEPT AND FUEL ECONOMY

In most countries, Regulatory Agencies have
agreed on Air Traffic and Airspace management
operational procedures to control noise at - and
around - airports. Some of these procedures are
fuel consuming, for instance when they oblige
to increase flight distance -~ and time - to

avoid residential neighhourhoods during take-off
and landing.

Some other procedures, like climb over re-
sidential areas with reduced power, or optimum
descent and approach trajectories with low drag/
clean A/C configuration - i.e. low thrust -, not
only abate noise but conserve fuel.

In the first case, some too severe A.T.C
noise abatement may produce a large fuel was-
ting (in the case of Seattle Airport, in U.O,
such FAA rules resulted in an estimated additio-
nal 2.2 million gallons (6800 tons) of fuel year-
1y, € 86), and increased the average flight ti-
me by 5 to 9 minutes for each Aircraft)

With regard to the noise regulations, an
agreement was reached in 1960 between the coun-
tries of the International Civil Aviation Orga-
nization (1.C.A.0.) : this agreement recomands
precised noise level limits (measured in Effec-
tive Perceived Noise Level in decib~ls, EPNdB)
at three locations near the runway : take-off,
side line and approach.

These levels were a function of the A/C
take-off gross-weight only . but a new prniosal
for an "annexe 16" amendement (to be applicable




from August 1978 if agreed) ask for a little
lower noise levels, now a function of A/C gross-
weight and also of the number of engines ; figu-
re 53-b illustrates, in the take-off case, the
evolution of these noise limits with years ; the
results of the noise measurements for most of
current subsonic transport show a continuous
noise level decrease, at first with the introduc-
tion of low BPR and then large BPR engines,
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With the development of the third genera-
tion high by-pass ratio engines, fuel economy
was obtained in addition to a much quieter en-
vironment (see the A-300 B on figure 53-b),
compared with older jets which are still in ser-
vice (turbo-jets and low by-pass ratio engines);
for these later Aircraft categories, some a-
coustic treatrewmit,of the engine nacelle walls
have been necessary to cope with the first pha-
se of noise regulations ; such treatment have
a small weight penalty.

More stringent rules will probably be inv
troduced into service in the mid-1980's, to so-
me 10 EPNdB below the existing one's ; achieve-
ment of such goal will be much more costly with
our current technology : figure f3.a illustra-
tes the corresponding increase in block- fuel
for a typical advanced wide-body transport [87]:
4 % increase in fuel for a noise abatement of
about 1! EPNdB ! This penalty originates from
the extra-weight and from the parasitic losses
due to acoustic materials (applied to walls,
and on special rings and splitters inside inlet
and exhaust).

However, new technologies may solve this
noise penalty in two different ways :

- extensive use of structuraly integrated com-
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posite materials to design the nacelle, in
loth acoustic and ron acoustic regions, with
no more economic or fuel penalty [87.!6 -

- propulsive nacelle located above the win; to
take advantage of the shielding effect of the
wing to reduce the fly-over noise ; we have
seen previously that such a concept has also
potential pay-offs for drag reduction and for
high lift generation (section A-4-1).

Is it recasonable to push farther the noise
abatement limits ?

It seems not, because we shall reach such a low

noise level from the engines that the aerodynamic

noise bepins to intrude ; fly-over acoustic mea
surements have been made in flight during approach
of several wide-body type A/C, showing that the
aerodynamic noise generated by flaps and gears-
down have about the same level than an hypothetic

(FAR 36 - 10 EPN4B) regulation ! And it seems

very difficult o avoid this aerodynamic noise...

To conclude with the impact of noise abate-

ment regulations on A/C inprov conservation, it ap-
pears that very large noise reductions have been

obtained with the current wide-body A/C eauipped
with high by-pass ratio engines,accompanied by &«
much better cnergy efficiency ; it will be again
improved on the next generation of transports
using CFM-56/JT-10D engines to replace the first
generation turbo-jet A/C.

Before imposing more stringent noise regulations,
it seems wise to evaluate trade-offs between
noise abatement and fuel conservation/Aviation
economy objectives.
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CATEGORY 1 — ENERGY CONSERVATION IN AIRCRAFT PROPULSION

SAWE Paper 1124  76/05/00  77A12192

AIR TRANSPORTATION ENERGY EFFICIENCY - ALTERNATIVES AND IMPLICATIONS

Williams, L.J.

(NASA, Ames Research Center, Moffett Field, Calif.)

National Aeronautics and Space Administration. Ames Research Annual Conference, 35th, Philadelphia, Pa.,
May 24-26, 1976, 25 p.

Results from recent studies of air transportation energy efficiency alternatives are discussed, along with some of the
implications of these alternatives. The fuel-saving alternatives considered include aircraft operation, aircraft modification,
derivative aircraft, and new aircraft. In the near-term, energy efficiency improvements should be possible through small
improvements in fuel-saving flight procedures, higher density seating, and higher load factors. Additional small near-term
improvements could be obtained through aircraft modifications, such as the relatively inexpensive drag reduction modifi-
cations. Derivatives of existing aircraft could meet the requirements for new aircraft and provide energy improvements
until advanced technology is available to justify the cost of a completely new design. In order to obtain significant
improvements in energy efficiency, new aircraft must truly exploit advanced technology in such areas as aerodynamics,
composite structures, active controls, and advanced propulsion. ABA V.P.

SAE Paper 760538  76/05/00 76A36606

AIRCRAFT PROPULSION - A KEY TO FUEL CONSERVATION: AN AIRCRAFT MANUFACTURER'S VIEW
Stern, J.A.

(Douglas Aircraft Co., Long Beach, Calif.)

Society of Automotive Engineers, Air Transportation Meeting, New York, N.Y., May 18 20, 1976, 18 p.

A range of possible approaches to fuel conservation is examined. The fuel contribution to direct operating costs, aircraft
operations and maneuvers designed to conserve fuel, aircraft design variants, modifications, and refittings capable of
aiding fuel conservation are discussed. Advantages of turbofan and turboprop derivatives of basic aircraft designs are
examined. The RECAT (Reducing Energy Consumption of Commercial Air Transportation) program is outlined. The
possible impact of recent technological advances in aircraft design (supercritical airfoils, optimized wing geometry,
longitudinal stability augmentation, composites, new metallic structures) on fuel conservation is examined. ABA R.D.V.

SAE Paper 760537  76/05/00  76A36605

FUEL CONSERVATIVE POTENTIAL FOR THE USE OF TURBOPROP POWERPLANTS

Foss, R.L.; Hopkins, J.P.

(Lockheed-California Co., Burbank, Calif.)

Society of Automotive Engineers, Air Transportation Meeting, New York, N.Y., May 1820, 1976, 15 p.

The turboprop propulsion system may offer the air transportation industry one of the most significant means of achieving
reduced operating costs through large reductions in fuel consumption. The prop-fan high speed prepeller concept allows
the superior propulsive efficiency exhibited by the turboprop to be extended to cruise speeds compatible with current
turbofan aircraft. Comparison of a prop-~fan and a turbofan powered aircraft, each designed on an equal technology,
equal mission and equal comfort basis is used to illustrate the prop-fan benefits. Accountability for the differences in the
installation requirements of each propulsion system is included. The significant fuel and cost improvements shown for
the prop-fan aircraft call for an extensive research program to verify the performance of this propulsion concept and to
provide a data base that will allow incorporation in future aircraft. ABA author.

SAE Paper 760535  76/05/00  76A36603

FUEL CONSERVATIVE PROPULSION CONCEPTS FOR FUTURE AIR TRANSPORTS

Gray, D.E.; Witherspoon, J.W.

