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PREFACE

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

Future fuel supplies for aviation is an important matter. If the world continues to
consu me its pet roleum 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 , I I not mandatory , because the future of aviation as we know it today, is at
stake. l’his 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 wor ld energy demands, growth, and supply are reviewed in
perspect ive 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 current ly underway and what other advancements are needed
with reference to engine components, engine systems, aircraft designs and operational
procedures to help conserv e fuel resources,
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INT RODUCTION AN t) OVERVIEW
by

Nelson F. Rekos
NAT IONAL AERONAUTI CS ANt I $I’A~’E AL)MIN IS TRAT1O N

Washington , DC

For many year s moat of us in the aviatt’n community felt that the conservation of
hydrocarbon fu.ls was someone else ’s problem not otus ; a ft et s t l ,the automobit. and
industry in general were th. prime users of pettol.um.ba..ti f u e l s , not a i u c r a f t .  t~ut
now , we ar, rapidly approaching the day whet. the sutcunctblte manufa~’ t u s e t s  and indu.t ital
c’ ~neuun it i es will have don. prac t icatl y e v e ty t h t n g  t~os .tble t o  co nserve energy and we in
the aviation community will be ask.t what we have don. to alleviat, the en.iiy problem .
Trot. the statistics point of view ye ar. now in a p.z tod of t ime that some ~‘~‘iaid,u as
a tim. of “plenty ” and which might last to about th. close of th is  ~‘.ntuLy. We now no
L ng.r measur. our oil r.sourc ’.s in terms of .‘entut ies , hut recognise that a time of
“fam i ne” a rapidly approaching . Simp ly put , our demand tot  fuel is outstt~~t~ hi~ tj out
ability to supply fuel. Therefore , it appears t h at now 1. the ttme to take some appuo-
priat. ac tions and to pro fit f rom the earl y scr ipture, by makimj full  use of this t ime
of “plen ty ” to  prepare for t he “ fa m i n e” of the fu tu ~.. Although none of out lecturers
pro fess to be like the prophets of old , I think you w i l t  agree w i t h  me that their
ep istles make a great deal of sense and offer us some hop. tot the future.

The need for a i r cr af t  fu e l  conservation is ex t r eme l y important , because the future
of aviation as we know it today is at stake. We also know that fue l consørv~ t i ou alone
wil l  not be sufficient to maintain ad .quate fuel resources fo r av iat ion , p a r ti cu l ar l y i n
vi.w of predicted avia tion growth rates and the probable future petroleum supply situa-
tion , not just in regard to quantities anti economics, but also in regaid to the  na t ur e
of th. crude oil i tse lf. As our lecturers will 1’~oint out , the general availab il ity of
prev iously abundant high —grade crude. is .leci easing anti w i l l  pi * s t s at ~ly  cont I nuc to ~irct ease
as our search for o i l  expand s to al t corners of the ea r th .  The lower grade crude,,
usually degraded by large concentrations of aromatic hydrocarbon components , will have
t he •f fe c t  of reducing the f ra c t ion of the barrel (middle distillate. ) which i. natutall y
su ited for j et fuels and wh ich requi res minimum processing t o  me.t t’ur rent fuel .pet’ i f ica-
tions. The demand by ot her users in th e energy mar ketp lace for  these middle d i s t i l l a t e .
are al so •xpected to increase in  t he f u t u r e , fu rther threatenino the let fue l supply
availabi l i ty for avi a tion use, Therefore , in addition to fue l .‘ons,s’i’ation , othe r
mea sures must he sought to assure a reasonable f uel supp 1y for aviation use. These ot her
mea sures include the us, of a lternative fuel sources and the ~‘reat ion of a t’t oadet spec-
ification for jet aviation fuels.

The feasibility and prac t ica l i t y  of possi ble j ot fuels other t han ~‘utrent sp ec i f i cs —
ion type hydrocarbon fuels has been studied by many invest Igators . Methanol • methane ,

hyd rogen , and a range of kerosene—type hydrocarbons made f ront shale oil • coal , 01 t a t
sands are some of the candidate alternate fue ls that were studied . The studies indicated
that methanol, methane antI hydrogen wert’ not real is t ic  ot near—term ac*lut ions to the jet
fuels problem , a lth ough hyttro~ien was noted as part icularly at t tact iv. tot  very ton~ —t vrm
potentials, beyond t his c en t u ry .  The alternative f uels re f i n ed  from shale oil, coal , and
tar sands appear t o have the mOst ~toten tial In t e rm s of ava ilability tot f uture energy
usera including aviat ion , s ince these  fue l feedatock. are re la t ive ly  plent i ful  anti ,‘.aii be
made available in the near—tentt t ime period . These fuels , if t hey can he ec’ononutcat ly
produced vi thout set b u s  1y impact I ng the envIronment , at  ford an oppor t un i ty  to tel 1ev.
the present total dependence on petroleum as a fuø l s oot ce.

These alternative fuels must a lso be contpat ihle wi th  present a t t ~’ ia ft  system s and
he able to be used w i t hout ~~~ tad I ng por t  ornIance or other t ies I rat ’ le operat tonal characte r—
is t  ics. To make t hese alternative future jet fuels economically .ic~’ept.at’le, a l’toade’ t
or more permissive fuel sp ec if i c at io n th an present ones will be requited par t icu lat ly .i
speci f icat ion which can permit an optim al compromi se’ between fuel tet inino requirements
and eng ine and fue l sy s tem compatibility requi rements.  More on this subject will be dts-
cussed by the other lecturers. It is ve t y  important to reco g nise that  m t n i n t t g t i ,~ t o t a l
fue l and energy costs for future al t c ra f t  wi l t  necessitate trades amon~i re t inery enet gy
and costs , aircraft  fuel costs , and total energy conservat ion . The atlaptat ton of a
broadened fue l sp ecif icati o n to  current petroleu m f u e l s w i l l  re l ax t h e kn owing pinch on
petroleum based fue l avai lab i l i ty  by inct’easino the t i a c t  ion ~f the hat tot which can t s~~
used economically for jet fuels , anti help provide the user wi th  some relief , at least
until alternative fue l sources come on line in signif icant quantit ies.

During this Lecture  Series , we will attempt to provide you with a better under-
stand ing of the energy pro blems facing the aviation community. Current anti forecasted
wor l d  energy demands , growth , anti supp ly w i l l  h. revi ewe d t n  petspe t’t bye t o  t h e  s t a t u s
and outloo k for future aviation fuels to meet NP~’rt~ needs , The s pecial problems .sssoci-
ated wi t h the r e f i n i n~i of fuels front lower qual i ty f eedst o c ka t l n s ’ludin g fuels refined
from coa l , o il  s h a l e , and t a r  san ds) and techniques for reducing enetoy consumpt ion in
refining processes will be examined , The chemistry anti contbust ion t’hatact or i at ics of
future hydrocarbon fuels and the impact ot using these fu•ls in aitct .itt eno ittes and
aircraft fuel systems will receive spec ia l attent ion , r inalty, an assessment w i l l  h~made as to what technologica l advancements ar, currently underway and what other advance-
ments are needed with reference to engine components. enulne systems , at ic raf t  tiest.ins
and operat ional procedures to helt’ conserve al t’craft fue l resources anti at 1ev iat~’ this
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international problem, The Lecture Series will be concluded with an Open Forum Round
Tab le Discussion , at which time , t he lecturer. , host coun t ry guest speakers , and t he
general aud ience wil l  have an opportunity to rovi.w the highlights of the Lecture Series
and discuss issues and concerns that may have been overlooked or not adequatel y coveredduring the formal lecture..

In the short time we have for the Lecture Series , the presentations , by necessity,
are somew hat l imi ted in scop. 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.



FUTURE FUELS FO R AV i AT ION
by

J.J . Mac farlane
Senior Vis it ing Fellow

Department of P~ chanical Engineering,
Ii~~eria1 College of Science and Technology ,

London S.W .7

SU~~ARY

The historical background of the current aviation gas turbine fue l specification is described.
Current local supply diff iculties are discussed In relation to crude oil availability and the patte rn of
regional demand for petroleum products.

The consensus of expert opinion on the effects of predicted future petroleum resource availab ility
and of various trade and econOmi c factors on future ra tes of production are described . Recent data on
the demand for petroleum products and the crucial ilWortance of future demand control are discussed. The
prospects for petroleum based aviation fue l are evaluated . The long term sources of aviation fuel are
described and the problem areas enumerated. The need for a research program on alternative fuels is
demonstrated.

Previous work using model flame s Olt tie effects of fuel con~osition on rich flame chemistry is re-
viewe d and the potential contribution of fundamental research In the alternative aviation fuels program
is outlined.