(United Technologies Corp., Pratt and Whitney Aircraft Div., East Hartford, Conr.)

United Technologies Corp., East Hartford, Conn. Society of Automotive Engineers, Air Transportation Meeting, New
York, N.Y., May 18--20, 1976, 11 p. NASA-sponsored research,

The results of a feasibility study of proposed fuel conservative propulsion concepts for air transports with an assumed
Mach 0.8 cruise capability are summarized. All engines considered are based on projected 1985 technology. Operating
fuel requirements, propulsion operating costs, and noise characteristics are compared with those of a present technology
turbofan engine. The study indicates that an advanced Brayton cycle gas generator in a turbofan engine or geared to an
advanced multibladed, small diameter propeller with a projected efficiency of 80% at Mach 0.8 offers the greatest
potential for energy conservation. ABA C.K.D.

74/00/00  74A38898

AIRCRAFT FUEL CONSERVATION: AN AIAA VIEW; PROCEEDINGS OF A WORKSHOP CONFERENCE,
RESTON, VA., MARCH 13--15, 1974

Grey, J.

New York, American Institute of Aeronautics and Astronautics, Inc., 1974. 43 p.

Technical aspects of aircraft fuel conservation are reviewed and discussed, and measures to be taken having the
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best prospects for short-term and long-term impact are recommended. Fuel conservation is discussed from the viewpoint
of aircraft operations, design, propulsion systems, and fuels. Some of the principal measures identified included
increasing load factors, achieved by revised rerouting and scheduling and routing patterns, matching aircraft size to
demand, and better matching of total service to the market; research on advanced onboard avionics which will give the
pilot sufficient information for him to make real-time selection of fuel-optimum flight profiles and airspeeds; drag reduc-
tion by the use of a properly designed small vertical ‘winglet’ located just inboard of each wingtip; the implementation of
supercritical aerodynamic wing designs; increase in frequency and tightening the standards of regular engine maintenance
procedures; and modification of hydrocarbon fuels currently used by relaxation of freeze point and flash point specifica-
tions and by use of wider fractions and more aromatics. ABA P.T.H.

NASA-CP-2033 E-9457  78/00/00  78N19325

JET AIRCRAFT HYDROCARBON FUELS TECHNOLOGY

Longwell, J.P.

National Aeronautics and Space Administration. Lewis Research Center, Cleveland, Ohio. Workshop held at Cleveland,
Ohio, 79 June 1977.

A broad specification, referee fuel was proposed for research and development. This fuel has a lower, closely specified
hydrogen content and higher final boiling point and freezing point than ASTM jet A. The workshop recommended
various priority items for fuel research and development. Key items include prediction of tradeoffs among fuel refining,
distribution, and aircraft operating costs; combustor liner temperature and emissions studies; and practical simulator
investigations of the effect of high freezing point and low thermal stability fuels on aircraft fuel systems. ABA author.

NASA-TM-73884 77/00/00 78N17060

GENERAL AVIATION ENERGY-CONSERVATION RESEARCH PROGRAMS AT NASA-LEWIS RESEARCH
CENTER

Willis, E.A.

National Aeronautics and Space Administration. Lewis Research Center, Cleveland, Ohio. Presented at the Conf. on
Energy Conserv. in Gen. Aviation, Kalamazoo, Mich., 1011 Oct. 1977; sponsored by Western Michigan Univ.

The major thrust of NASA’s nonturbine general aviation engine programs is directed toward (1) reduced specific fuel
consumption, (2) improved fuel tolerance; and (3) emission reduction. Current and planned future programs in such
areas as lean operation, improved fuel management, advanced cooling techniques and advanced engine concepts, are
described. These are expected to lay the technology base, by the mid to latter 1980's, for engines whose total fuel costs
are as much as 30% lower than today’s conventional engines. ABA author.

77/10/00 78N11074

ALTERNATIVE FUELS

Grobman, J.S.; Butze, H.F.; Friedman, R.; Antoine, A.C; Reynolds, T.W.

National Aeronautics and Space Administration. Lewis Research Center, Cleveland, Ohio. In its Aircraft Eng. Emissions
p.277-308 (see N78-11063 02-07)

Potential problems related to the use of alternative aviation turbine fuels are discussed and both ongoing and required

research into these fuels is described. This discussion is limited to aviation turbine fuels composed of liquid hydrocarbons.

The advantages and disadvantages of the various solutions to the problems are summarized. The first solution is to
continue to develop the necessary technology at the refinery to produce specification jet fuels regardless of the crude
source. The second solution is to minimize energy consumption at the refinery and keep fuel costs down by relaxing
specifications. ABA author.

AD-A039597 R-1829-PR  76/12/00  77N30261

THE POTENTIAL ROLE OF TECHNOLGICAL MODIFICATIONS AND ALTERNATIVE FUELS IN ALLEVIATING
AIR FORCE ENERGY PROBLEMS

Gebman, J.R.; Stanley, W.L.; Weyant, J.P.; Mikolowsky, W.T.

Rand Corp., Santa Monica, Calif.

This Report examines short- and long-term measures to reduce the consumption of petroleum jet fuels by the air force.
Engine retrofits and aerodynamic modifications to existing aircraft can save significant quantities of jet fuel; however,
savings in fuel expenditures are not enough to offset high initial costs of engine retrofits. If accomplished early in an
aircraft’s life cycle, relatively lower costs of modest aerodynamic modifications may be recoverable through savings in
fuel expenditures. Synthetic JP fuels derived from oil shale or coal appear to be the most attractive future alternatives
to petroleum jet fuels. If the foreign oil Cartel maintains its price-setting effectiveness and synthetic fuels industry
develops in the United States, development of an air force capability to interchangeable use fuels derived from crude oil,
oil shale, or coal could be economically attractive and enhance the air force's position in the jet fuel marketplace. ABA
author (GRA).




NASA-CR-135136 R76AEG597  76/12/00  77N15043

STUDY OF UNCONVENTIONAL AIRCRAFT ENGINES DESIGNED FOR LOW ENERGY CONSUMPTION
Neitzel, R.E.; Hirschkron, R.; Johnston, R.P.

General Electric Co., Cincinnati, Ohio.

(Aircraft Engine Group.)

A study of unconventional engine cycle concepts, which may offer significantly lower energy consumption than conven-
tional subsonic transport turbofans, is described herein. A number of unconventional engine concepts were identified
and parametrically studied to determine their relative fuel-saving potential. Based on results from these studies, regenera-
tive, geared, and variable-boost turbofans, and combinations thereof, were selected along with advanced turboprop cycles
for further evaluation and refinement. Preliminary aerodynamic and mechanical designs of these unconventional engine
configurations were conducted and mission performance was compared to a conventional, direct-drive turbofan reference
engine. Consideration is given to the unconventional concepts, and their state of readiness for application. Areas of
needed technology advancement are identified. ABA author.

NASA-CR-135053 R76AEG432  76/08/00  76N30218

STUDY OF TURBOFAN ENGINES DESIGNED FOR LOW ENERGY CONSUMPTION
Neitzel, R.E.; Hirschkron, R.; Johnston, R.P.

General Electric Co., Cincinnati, Ohio.

(Aircraft Engine Group.)

Subsonic transport turbofan engine design and technology features which have promise of improving aircraft energy
consumption are described. Task I addressed the selection and evaluation of features for the CF6 family of engines in
current aircraft, and growth models of these aircraft. Task Il involved cycle studies and the evaluation ot technology
features for advanced technology turbofans, consistent with initial service in 1985. Task 111 pursued the refined analysis
of a specific design of an advanced technology turbofan engine selected as the result of task 11 studies. In all of the above,
the impact upon aircraft economics, as well as energy consumption, was evaluated. Task IV summarized recommenda-
tions for technology developments which would be necessary to achieve the improvements in energy consumption
identified. ABA author.