1. lNTRO~ JC TI ON

The motivation for this lecture deri ves from active concern in the United States of America to se-
cure, for the medium and long term, specifications wh ich will describe fuels for aero gas turbines engines
which can be derived more economically and in suffi cient quantity from more restricted fossil fuel re-
sources and which will continue to permi t satisfactory engine and aircraft operation .

An incr ease in research a c t i v i t y  in this area, largely under N.A.S.A. sponsorship, was brought to
the author ’s attention (at that time, Head of CoM ustion and Instrumentation Technology Department at the
National Gas Turbine Establishment) in the Autunvt of 1976, by various United Kingdom visito rs to the U.S.A.
from Ministry of Defence (Procurement Executive ) (MOD (PE)} and from Rolls-Royce Ltd.

At that time , relaxations to the present Jet A1 specification (DERD 2494, AVTUR 50) were being can-
vassed , particularl y with regard to aromatics content and freezing point tea~eratures, to relieve short-
ages which were said to be occurr~ng on the U.S. west coest due to reduced availab ility of sui table 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 reali zed. The patte rn of U.S. demand for refi~,ed products was such
that any significant increase in the fraction of crude oil being used for jet fuel must i~~ly the inclu-
sion of material f rom the diesel fuel range . The possibility that the resultant deterioration in iow
temperature properties mi ght need to be alleviated by the inclusion of some gasoline fraction caused
particular concern in the U.K. since it raised 1n~ortant Issues of aircraft fuel safety. Indeed , the
U.K . was active in fuel additive research, aimed at elim inat ing even the mere restricted fuel safety
prob lesm experienced with aviation kerosene - parti cularly those under aircraft crash conditions . The
Inc lusion of gasoline in the fuel would nullify the effects of such edditi ves .

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 coi~ eti ti ve 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 te”is (5 to
10 years ) the problem was likely to be encountered there also in the longer term (10 to 20 years).

In order to establish a U.K. view of the problesm which might arise , a working party under the chai r-
manship of the author was convened in I4srch, 1977, con~ rising representatives of the airframe and engine
sides of MOD (PE) and of the U.K. aero engine industry . A working paper, discussing the problem and Its
iu ~ licati ons and outlining a possible program of work required, was presented and discussed at a meeting
of the MDL) (PE) Turbine Fuelc Conrittee on the 27th AprIl , 1977, The text of this paper, updated in the
light of conments received from merbers of the cotmni ttee is being published (1). The reaction of this
conmittee to the paper was polari zed , predictably enough, between the petroleum industry representati ves ,
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
mainta in the status quo . In particular , after referring to the potentially high cost of progranmes of
e~~irica1 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
imounts of fuel to the present Jet A1 speci fication by means of established refining techniques of conver-
sion and by hydrogenation . One oil con~any 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 activi ties have been
discussed in detail in several publications (2.3 for exan~ le) which have broadly confi rmed the wo rd—of-
mouth details on which these discussions were based.

It is evidently of some in~orta~xet o  N.A.T .O. that the correct choice should be made on hon,
collectively, the various menter countries in the organization should proceed in this matter. The present
paper can probably best ser ve this end by making a detailed re-examinat ion of the premises on which the
various arguments are based. This wil l cove r ( 1) the consensus opinion on the future avai l ability of
petroleum crude, (2) the patte rn of demand for petroleum products prior to and since the 1973 crisis in
petroleum supply, (3) the constraints placed on nenter countries by their individual patterns of demand,
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~4) the likely long te rm thods of aviat ion fuel production and thinc,, the most adv isable Inter i , pro-
cedu re. Whil. wishing to avo id encroaching on the areas cove red by late r speakers In the trim, the
wr ite r ’ s past e xp erience in c.rt•in basic areas of contustion research will be cal led upon , br ief ly ,  to
demo nstrate the constraints of contustion chemistry and flu id dynamics on ~tiol ce of fuel.

. HISTORICA l. BACKGROUND OF fliE PRESENT A VIA 1 iON FUEL SPE C I F ICATIONS

Tb. firs t Wh ittle gas turbine (4 )  used a contustor destgn based on the industr ial furnace practise
then current. With increased operational safety in mind , the fuel chosen by Wh ittle for these fii- ~t tes ts
was gas oil. When failure of the firs t contustor design led to experiments with designs using fur l
sapourizer tubes within the prima ry flame , a fuel with a somewhat lower boiling range - kerosine was
substi tuted. Th is fue l was retained for the subsequent successful contustion system using pressu re
ato i zers .