NASA-CR-135065 PWA-5434  76/06/00  76N29233

STUDY OF UNCONVENTIONAL AIRCRAFT ENGINES DESIGNED FOR LOW ENERGY CONSUMPTION
Gray, D.E.

Pratt and Whitney Aircraft, East Hartford, Conn.

Declining US oil reserves and escalating energy costs underline the need for reducing fuel consumption in aircraft engines.
The most promising unconventional aircraft engines based on their potential for fuel savings and improved economics are
identified. The engines installed in both a long-range and medium-range aircraft were evaluated. Projected technology
advances are identified and evaluated for their state-of-readiness for application to a commercial transport. Programs are
recommended for developing the necessary technology. ABA author.

NASA-CR-134972 R76AEG268  76/01/00  76N22398

EXPERIMENTAL CLEAN COMBUSTOR PROGRAM, ALTERNATE FUELS ADDENDUM, PHASE 2
Gleason, C.C.; Bahr, D.W.

General Electric Co., Evendale, Ohio.

The characteristics of current and advanced low-emissions combustors when operated with special test fuels simulating
broader range combustion properties of petroleum or coal derived fuels were studied. Five fuels were evaluated;
conventional JP-5, conventional No.2 diesel, two different blends of jet A and commercial aromatic mixtures  zylene
bottoms and naphthalene charge stock, and a fuel derived from shale oil crude which was refined to jet A specifications.
Three CF6-50 engine size combustor types were evaluated; the standard production combustor, a radial/axial staged
combustor, and a double annular combustor. Performance and pollutant emissions characteristics at idle and simulated
takeoff conditions were evaluated in a full annular combustor rig. Altitude relight characteristics were evaluated in a 60
degree sector combustor rig. Carboning and flashback characteristics at simulated takeoff conditions were evaluated in
a 12 degree sector combustor rig. For the five fuels tested, effects were moderate, but well defined. ABA author.

NASA-CR135002 PWA-5318 76/04/00  76N22197

STUDY OF TURBOFAN ENGINES DESIGNED FOR LOW ENERGY CONSUMPTION
Gray, D.E.

Pratt and Whitney Aircraft, East Hartford, Conn,

The near-term technology improvements which can reduce the fuel consumed in the JTOD, JT8D, and JT3D turbofans
in commercial fleet operation through the 1980’s are identified. Projected technology advances are identified and
evaluated for new turbofans to be developed after 1985. Programs are recommended for developing the necessary
technology. ABA author.
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75/00/00 75N31074 ‘
FUEL-CONSERVATIVE ENGINE TECHNOLOGY E
Dugan, J.F., Jr; McAulay, J.E; Reynolds, T.W.; Stiack, W.C. '9
National Aeronautics and Space Administration. Lewis Research Center, Cleveland, Ohio. In its Aeron. Propulsion :
p.157-190 (see N75-31068 22-07). 2

Aurcraft fuel consumption is discussed in terms of its efficient use, and the conversion of energy from sources other than
petroleum. Topics discussed include fuel from coal and oil shale, hydrogen deficiency of alternate sources, alternate
fuels evaluation program, and future engines. ABA F.O.S.

NASA-TM-X-71785 E-8450  75/08/00  75N30178

PRELIMINARY STUDY OF THE FUEL SAVING POTENTIAL OF REGENERATIVE TURBOFANS FOR
COMMERCIAL SUBSONIC TRANSPORTS

Kraft, G.A.

National Aeronautics and Space Administration. Lewis Research Center, Cleveland, Ohio.

The fuel savings potential of regenerative turbofans was calculated and compared with that of a reference turbofan. At
the design altitude of 10.67 km and Mach 0.80, the turbine-inlet-temperature of the regenerative turbofan was fixed at
1700 K while the overall pressure ratio was varied from 10 to 20. The fan pressure ratio was fixed at 1.6 and the bypass
ratio varied from 8 to 10. The heat exchanger design parameters such as pressure drop and effectiveness varied from 4

to 8 percent and from 0.80 to 0.90 respectively. Results indicate a fuel savings due to regeneration of 4.1 percent and no
change in takeoff gross weight. ABA author.

75/00/00  75N29012

THE LONG TERM ENERGY PROBLEM AND AERONAUTICS

Rudey, R.A.

National Aeronautics and Space Administration. Lewis Research Center, Cleveland, Ohio. In its NASA/Univ. Conf. on
Aeron. p.183-210 (see N75-29001 20-01).

The projected increase in energy consumption by transportation in general and civil aviation in particular is directly
opposed to the dwindling supplies of natural petroleum crude oil currently used to produce aircraft fuels. This fact
dictates the need to develop even more energy conservative aircraft and propulsion systems than are currently available
and to explore the potential of alternative fuels to replace the current petroleum derived hydrocarbons. Advances in
technology are described in the areas of improved component efficiency, aircraft and engine integration, control systems,
and advanced lightweight materials that are needed to maximize performance and minimize fuel usage. Also, improved
turbofan and unconventional engine cycles which can provide significant fuel usage reductions are described. These
advancements must be accomplished within expected environmental constraints such as noise and poliution limits.
Alternative fuels derived from oil shale and coal are described, and the possible technological advancements needed to use
these fuels in aircraft engines are discussed and evaluated with relation to potential differences in fuel characteristics.
ABA author.

R S (Y RN Ty

NASA-TM-X-71740 E-8371 75/05/00 75N24739 3
PRELIMINARY STUDY OF ADVANCED TURBOPROPS FOR LOW ENERGY CONSUMPTION

Kraft, G.A.; Strack, W.C.

National Aeronautics and Space Administration. Lewis Research Center, Cleveland, Ohio.

The fuel savings potential of advanced turboprops (operational about 1985) was calculated and compared with that of an
advanced turbofan for use in an advanced subsonic transport. At the design point, altitude 10.67 km and Mach 0.80,
turbine-inlet temperature was fixed at 1590 K while overall pressure ratio was varied from 25 to 50. The regenerative 1
turboprop had a pressure ratio of only 10 and an 85 percent effective rotary heat exchanger. Variable camber propellers
were used with an efficiency of 85 percent. The study indicated a fuel savings of 33 percent, a takeoff gross weight
reduction of |5 percent, and a direct operating cost reduction of 18 percent was possible when turboprops were used
instead of the reference turbofan at a range of 10 to 200 km. These reductions were 28, 11, and 14 percent, respectively,
at a range of 5500 km increasing overall pressure ratio from 25 to 50 saved little fuel and slightly increased takeoff gross
weight. ABA author.

NASA-TM-X-71663 E-8241  75/02/00 75N18241 4
PRELIMINARY STUDY OF ADVANCED TURBOFANS FOR LOW ENERGY CONSUMPTION i
Knip, G.

National Aeronautics and Space Administration. Lewis Research Center, Cleveland, Ohio.

This analysis determines the effect of higher overall engine pressure ratios (OPR’s), bypass ratios (8PR’s), and turbine
rotor-inlet temperature on a Mach 0.85 transport having a range of 5556 km (3000 nmi) and carrying a payload of
18144 kg (40,000 Ibs — 200 passengers). Sideline noises (jet plus fan) of between 91 and 106 EPNdB (FAR 36) are
considered. Takeoff gross weight (TOGW), fuel consumption (kg/pass. km) and direct operating cost (DOC) are used

at the figures of merit. Based on predicted 1985 levels of engine technology and a noise goal of 96 EPNdB. The higher-
OPR engine results in an airplane that is 18 percent lighter in terms of TOGW, uses 22.3 percent less fuel, and has a 14.7
percent lower DOC than a comparable airplanc powered by a current turbofan. Cooling the compressor bleed air and
lowering the cruise Mach number appear attractive in terms of further improving the figures of merit. ABA author.
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AD-763097 AFAPL-TR-72-103  73/05/00  73N29804

HYDROGEN CONTENT AS A MEASURE OF THE COMBUSTION PERFORMANCE OF HYDROCARBON FUELS
Martel, C.R; Angello, L.C.

Air Force Aero Propulsion Lab., Wright-Patterson AFB, Ohio.

Previous work by various investigators has shown that the hyd.ogen content of a hydrocarbon jet fuel is the primary
variable affecting the combustion performance of the fuel; i.e. the amount of heat radiated during the combustion of the
fuel within the jet engine combustor. The results of statistical correlations of fuel data are presented wherein the
hydrogen content of fuels is correlated with other fuel combustion measurements including smoke point, luminometer
number, and net heat of combustion. Also, the hydrogen ontent of fuel is correlated with the specific gravity and
aniline point measurements. The report concludes that the fuels’ hydrogen content can be calculated with sufficient
accuracy to eliminate the need for measuring smoke points, luminometer numbers, and net heat of combustion. For
conventional jet fuels (JP-4, JP-5, JP-8, jet A, jet A-1, and jet-B) a minimum allowable hydrogen content of 13.5% by
weight is recommended. ABA author (GRA).
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76/08/00 76A39843

CONCEPTUAL DESIGN OF REDUCED ENERGY TRANSPORTS

Ardema, M.D.; Harper, M.; Smith, C.L.; Waters, M.H.; Williams, L.J.

(NASA, Ames Research Center, Moffett Field, Calif.)

National Aeronautics and Space Administration. Ames Research Center, Moffett Field, Calif. Journal of Aircraft,
Vol.13, Aug. 1976, p.545-550.

The paper reports the results of a conceptual design study of new near-term fuel conservative aircraft. A parametric
study was made to determine the effects of cruise Mach number and fuel cost on the optimum configuration characteris-
tics and relative economic performance. Supercritical wing technology and advanced engine cycles were assumed. For
each design, the wing geometry was selected to maximize an economic figure of merit which reflects the potential rate
of return on investment. Based on the results of the parametric study, a reduced energy configuration was selected.
Compared with existing transport design, the reduced energy design has a higher aspect ratio wing with lower sweep.
and cruises at a slightly lower Mach number. It yields about 30% more seat-miles/gal than current wide body aircraft.
At the higher fuel costs anticipated in the future, the reduced energy design has about the same economic performance
as existing designs with the same technology level. As an example of a far-term technology application, a design with a
composite material wing was also investigated. ABA author.

75/00/00 76A10391

THE 1974 ENERGY CRISIS — A PERSPECTIVE — THE EFFECT ON COMMERCIAL AIRCRAFT DESIGN
Steiner, J.E.

(Boeing Commercial Airplane Co., Renton, Wash.)

In International Air Transportation; Proceedings of the Conference, San Francisco, Calif., March 2426, 1975.
(A76-10389 01-03) San Francisco, American Society of Civil Engineers, 1975, p.19-31.

The paper identifies some aspects of aircraft design which have been and will be strongly affected by the design criterion
of minimum fuel usage necessitated by the increased fuel costs in airline operation. Nonfan aircraft have either been
retired or refurbished. Reduction of cruise speed yielded much greater savings on fuel than the increase in such items

as crew pay account. Rescheduling was done to achieve higher load factors. Development of simple refan and high-
bypass engines is necessary, but will also entail redesign of airfoil and airframe for optimal performance. Higher aspect
ratio wing and cruise speed optimization will provide lower trip fuel, reduced engine size, and increased fuel volume.
More accurate flying will result in fuel savings, which will hinge on automation in ATC and advanced navigation capability
in aircraft. ABA P.T.H.

SAWE Paper 1091  75/05/00  75A47509

WEIGHT CONTRIBUTION TO FUEL CONSERVATION FOR TERMINAL AREA COMPATIBLE AIRCRAFT
Hanks, G.W.

(Boeing Co., Seattle, Wash.)

Society of Allied Weight Engineers, Annual Conference, 34th, Seattle, Wash., May 5 7, 197§, 25 p.

The contribution to reductions in fuel consumption by potential weight characteristics of advanced aircraft are
considered, and trades between weight reduction versus increased aerodynamic and operating efficiency are discussed.
Direct reductions in fuel use may be obtained by application of advanced technology in structure and airfoils, proper
engine choice, and revised environmental control features. Weight penalties involved in wing planform optimization are
countered by increased acrodynamic efficiency. Results of studies of an M = 0.80, 200 passenger, 5556 km design
incorporating advanced structure, airfoils, and propulsion show 21.6% reductions in operational empty weight and take-
off gross weight as compared to a conventional design. Features for reduction of congestion and emissions offer fuel
reduction potential; noise reduction devices carry weight and fuel-use penalties. Implementation of the described fuel
reduction approaches will yield an estimated 25% reduction in fucl consumption. ABA C.K.D.

AAA Paper 751036 75/08/00  75A41698

PR CONSERVATION POSSIBILITIES FOR TERMINAL AREA COMPATIBLE TRANSPORT AIRCRAFT
Manks . W MHeath AR Jr

B © sl Aurplane Co | Seattle, Wash.); (NASA, Langley Research Center, Hampton, Va.)

W— s lastitute of Acronautios and Astronautics, Aircraft Systems and Technology Meeting, Los Angeles, Calif,,

) _ dp

- G st ol e massion fuel consumption and improve terminal-area operations for advanced
e Sttty stadies of the effects of cruise speed, wing geometry, propulsion cycle, operational
bt o et e e presented and utilized to arrive at a conceptual configuration which offers
- o Semeaide operatsonal Charactenstios in the terminal area. Technical and economic evalua-
s of the resalting configuration with transports reflecting the current level of
S g e seaiire Lo realize potential benefits are described. ABA (author)




SAE Paper 750587  75/05/00  75A40502

DESIGN OF SHORT HAUL AIRCRAFT FOR FUEL CONSERVATION

Bowden, M.K.; Sweet, H.S.; Waters, M.H.

(Lockheed-Georgia Co., Marietta, Ga.); (NASA, Ames Research Center, Moffett Field, Calif.)

Society of Automotive Engineers, Air Transportation Meeting, Hartford, Conn., May 6 8, 1975, 16 p.

Current jet fuel prices of twice the 1972 level have significantly changed the characteristics of airplane design for best
economy. The results of a contract with the NASA Ames advanced concepts and missions division confirmed the
economic desirability of lower design cruise speeds and higher aspect-ratio wings compared to designs developed in the
by-gone era of low fuel price. Evauation of potential tuel conservation for short-haul aircraft showed that an interaction
of airfoil technology and desirable engine characteristics is important: the supercritical airfoil permits higher aspect ratio
wings with lower sweep: these, in tum, lower the cruise thrust requirements so that engines with higher bypass ratios are
better matched in terms of lapse rate; lower cruise speeds (which are also better for fuel and operating cost economy)
push the desired bypass ratio up further. Thus, if fuel prices remain high, or rise further, striking reductions in
community noise level can be achieved as a fallout in development of a 1980s airplane and engine. Analyses are presented
of developmental trends in the design of short-haul aircraft with lower cruise speeds and higher aspect-ratio wings, and the
effects on fuel consumption of design field length, powered lift concepts, and turboprop as well as turbofan propulsion
are discussed. ABA (author).