For safe ty in home us., domestic ke roslnes have fl ash points above l(’*)°F (37.8°C) and the marketing
practise has gr~~i up of dual branding for domestic and aviation use , A specif ication for aviation kero-
si ne - O(RD 2482 (AV IUR. Jet A) was iss ued in 1951 . Two i~~~ortant limits in this specificat ion were a
maximum freezing point te~~~rature of -4(PC and the control of carbon/hydrogen ratio by 1 inn tin9 the are-
matic hydrocarbon conten t to 20% ma*iim,n, there being then no sui table method in use in the refinery
laborator ies for the direct measur ement of carbon and hydro gen content of the fuel. Subsequent e xperience
of minimum aircraft  fuel tank ten~eratur e s sig nifi cantly be low -4(PC In lon g f l ig hts at hi gh ~lt i  tude in
ce rt a in co nt inat io ns of destination , seas on and weather condit ions , led to the introduction ol a -5~~C
f reezing po int keros i na (DERD 2494 , AVIUR 50 , Jet A1) In Ma rch 1957. The 20% aromatics l im i t w as retained.
The lowering of freezing point was a c o ~~anied by a not e able reduction In f inal boilin g point ten~eraturaf rom about 28CPC for Jet A to around .‘SIPC for J.t A1.

To maintain co~~ n specificat ions , Working Party 15 of the Air Standardt :at ion Coordination Comni tt ee .
covering aviation fuels , hibricants and all ied products was set up, w ith regular meetings of delegates
from U.~ .A., Canada, New Zealand , Australia and U.K. Later , a similar N .A. T.O. body was set up. the
N A . T.O. Military Agency for standardizati on - Aviation Fuels and Lubricants Working Party , with represen-
t a t i v e s  from all meinter nations .

To cater for increased fue l availab il ity in the event of war , a specifi cation for a wide boiling range
fuel was agreed (DERD 2486, AVTAG , JP4) .  This had no lower limi t on flash point teuçerature (putting it
in the same category as gasoline under Bri tish law from the point of view of safety in handl ing), raised
the maximum permitted aroaatics content t .i 25% and l owered freezing point to -5~~C. While all military
air c raft have to be cleared for operation on both fuels , regular routine use of the wide-cut fuel is
limi ted to the U.S. forces, other N.A.T.O . air forces and nearly all civi l fly ing being based on Jet A1 .

3. CRU DE OIL RE SOURCE S, PRODUCTIO N AND CONSUI4~T ION

3 .1 Sources of data

For the twenty-fi ve years prior to the F’73 petroleum crisis , th. most widely available , detailed
s Lssna ry of fuel and energy stat is t ics is undoubtedly the united Nations Stat ist ical Yearbook ~~ One
difficul ty with this publ ication 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 ~

‘ to 3 years which , while it is not ii~ ortan t when looking back over periods
of ten to twenty years of steady progression, is not adequate for rapidly changing sItuation s such as the
one which we have experienced since 1973. This does remain the only publication covering stat i .tics for
all nenters of N.A .T.O. The nine nenter countries who are al so nentiers of the E.E.C. are covered by the
Euros tat publications (6), whIch ori ginally appeared quarterly and have more recently been published
monthly with data thiee months in arrears and with separate series of bulletins for hydrocarbons and fer
solid fuels. The Uni ted States fuel scene used to be covered mainly by various coi~~ rcial publ ications
hut the Federal Energy Agency now also publishes a monthly bulletin of statistics (7) with data three
months in arrears. One problem with this latte r is that, unlike the others (5 , 6) which give data in met-
ric tonnes • the F . 1 .A. da~ Is volumetric, the unit of volume being the United State s Barrel. The densi t~changes (and apparent volume growth), which occur during normal refining to the wide range of products now
.ivailable, make the data di fficult to handle. The help of the En ergy Attache , at the United States Eutiass~i n London, in overcoming this di fficul ty 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
m’tric tonnes for a world average crude oil and for average specimens of the four main types of major
refined products - lkitor Gasoline , Jet Fuel, Distillate Fuel Oil and Residual Fuel Oil. These factors
cane ori g i n a l l y  from the Statistics D i v i s i o n  of the British Petroleum Co~~any, whose help is also grateful h
acknowledged, particularly for access to a copy of their 1976 Statistical Review of the World Oil Industr y
(s). This review has been issued prI vately, annually since 1956, with data some 6 months in arrears .