74/12/00 75A14346

RATING AIRCRAFT ON ENERGY

Maddalon, D.V.

(NASA, Langley Research Center, Acronautical Systems Div., Hampton, Va.)
Astronautics and Aeronautics, Vol. 12, Dec. 1974, p.26-43.

Questions concerning the energy efficiency of aircraft compared to ground transport are considered, taking into account
as energy intensity the energy consumed per passenger statute mile. It is found that today's transport aircraft have an
energy intensity potential comparable to that of ground modes. Possibilities for improving the energy density are also
much better in the case of aircraft than in the case of ground transporation. Approaches for potential reductions

in aircraft energy consumption are examined, giving attention to steps for increasing the efficiency of present aircraft and
to reductions in energy intensity obtainable by the introduction of new aircraft utilizing an advanced technology. The
use of supercritical acrodynamics is discussed along with the employment of composite structures, advances in propulsion
systems, and the introduction of very large aircraft. Other improvements in fuel economy can be obtained by a reduction
of skin-friction drag and a use of hydrogen fuel. ABA G.R. =

74/00/00 74, 316

A REVIEW OF PRECIOUS RESOURCES AND THEIR EFFECT ON AIR TRANSPORT; PROCEEDINGS OF THE
SPRING CONVENTION, LONDON, ENGLAND, MAY 15, 16, 1974

Convention Sponsored by the Royal Aeronautical Society. London, Royal Aeronautical Society, 1974, 282 p.

Papers on air transport resources are given, covering nuclear contribution to future energy supplies, alternative energy
sources, metallic and other material resources, noise reduction goals, effects of fuel and materials shortages on aircraft
development and operation, future propulsion technology for ground transport, and economic resources utilization in
avaition. The pricing policies of oil producing nations, hydrogen energy systems, man as a precious resource, and the
quality of life vs aeronautics are also dealt with. Individual items are announced in this issue. ABA V.Z.

AD-A023765  76/04/00  78N72419
REPORT TO CONGRESS BY THE FEDERAL AVIATION ADMINISTRATION ON PROPOSED PROGRAMS FOR
AVIATION ENERGY SAVINGS: FEDERAL AVIATION ADMINISTRATION, WASHINGTON, D.C.

ORNL-NSF-EP-69  74/05/00  77N85§921

AIRPLANE ENERGY USE AND CONSERVATION STRATEGIES
Pilati, D.A.

Oak Ridge National Lab., Tenn,

77/12/00 78N1840

AIR TRANSPORTATION ENERGY EFFICIENCY

Williams, L.J.

National Aeronautics and Space Administration. Ames Research Center, Moftett Field, Calif. In Union Coll. Effects
of Energy Constraints on Transportation Systems. p.215-239 (see N78-18529 09-44),

The energy efficiency of air transportation, results of the recently completed RECAT studies on improvement alterna-
tives, and the NASA aircraft energy efficiency research program to develop the technology for significant improvements
in future aircraft were reveiwed. ABA author.




PB-271249/5 CED-77-98  77/08/15  78N12552

EFFECTIVE FUEL CONSERVATION PROGRAMS COULD SAVE MILLIONS OF GALLONS OF AVIATION FUEL:
GENERAL ACCOUNTING OFFICE, WASHINGTON, D.C.

(Community and Economic Development Div,)

Federal actions to conserve tuel used by the airlines are discussed and additional fuel saving methods are suggested.
ABA GRA.

AGARD-R-654 ISBN 92-835-1247-2  77/06/00  77N32091

SPECIAL COURSE ON CONCEPTS FOR DRAG REDUCTION: ADVISORY GROUP FOR AEROSPACE RESEARCH
AND DEVELOPMENT, PARIS (FRANCE).

Presented at an AGARD Special Course at the Von Kdrman Inst., Rhode-St-Genese, Belgium, 28 Mar. 1 Apr. 1977.

NASA-CR-137924 MDC-J7340-Vol-2  76/06/00  77N23073

COST/BENEFIT TRADEOFFS FOR REDUCING THE ENERGY CONSUMPTION OF THE COMMERCIAL AIR
TRANSPORTATION SYSTEM. VOLUME 2: MARKET AND ECONOMIC ANALYSES.

Vanabkoude, J.C.

Douglas Aircraft Co., Inc., Long Beach, Calif.

The impact of the most promising fuel conserving options on fuel consumption, passenger demand, operating costs, and
airline profits when implemented into the US domestic and international airline fleets is assessed. The potential fuel
savings achievable in the US scheduled air transportation system over the forecast period, 1973 1990, are estimated.
ABA author.

NASA-CR-137923 MD(-J7340-Vol-| 76/06/00  77N23072

COST/BENEFIT TRAREOFFS FOR REDUCING THE ENERGY CONSUMPTION OF THE COMMERCIAL AIR
TRANSPORTATION SYSTEM. VOLUME 1: TECHNICAL ANALYSIS

Kraus, E.F

Douglas Aircraft Co., Inc., Long Beach, Calif.

The effectiveness and associated costs of operational and technical options for reduced fuel consumption by Douglas
Aircraft in the domestic airline fleet are assessed. Areas explored include alternative procedures for airline and flight
operations, advanced and state of the art technology, modification and derivative configurations, new near-term aircraft,
turboprop configuration studies, and optimum aircraft geometry. Data for each aircraft studied is presented in tables and
graphs. ABA A.R.H.

GPO-78-544  76/00/00  77N15212

ALTERNATIVE FUELS FOR AVIATION: COMMITTEE ON AERONAUTICAL AND SPACE SCIENCES

(US SENATE).

Hearing before Subcomm. on Aerospace Technol. and Natl. needs of Comm. on Aeronaut. and Space Sci., 94th Congr.,
2D Sess., 2728 Sep. 1976.

Research and progress in the development of alternative fuels for aviation are discussed. The impact of using non-
optimum synthetic hydrocarbon based fuels on aeronautical structures and the cost of commercial airfares is explored.
ABA AH.

NASA-CR-137927 LR-27769-1 76/08/00 77N15008

STUDY OF THE COST/BENEFIT TRADEOFFS FOR REDUCING THE ENERGY CONSUMPTION OF THE
COMMERCIAL AIR TRANSPORTATION SYSTEM

Hopkins, J.P.; Wharton, H.E.

Locklieed-California Co., Burbank.

For abstract, see preceding accession.

AD-A023527 TASC-TR-545-1 AFFDL-TR-75-156  76/02/00  76N32333

ENERGY MANAGEMENT TECHNIQUES FOR FUEL CONSERVATION IN MILITARY TRANSPORT AIRCRAFT
Stengel, R.F.; Marcus, F.J.

Analytic Sciences Corp., Reading, Mass.

This report presents the results of an investigation of energy management techniques for fuel conservation in a large trans-
port aircraft, the USAF C-141A. Using the methods of optimal control theory and numerical simulation, fuel-optimal
flight paths are computed and compared with conventional vertical profiles for typical mission scenarios. Algorithms for
on-board guidance to minimize fuel use are synthesized and evaluated, and functional requirements for system implemen-
tation are developed. Concepts for flight testing this throttle/energy management technique are presented. ABA GRA.




NASA-CR-137891 76/06/00 T6N31079

STUDY OF COST/BENEFIT TRADEOFFS FOR REDUCING THE ENERGY CONSUMPTION OF THE COMMERCIAL
AIR TRANSPORTATION SYSTEM

Coykendall, R.E.; Curry, J.K.; Domke, A E.; Madsen, S.E.

United Air Lines, Inc., San Francisco, Calif.

Economic studies were conducted for three general fuel conserving options (1) improving fuel consumption characteristics
of existing aircraft via retrofit moditications; (2) introducing fuel efficient derivations of existing production aircraft
and/or introducing fuel efficient, current state-of-the-art new aircraft; and (3) introducing an advanced state-of-the-art
turboprop airplane. These studies were designed to produce an optimum airline fleet mix for the years 1980, 1985 and
1990. The fieet selected accommodated a normal growth market by introducing somewhat larger aircraft while solving
for maximum departure frequencies and a minimum load factor corresponding to a 15% investment hurdle rate. Fuel
burnt per available-seat-mile flown would drop 22% {rom 1980 to 1990 due to the use of more fuel efficient aircraft
designs, larger average aircraft size, and increased seating density. An inflight survey was taken to determine air traveler
attitudes towards a new generation of advanced turboprops. ABA author.

NASA-TM-X-73922  76/07/00  76N28224

STUDY OF OPERATIONAL PARAMETERS IMPACTING HELICOPTER FUEL CONSUMPTION
Cross, J.L.; Stevens, D.D.

National Aeronautics and Space Administration. Langley Research Center, Langley Station, Va.

A computerized study of operational parameters affecting helicopter fuel consumption was conducted as an integral part
of the NASA civil helicopter technology program. The study utilized the helicopter sizing and performance computer
program (HESCOMP) developed by the Boeing-VERTOL company and NASA Ames Research Center. An introduction
to HESCOMP is incorporated in this report. The results presented were calculated using the NASA CH-53 civil helicopter
research aircraft specifications. Plots from which optimum flight conditions for minimum fuel use that can be obtained
are presented for this aircraft. The results of the study are considered to be generally indicative of trends for all
helicopters. ABA author.

NASA-CR-137878 UTRC-R-76-912036-17  76/06/00  76N28204

COST/BENEFIT TRADE-OFFS FOR REDUCING THE ENERGY CONSUMPTION OF COMMERCIAL AIR
TRANSPORTATION (RECAT)

Gobetz, F.W.; Leshane, A.A.

United Technologies Research Center, East Hartford, Conn.

The RECAT study evaluated the opportunities for reducing the energy requirements of the US domestic air passenger
transport system through improved operational techniques, modified in-service aircraft, derivatives of current production
models, or new aircraft using either current or advanced technology. Each of these fuel-conserving alternatives was
investigated individually to test its potential for fuel conservation relative to a hypothetical baseline case in which current,
in-production aircraft types are assumed to operate, without modification and with current operational techniques, into
the future out to the year 2000. Consequently, while the RECAT results lend insight into the directions in which techno-
logy can best be pursued for improved air transport fuel economy, no single option studied in the RECAT program is
indicative of a realistic future scenario. ABA author.

NASA-CR-144949 LG76ER0076-Vol-2  76/05/00  76N24145

STUDY OF THE APPLICATION OF ADVANCED TECHNOLOGIES TO LAMINAR-FLOW CONTROL SYSTEMS FOR
SUBSONIC TRANSPORTS. VOLUME 2: ANALYSES

Sturgeon, R.F.; Bennett, J.A.; Etchberger, F.R.; Ferrill, R.S.; Meade, L.E.

Lockheed-Georgia Co., Marietta.

For abstract, see N76-24144,

NASA-CR-144975 LG76ER0076-Vol-1 76/05/00  76N24144

STUDY OF THE APPLICATION OF ADVANCED TECHNOLOGIES TO LAMINAR FLOW CONTROL SYSTEMS FOR
SUBSONIC TRANSPORTS. VOLUME 1: SUMMARY

Sturgeon, R.F.; Bennett, J.A.; Etchberger, F.R.; Ferrill, R.S.; Meade, L.E.

Lockheed-Georgia Co., Marietta.

A study was conducted to evaluate the technical and economic feasibility of applying laminar flow control to the wings
and empennage of long-range subsonic transport aircraft compatible with initial operation in 1985, For a design mission
range of 10,186 km (5500 n mi), advanced technology laminar-flow-control (LFC) and turbulent-flow (TF) aircraft were
developed for both 200 and 400-passenger payloads, and compared on the basis of production costs, direct operating
costs, and fuel efficiency. Parametric analyses were conducted to establish the optimum geometry for LFC and TF
aircraft, advanced LFC system concepts and arrangements were evaluated, and configuration variations maximizing

the effectiveness of LFC were developed. For the final LFC aircraft, analyses were conduncted to define maintenance
costs and procedures, manufacturing costs and procedures, and operational considerations peculiar to LFC aircraft.
Compared to the corresponding advanced technology TF transports, the 200- and 400-passenger LFC aircraft realized
reductions in fuel consumption up to 28.2%, reductions in direct operating costs up to 8.4%, and improvements in fuel




efficiency, in ssm/lb of fuel, up to 39.4%. Compared to current commercial transports at the design range, the LFC
study aircraft demonstrate improvements in fuel efficiency up to 131%. Research and technology requirements requisite
to the development of the LFC transport aircraft were identified. ABA author.

NASA-CR-148148 REPT-75-163-1 75/10/06 T6N23249

AN ASSESSMENT OF THE BENEFITS OF THE USE OF NASA DEVELOPED FUEL CONSERVATIVE
TECHNOLOGY IN THE US COMMERCIAL AIRCRAFT FLEET

ECON, Inc., Princeton, N.J.

Cost and benefits of a fuel conservative aircraft technology program proposed by NASA are estimated. NASA defined

six separate technology elements for the proposed program: (a) engine component improvement (b) composite structures
(¢) turboprops (d) laminar flow control (e) fuel conservative engine and (f) fuel conservative transport. There were two
levels postulated: the baseline program was estimated to cost $490 million over 10 years with peak funding in 1980.

The level two program was estimated to cost an additional $180 million also over 10 years. Discussions with NASA and
with representatives of the major commercial airframe manufacturers were held to estimate the combinations of the
technology elements most likely to be implemented, the potential fuel savings from each combination, and reasonable
dates for incorporation of these new aircraft into the fleet. ABA author.

AD-A015927 AFOSR-75-1337TR  75/04/00  76N20886

PERIODIC CONTROL OF VEHICLE CRUISE: IMPROVED FUEL ECONOMY BY HIGH AND LOW FREQUENCY
SWITCHING

Gilbert, E.G.

Michigan Univ., Ann Arbor. (Dept. of Aerospace Engineering)

It is shown that time-dependent periodic control can imprave the fuel economy of vehicles in cruise. The time-dependent
controls considered are relaxed steady-state (RSS) control, quasi-steady-state (QSS) control, and quasi-relaxed steady-
state (QRSS) control. Examples are given which show that QRSS control may give better performance than either RSS
or QSS control. Properties of optimal cost functions (dependent on the minimum required average speed) are derived.
The possibility or impossibility of improved performance through the use of QRSS, QSS, and RSS control is investigated
in terms of assumptions on the vehicle drag and fuel-consumption functions. ABA GRA.

PB-246271/1 FEA/B-75/588-Vol-1  75/06/00  76N18089

THE ECONOMIC IMPACT OF ENERGY SHORTAGES ON COMMERCIAL AIR TRANSPORTATION AND
AVIATION MANUFACTURE. VOLUME 1: IMPACT ANALYSIS

Gorham, J.E.; Gross, D.; Snipes, J.C.

Stanford Research Inst., Arlington, Va.