Co~~ar i son s have been made betwee n annual values of tot al yearl y energy consu n~~t ion derived fr~mirtalled figures for the various fossil fuel cate gories in (6, 7) and values for the s ane tota l gi ven in
the most recent U.N. statist ical year book (1976 ) and agreement is very good. Where di rect coiwarison is
possible , valu s in (8) are significantl y higher than corresponding values in  ( 6

, 7) (e.g. up to +10% on
U.S. Natura l Gas Consu~~t1on data and +10 to .13% on U.S. consu~~tion of total petroleum products.

3 .  Crudi oil resources and production

During the twenty years prior to 1973, the world t otal consun~,tIon of crude oil increased at a fairly
steady rate of .7’. per year, that is , effecti vely doubling every ten years . The discovery of fresh oil
reserves , althoug h more erratic, also showed this average rate of increase so that , for this period , the
apparent life m dix (the ratio of proven resources to rate of production) was steady at about 30 years.
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A N.A .T .O. Long Tare Scientific Study on military fuels was concluded in January , 1975, in the wake
of the 1973/74 oil crisis and its findings were hairçered by the fact that the future behaviour of oil
demand, because of the effects of the major pri ce change which had just occurred, was qui te unpredictable.
Future demand leve l could be affected by adverse trade and by monetary policies . While future supp l i e s
could be affected by possible conservation of resources by oil exporting countr ies 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 e~ ,irical projection , used a resource base of 3000 a l0~ U.S. Barrels ,
der iv ing th is  fro. a s ary report of the National Petroleum Council (U .S.A .) in I~ ce~~er 1972. Using
an e~ ,iri cal equation, b’-~’d on the ass~~~ticn that annual rate of discovery of new resources 

w i ll con-
tinue to grow exponentia lly , subject to the constraint of the fraction of ultima tely recoverable oil yet
to be discove red, they deduced that reserves wou l d reach a maximum by 1990 and that life inde x would then
decrease to a leve l of 12 years by the end of tre century .

To demonstrate the effect of U , a second se t of projections was produced, based on U • 4000 a 10~
U.S. Barrels which showed that the date of .axi am reserves was only postponed by about 5 years and the
l i fe inde x by a s i.ila r increase . This treat ir nt exp ected world ene rgy 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 lIm i tations.

Probably the most authori tative more recent pronouncement on this subject Is the report of the Work-
shop on Alternative Energy Strategies (W .A. E. S .)  (10) . This gi ves the consensus opinion of a team of
thirty experts from fifteen industrialized co~ntr1es , meeting at regula r 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 inclMdes reserves j n the co~~ nist countries. The report admi ts
a range of possible values of U from 1600 * 10’ to 3000 x 10’ and using a somewhat controversial fi gure
of 20% for percentage of reserves in the co~~j nist a r e a ,  s tudies the effects of three levels of reserve s
for W.0.C.A. (the World outside the coiweinist area) of 1300, 1600 and 2400 a lC~ U.S. Barrels.

On the basis that it is ii~ ossible 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
inde x is pl aced at 10 to I. Since different oil discoveries are concurrently at different stages of their
development, an aggregate figure R~ 

15 to I for minimum life inde x is assumed. For 1975, ~he W.O.C.A .cumulative production is 291 a 10’ U.S. Barrels and the remaining proven reserves 555 a 10’ U.S. Barrels.
Two future rates of addition to reserves of oil are considered:- (a) 20 x 10’ U S. Barrels per year which
is coupled with hig h rates of economi c grow th and rising prices and (b) 10 x U.S. Barrels per year,
coupled wi th  low rates of economi c growth and substantially constant prices. The effects of the
di ffe rent,~,variables are st~~ari zed in Table I. On the basis of a preferred value of U for W.O.C .A.  of
1600 a 10’ U.S. Barrels , it is shown that for cast (a) above, with no artificial limi tation of rate of
production, the latter would peak at~ some 86 a )(~ Barrels per day in 1997. With production li jpi ted by
O.P. E.C., the curve peaks at 71 * 10’ Barrels per day in 1988 for a production limi t of 45 x 10’ Barrels
per day and at So x l(~ Barrels per day in 1981 for a production limi t of 33 x l~~ Barrels per day . The
values for case (b) above are:- with no production limi tation, a peak of 66 a J~~ Barrels per day in 1993 ,
at 61 ç1(~ Barrels per day in 1989 for an O.P.E.C. production limit of 40 x 10’ Barrels per day and at
51 a 10’ Barrels per day in 1983 for an O.P.E.C. production limi t of 33 a 1~~ Barrels per day . The
effects of these artificial limitation s of production by O.P.E.C. would be to slow down the decline in
oil supplies so that total producti on would remain above the 1975 level until 202 7 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 fi gure
of 1600 a 10’ U.S . Barrels used for the above calculati o n , the effect would be more likely to extend the
oil availability plateau into the 21st century rather than to Increase oil production substantiall y
before 2000 AD.