The impact is evaluated of the energy shortage on commercial air transportation and its related manufacturing industries.
As a result, the forces are analyzed of change at work in the air transportation industry relating to the energy crisis, both
desirable and undesirable, that are likely to affect the way the industry does business, its efficiency or ineificiency in the
use of fuel, the impact of continued fuel price increases, and the ability of the industry to use the most fuel-efficient
aircraft presently or prospectively available. The cumulative impact is considered of these factors affecting air transporta-
tion on the need for, number of, and timing of requirements for new aircraft in order to assess the secondary impact on
the aircraft, engines, and parts manufacturing industries. ABA GRA.

NASA-TM-X-71744  75/00/00  75N25298

CHALLENGE TO AVIATION: HATCHING A LEANER PTEROSAUER

Moss, F.E.

National Aeronautics and Space Administration. Lewis Research Center, Cleveland, Ohio.
Presented at Aeron. Propulsion Conf., Cleveland, 13 May 1975.

Modifications in commercial aircraft design, particularly the development of lighter aircraft, are discussed as effective
means of reducing aviation fuel consumption. The modifications outlined include (1) use of the supercritical wing;

(2) generation of the winglet; (3) production and flight testing of composite materials; and (4) implementation of fly-by-
wire control systems. Attention is also given to engineering laminar air flow control, improving cargo payloads, and
adapting hydrogen fuels for aircraft use. ABA L.B.

NASA-CR-132608 D6-22421  75/05/00  75N1922
FUEL CONSERVATION POSSIBILITIES FOR TERMINAL AREA COMPATIBLE AIRCRAFT
Boeing Commercial Airplane Co., Seattle, Wash.

Design features and operational procedures are identified, which would reduce fuel consumption of future transport
aircraft. The fuel-saving potential can be realized during the last decade of this century only if the necessary research and
technology programs are implemented in the areas of composite primary structure, airfoil/wing design, and stability
augmentation systems. The necessary individual R and T programs are defined. The sensitivity to fuel usage of several
design parameters (wing geometry, cruise speed, propulsion) is investigated, and the results applied to a candidate 18,
140-kg (40,000-1b) payload, 5556-km (3000-nmi) transport design. Technical and economic comparisons are made with
current commercial aircraft and other advanced designs. ABA author.
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NASA-TM-X-72659 75/02/00  75N17339

FUTURE LONG-RANGE TRANSPORTS: PROSPECTS FOR IMPROVED FUEL EFFICIENCY
Nagel, A.L.; Alford, W.J., Jr; Dugan, J.F., Jr

National Aeronautics and Space Administration. Langley Research Center, Langley Station, Va.

A status report is provided on current thinking concerning potential improvements in fuel efficiency and possible
aiternate fuels. Topics reviewed are: (1) historical trends in airplane efficiency; (2) technological opportunities including
supercritical aerodynamics, (3) vortex diffusers, (4) composite materials, (5) propulsion systems, (6) active controls, and
terminal-area operations; (7) unconventional design concepts, and (8) hydrogen-fueled airplane. ABA author.

74/12/00  75N16982

IMPACT ON AERODYNAMIC DESIGN

Hafer, X.

Technische Hochschule, Darmstadt (West Germany).

(Inst. fur'Flugtechnik.) In AGARD the 1974 AGARD Ann. Meeting. p.47-55 (see N75-16977 08-44).

The impact of fossil fuel consumption and anticipated shortages on aircraft design for improved efficiency is examined.
Aerodynamic possibilities for improved efficiency are as follows: (1) aerodynamic configuration optimization,

(2) boundary layer suction, (3) the oblique wing, and (4) supercritical airfoils. Aerodynamic improvements using active
controls are as follows: (1) relaxed static stability, (2) maneuver load control, (3) active flutter control, and (4) gust
alleviation and fatigue damage control. Changes in aircraft aerodynamics design resulting from the use of hydrogen fuel
are analyzed. ABA author.

74/12/00  75N16979

ENERGY-RELATED RESEARCH AND DEVELOPMENT IN THE UNITED STATES AIR FORCE

Yarymovych, M.1.

Department of the Air Force, Washington, D.C. In AGARD the 1974 Ann. Meeting. p.21-30 (see N75-16977 08-44).

The requirements for petroleum based energy sources by the department of defense of the United States are analyzed.

In addition to the requirements of the military forces, the logistic requirements are also examined. The impact of the
energy crisis on military research and development programs to develop new energy sources for military use is examined.
Methods of reducing fuel consumption by aircraft design and structural modification are proposed. The effectiveness of a
campaign to reduce energy requirements and expenditures is documented. ABA author.

74/12/00  75N16977

THE 1974 AGARD ANNUAL MEETING: THE ENERGY PROBLEM - IMPACTS ON MILITARY RESEARCH AND
DEVELOPMENT.

Advisory Group for Aerospace Research and Development, Paris (France).

Meeting held at Paris, 26 Sep. 1974.

NASA-CR-2502  75/02/00  75N16557

EVALUATION OF ADVANCED LIFT CONCEPTS AND POTENTIAL FUEL CONSERVATION FOR SHORT-HAUL
AIRCRAFT

Sweet, H.S.; Renshaw, J.H.; Bowden, M.K.

Lockheed Aircraft Corp., Burbank, Calif.

The effect of different field lengths, cruise requirements, noise level, and engine cycle characteristics on minimizing fuel
consumption and minimizing operating costs at high fuel prices were evaluated for some advanced short-haul aircraft.
The conceptual aircraft were designed for 148 passengers using the upper surface-internally blown jet flap, the augmentor
wing, and the mechanical flap lift systems. Advanced conceptual STOL engines were evaluated as well as a near-term
turbofan and turboprop engine. Emphasis was given to designs meeting noise levels equivalent to 95-100 EPNdB at

152 m (500 ft) sideline. ABA author.

NASA-TM-X-71927  73/12/20  74N20654

AERONAUTICAL FUEL CONSERVATION POSSIBILITIES FOR ADVANCED SUBSONIC TRANSPORTS
Braslow, A.L.; Whitehead, A.H., Jr

National Aeronautics and Space Administration. Langley Research Center, Langley Station, Va.

The anticipated growth of air transportation is in danger of being constrained by increased prices and insecure sources
of petroleum-based fuel. Fuel-conservation possibilities attainable through the application of advances in aeronautical
technology to aircraft design are identified with the intent of stimulating NASA R and T and systems-study activities in
the various disciplinary areas. The material includes drag reduction; weight reduction; increased efficiency of main and
auxiliary power systems; unconventional air transport of cargo; and operational changes. ABA author.
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R-1360-NSF  73/10/00 74N18606

THE POTENTIAL FOR ENERGY CONSERVATION IN COMMERCIAL AIR TRANSPORT
Mutch, J.J.

Rand Corp., Santa Monica, Calif.

The potential is examined for reducing the energy requirements of the US commercial airlines, with emphasis on the
certificated-route air carriers. Measures stressed are independent of the level of traffic demand. They are intended to
reduce energy requirements by decreasing the energy intensity of air transport. The possibility is examined of
substituting more efficient transport modes for aviation in short-haul routes and the attendant net energy savings is
assessed. Measures that yield benefits in both the short and long term are considered and their conservation potentials
are quantified relative to present and future energy requirements. The results should be of interest to those involved in

airline activities, including governmental regulatory and policymaking bodies, industry groups, and the airlines themselves.

ABA author.
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CATEGORY 3 — ENERCY RESOURCES FORECASTS

77/00/00  77A460°3

ENERGY SUPPLY TO THE YEAR 2000: GLOBAL AND NATIONAL STUDIES
Martin, W.F.

Cambridge, Mass., MIT Press, 1977. 418 p.