3.3 The pattern of demand for petroleum products befo re and since 1973

The figure of 7% per year for the rate of increase in world demand for oil in the two decades before
1973 is somewhat misleading. The situation is analysed in Table 2 which s umearises consun~ tion of total
energy and of the major types of foss i l fuels - petroleum, natural gas and coal during this period for
the whole world , for North America and for Weste rn Europe (due to an accident of data availabil ity , the
two decades used overlap by one year) .

The latter both had similar steady rates of Increase in total energy demand of jus t 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 howeve r, there are significant di fferences 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 initial ly high rate of increase in natural gas con-
sumption, slowing down in the secon d decade. By contrast, Western Europe was in a period of considerable
ch an ge, with a large rate of increase in petroleum consumption, slowing down in the second decade, a
falling rate of coal consumption and a rapidly ex panding use of natural gas.

The major influence for change in the period following 1973 was a very rapi d increase in the pri ce of
c rude 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 s~ mm 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 excepti on of the U.K., there is a general sw ing upwards .
.8% for DBR and .7% for France and Italy among the major users . The U.S.A. fi gures show +8.8%. The U .K.
shows a further decrease of -l h% . It was tempting to e xpect this general rise to herald a return to the
historic, pre-1973 increment of .7% per year but the 1971 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 na tural gas , hard coal and other energy sources (electrici ty generation by
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geothermal , hydro-electric and nuclear power Installat ions) all in tern~ of millions of tonries of ofl
equivalent. In calculating the oil equivalent of these other energy sources , a generating t~fti cien~ of
35% was assu med for the supposed , substitute , oi l~ f i red 5 team based system.

The behaviour of the total energy consta~~tion figure s ove r this period is much less dramati~~. P~ist
of the ind iv idual countries show an overall incrementa l rate for total energy consumption of .1 to •l~~per year , w ith  a quite general sma ll dip be low this rising char acter ist ic for 1975 . The decrease in
European petroleum consumpti on has been replaced , large ly by natural gas which , for the t .L .i . a~. a
shows an in c r e m e n t, average d over the period , of sb.8~. The additional factors in the U.k . have been tht’
av a il ab ili ty of coal and the fact that many of the thermal power station s were designed to operate satis-
factorily, alternatively either on coal or on residual fue l oil. The sharp increase in coal consumption
in 1975 reflects a return from oil fi ring to coal firing, as a matter of central pol icy , in many ot tht”.,
powe r stations. The other major coal producing country in Europe - West Germany - has shown a con t in uing
decl ine in hard coa l consumption ( - 2 . 6 %  per year for the period) while the product ion of b rown oal Inot
inc luded in the Table 3 Summary) is also decreasing rap idly ( - 8 .6~ for 19 17 ) .  There i.j~~o been reLt~nt re-
ports of increased inve s tment en West German coal min i ng however which should , in time , reverse these
t rends .

3.4 Constra ints imposed by differences in the pattern of demand for petro leum_produc ts in individual
countr ies - ________________________ 

-

Attention has already been drawn in the previous sec t ion  to diffe rences 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 substant ial d if t ~ reci es
in the pattern of consumer demand for refined products . These di fferences are shown in Table 4 which giv es
a detai led breakdown of refinery products for the year 1975 for the whole world , for the Un i ted States o
America . for the world other than the U.S.A. and for N .A .T.O . countries without the U.S.A. It should be
noted that the 1975 fi gure for weig ht of total products gi ven in colunit 2 of Table 4 is substant ially
smaller than the 1915 total products consumption figure in Table 3.  The value in Table 4 is for pet roleum
products actually refined in the U.S.A. The difference between the two totals reflects the ver~ substan-tial trade in imports of finished products in the U.S.A . The magnitude of trade , not on1~ in ~.de oil
but in imports and exports of finished products to and from individual countries , is such that data e~-pressed solel y as production figures can gi ve a misleading imp ression . F~.. ~~~~~ reason , Table 3 is qiven
in terms of product consumption although this ignores the few percent of cru~~ ,il represented by refinery
losses. These losses are expected normally not to exceed 5~ .

If we turn now to Table 4, the last two colurm s show the breakdown of ~iroducts typical of refineries
in Europe and the Middle East , with gasoline at 16 to 18% and a total kerosirie fraction of about 71. whi ch
is marketed in different ways following the pattern of local demand . Distillate fuel oil (including
diesel fuels) is about 25% and some 40% is used as residual fuel oil , the bulk of wh i ch will be burned in
boiler furnaces . The very small amoun ts of petroleum coke produced (about 0.2%) indicates the verb lim it ed
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 fo r  t rans-
portation of one form or another. V~riouS conversion techniques are used to masimise gasoline yield - the
production of coke approaching 41. suggests the extensive use cf thermal cracking. Distil late fue l oil
production is at a similar level to European practise but residual fuel oil is onl y just over lli . The
U.S. pattern of product demand is stil l developing and changes in demand for the four major product type~.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 (4.~ 9t for 1977 as compared with ~~in 1972). Jet fue l shows a similar ave rage annual ~ricreme nt (+.~ 8~-) and again , as a percentage on crude ,
the yield has decreased , from 7% to 6.41.. Distillate fuel oil shows only small annual fluctuations . The
major change has been in Residual fuel oil product ion , wh i ch have very nearly doubled over t fis short period .

- - 
‘
~ Residua l 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 produ~ tsdemand would seem to be reasonably assured until the year 2025 or so. The W.A. [.S. predi ctions (14) on
which this optimistic-looking statement rests are based on a fai rly conservati ve view of ultimat e total
crude oil resources and it is also assumed that O.P.E.C. will take steps to limi t 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 ~ualify this
crude oil availabil ity, requires some diplomacy in its discussion since there appear to he two quite
di fferent sets of requirements within N.A.T.O. The E.E .C . countries have reduced their aggregate crude
oil intake by some 50 mi lli on 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%) ~f the E .E .C. crude oil
intake has bee~i used in the past as Residual fuel oil , central government policy can fai rl y readi ly contro l
future demand for this product , for which there are alte rnative energy sources available - i mported co,ii
nuclear powe r and natural gas. The price mechanism will tend to reinforce this trend. These comments
apply to about one half of the N .A.T.O. total crude oil intake . There has also been p lenty 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 turn in Residual fuel oil 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 di fferent. 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 (whereat 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 capaci ty 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 limi ting U.S. engine size thus cutting gasoline consumption to something approaching Eurc’oean
levels , the effect of this would take about ten years to work through the system since 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 shortage s
of other fuels , for example the shortag e of natural gas as the result of the long argument ove r natura l
gas pricing and dis tributi on. The demand for residual fuel oil may be expected to subside when these
anomalies are rectified.

5. ThE P~)SPECTS FOR PETROLEUM-BASED AVIATION FUEL

Wi thin the limi ts of present N.A.T .O. crude oil demands , there would appear to be significant amounts
of kerosine fraction available in the European refineries although s~ ma of it may not be sui table for pro-
ducing fuel to the present Jet Al speci fication without further refinery treatment.

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

(I) the desirability of keeping within the kerosine boiling range
(2) the exten t to which present limi ts of carbon/hydrogen ratio mig ht be relaxed
(3) the practicability, in ai rcraft operating ternis, of relaxing the Jet Al freezing point speci fi cation .

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
contustor designs will have a beneficial effect here and permit more difficult fuels to be burned cleanl y.
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 pri mary zones stabilized by air jet
entrainment, it is the entrainment appetite of the jets which actually control the quanti ty of air which
is fed into the primary zone reversal. This flow is smaller and the resultant mi xture strength in the
extreme upstream region of the flame is in fact naich richer than is commonly assumed. This would explain
the excellent operational stability of suc~i flames umder such conditions as ‘lam decelleration where
t ransient flow conditions (11) could produce (as a step change) a two to one reduction in mixture strength.
For a premixed , well—s tirred, primary zone designed for normal operation at mixture strengths on the weak
side of st oi chiometri c ( i .e. of the type being considered for low emissions conI ustors)~ this could produce
a transient mixture strength beyond the weak limi t for premixed kerosine/ai r systems (~ 0.45).

The background of basic research in high pressure hydrocarbon/air flame s 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 late r with avi ation
kerosine to the Jet Al speci fi cation. The work needs extending to higher boiling range , hi gher carbon/
hydrogen ratio liquid fuels.

The discussions reported in (1) conc luded that apart from the co nt ustion considerations jus t described ,
increase in fuel boiling point temperature and in carbon/hydrogen ratio were also likely to have adverse
effects in the engine control syste m. It was argued that the third important property, freezing point
temperature, was of most conce rn to the aircraft fuel system. Possible techni ques for accoiiodating higher
freezing points fuels are discussed in (12).