The book reports the results of energy supply studies, conducted as an international project and involving over seventy-
five people from: fifteen countries. Methods were developed for estimating energy supply and demand through the year
2000 and for integrating them. A description is provided of the methodology and major conclusions of the supply studies.
Individual global overviews are included for oil, natural gas, coal, nuclear energy, other fossil fuels, and renewabies such as
hydroelectricity and geothermal and solar energy. Individual national supply studies are discussed, giving attention to
Canada, Denmark, Finland, France, The German Federal Republic, Italy, Japan, Mexice, The Netherlands, Norway,
Sweden, The United Kingdom, and The United States. ABA G.R.

AD-A016433 SAI-74-630-WA RADC-TR-75-199  75/07/00  76N72630
ANALYSIS OF THE ENERGY RESOURCES AND DEMAND OF WESTERN EUROPE
Schneider, J.F.; Dance, K.D.; Lind, R.C.; Ryan, R.B.; Williams, A.R.

Science Applications, Inc., McLean, Va.

PB-255351/9 FEA/D-76/026 FEA/D-CP-48  76/07/00  77N10690

BASELINE ENERGY FORECASTS AND ANALYSIS OF ALTERNATIVE STRATEGIES FOR AIRLINE FUEL
CONSERVATION

Urban Systems Research and Engineering, Inc., Cambridge, Mass.

Baseline forecasts of airline activity and energy consumption to 1990 were developed to evaluate the impact of fuel
conservation strategies. Aliernative policy options to reduce fuel consumption were identified and analyzed for three
base line levels of aviation activity within the framework of an aviation activity /energy consumption model. By
combining the identified policy options, a strategy was developed to provide incentives for airline fuel conservation.
Strategies and policy options were evaluated in terms of their impact on airline fuel conservation and the functioning of
the airline industry as well as the associated social environmental, and economic costs. ABA GRA.

AD-A022081 TETRAT-A-642-75-158  75/01/27  76N29736
SUMMARY OF NATO SYNTHETIC FUEL ALTERNATIVES
Tomlinson, G.

Tetra Tech, Inc., Arlington, Va.

In the past year, the problem of natural crude supply (and its cost) has reached critical proportions for the United States
and Western Europe. In view of this crisis the NATO countries have been forced to consider such alternative fossil fuel
sources as coal, oil shale, and tar sands for their military forces. The use of these fuels does not present a problem of
supply, for the NATO nations have deposits of these fossil fuels that far exceed the proven world reserves of crude oil. It
does, however, present a problem of technology — how to realize and use effectively the synthetic product of these
deposits. Coal, for example, is particularly plentiful, exceeding the NATO oil reserves and oil shale and tar sands
resources by almost a factor of ten. NATO Naval Forces are affected by the fuel shortage and cost since most NATO
Naval ships and all its aircraft use liquid hydrocarbon fuels; the requirement for large quantities of liquid fossil fuels will
continue for at least the next 25 years. Consequently, the military forces of NATO are particularly interested in the
development of other sources and production methods for liquid fossil fuels. Conversion technologies for producing
liquid fuel products from oil shale and coal have been demonstrated, a commercial tar sands plant is currently in opera-
tion in Canada, and several research and development programs are being conducted to improve the conversion process
and to reduce the cost of synthetic fuels. The improved oil shale and coal conversion processes are now entering the
pilot plant stage; commercial oil shale plants are expected to begin: operation by 1980 and commercial coal liquefaction
plants should begin operation by 1985. ABA GRA.

AD-A010712 CERL-TR-E-58  75/05/00  76N10562

PROJECTIONS OF ENERGY AVAILABILITY, COST, AND AGGREGATE DEMAND FOR 197§, 1980, 198§, 1990
Berstein, H.M.; Hinkle, B.K.; Bazques, E.O.

Hittman Associates, Inc., Columbia, Md.

This report investigates the availability, cost, and aggregate demand of energy resources for 1975, 1980, 1985, and 1990.
The consumption of energy resources for 1970 has been included for comparative purposes. The energy sources
examined include petroleum, gas, coal, nuclear, hydropower, solar, geothermal, and electricity. ABA GRA.

NASA-TM-X-62404 DOT-TST-74-13-1  74/06/00  75N13690

TRANSPORTATION VEHICLE ENERGY INTENSITIES. A JOINT DOT/NASA REFERENCE PAPER
Mascy, A.C.; Paullin, R.L.

(DOT, Washington)

National Aeronautics and Space Administration. Ames Research Center, Moffett Field, Calif.
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A compilation of data on the energy consumption of air and ground vehicles is presented. The ratio BTU/ASM, British
Thermal Units/Available Seat Mile, is used to express vehicle energy intensiveness, and related to the energy consumed
directly in producing seat-mile or ton-mile productivity. Data is presented on passenger and freight vehicles which are in
current use or which are about to enter service, and advanced vehicles which may be operational in the 1980’s and
beyond. For the advanced vehicles, an estimate is given of the date of initial operational service, and the performance
characteristics. Other key considerations in interpreting energy intensiveness for a given mode are discussed, such as
load factors, operations, overhead energy consumption, and energy investments in new structure and equipment. ABA
author.

ORNL-NSF-EP-68 74/04/00 75N10039

TOTAL ENERGY USE FOR COMMERCIAL AVIATION IN THE US
Hirst, E.

Oak Ridge National Lab., Tenn.

The total energy impacts of commercial aviation in the United States are shown. Direct fuel use by commercial airplanes
(1080 trillion BTU in 1971) amounts to 6% of direct fuel use for all domestic transportation, 1.6% of the total national
energy budget. Indirect energy requiremcnts are one-third as great as the direct fuel use. Thus, total energy demand for
domestic commercial aviation in 1971 was 1450 trillion BTU, 2% of national energy use. Direct fuel savings due to
adoption of airline conservation measures can be increased by one-third to account for the indirect energy savings. Some
conservation measures, such as a reduction in short-haul flights, are likely to have larger energy savings, because short-haul
flights involve higher maintenance costs, greater airport use, and higher passenger service costs on a passenger-mile basis
than do longer flights. Other measures, such as reducing cruise speeds, are likely to have relatively small indirect energy
savings. In all cases, the direct fuel savings can be increased by 20%. ABA NSA.
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Future fuel supplies for aviation is an important matter. If the world continues to consume its petroleum

resources at its current rate of consumption, it will essentially run out of these resources by the turn aof the
century. The need for aircraft fuel conservation is most urgent, if not mandatory, because the future of
aviation as we know it today, is at stake. This lecture series is designed to provide various interested members
of NATO with a better understanding of the problems facing the aerospace community and to provide an
opportunity to review and assess what steps can and are being taken to alleviate this international problem.

Current and forecasted world energy demands, growth, and supply are reviewed in perspective to the status
and outlook for future aviation fuels to meet NATO needs. The special problems associated with the
refining of aviation fuels from lower quality feedstocks (including fuel refined from coal, oil shale, and tar
sands) and techniques for reducing energy consumption in refining processes are examined. Special
attention is given to the chemistry and combustion characteristics of future hydrocarbon fuels and the
impact of using these fuels in aircraft engines and fuel systems. An assessment is made as to what
technology advancements are currently underway and what other advancements are needed with reference
to engine components, engine systems, aircraft designs and operational procedures to help conserve fuel

resources. ~

The material in this publication was assembled to support a Lecture Series under the sponsorship of the
Propulsion and Energetics Panel and the Consultant and Exchange Programme of AGARD presented on
16-17 October, 1978 in Munich, Federal Republic of Germany, and 19-20 October, 1978 in London, UK.
In addition, a one-day Round-Table Discussion was held in Paris, France on 13 October, 1978
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