Summarizing then, while there are local supply diffi cul ties at the moment , generated by the more
restricted and less suitable range of crude oils wh i ch now have to be used , it should be possible to con-
t inue 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 fue l
user here and while the future demand situation for the other N.A.T.O. countries looks much less proble-
mati c, failure to control U.S. demand development could manufacture a future problem for the rest. The
N.A.S .A . move to undertake gas turbine and ai rcraft research and developmen t on the effects of broadening
the avi ation fuel speci fi cation is welcome , both in its own context and also for the ‘sp in-off which i.~likely to occur for diesel fuelled marine and land-based gas turbine engines .

It is important howeve r to bear in mind the likely cost of modifying engines and ai rcra ft (and re-
trospectively at that for the large existing civil fleet) to acconodate the effects of major changes in
fuel specification . This wi ll have to be compared with realistic estimates of the cost of increasing
aviation fuel yield by using the wide range of conversion techniques already avai lable in the refinery.
The other factor wh i ch needs to be considered in aiming this R and D program correctly is what kind of
fuel, with what coithustion prope rties , must we be able to use in the long-term future when petroleum
resources are exhausted.

6. LONG-TERN SOURCES OF AVIATION FUEL

Liquid hydrocarbons might be regarded as a very convenient and reasonably safe way of carry ing,
storing and using hydrogen. In recent years , a great deal has been wri tten concerning l i q u i f i e d  hydrogen
as an aircraft fuel for the future. Whi le the properties of hydrogen makes its combusti on velati v~ly
straight-forw ard and free from problems , the effect of the low liquid density is such as to require a
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somewha t differently proportioned aircraft from the familiar hydrocarbon fuelled ones and of much larger
s ize  for a gi ven duty . The very wide stable burning range and high heat of combustion which make hydro-
gen att ractive as a fuel would also magnify aircraft safe ty problems to fri ghtening proportions and it is
not proposed to deal any further with this option in the present text.

All of the sources of fos sil carb on alte rnative to petroleum requi re 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
fol lowing 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
is very different from petroleum, being much heavier because the ori ginal geological containment has
reached the earth ’s surface and all of the lighter hydrocarbon fractions have evaporated. The problems
involved are almost entirely in recovery of the oil , which can be by heating or by solvent extraction .
The extracted materi al has an empirical formula of about 

~~ ~ 
and approximates in properties to a petro-

leum atmospheric residue. A previous N.A.T.O. study put the proven and probable reserves of tar sands
(in Canada) at between 15 aj~d 30 x l(P U.S. Barrels of oil equivalent. The projected resources were put
at between 700 and 800 x HP 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 Ri ver in Colorado , U.S .A. wi th other si gnifican t
amounts also in Brazil , Canada , Burma , U.S.S.R. and China (10) . Projected resources are 1800 x lC~ U. S.
Barrels of oil equivalent although only some 6% of this is accessib le and sufficiently con centrated (seams
over 9m thick and yielding at least 136 litres of oil per tonne of rock) (10) to be comme rcially attractive .
The shale oil (kerogen) has properties which place its behaviour somewhere intermediate between petroleum
and coal , its hydrogen content being about 9% by weigh t , compared with about 5% for coal and 13 to 15%
for petroleum. Chemically, kerogen is norm saturated than coal , being partly aromati red and oxy genate d ,
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 ma ter ials have question marks hanging over them regarding accessibil ity and di ff 1-
culty of recovery. The most plentiful and accessible other fossil fuel avai l able to N.A .T .O. is coal .
Coal reserves have been classif ied 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 econon~ clima te 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 s ame source for cru de petroleum and natural
gas . The total N .A .T.O.  reserves of hard coal , converted in heat energy terms to oi l equivalent and
expressed in U.S. Barrels amounts to 14 x 1012 Barrels, wh i ch is about ten times the probable remaining
worl d reserves of crude petroleum.

The question of convert ing coal into liquid hydrocarbon fuel hinges an how t hi s  mig h t  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 + 2I~ ). This Is then reacted over a catalyst to elimi-
nate one molecule of wate r per molecule of CO , with the formation of a (paraffinic) hydrocarbon struc-
ture (CHZ)n . The data for this process , given in (14), amoun t to a yield of 1 tonne of hydrocarbon
product ~‘rom 7 tonnes of coal input, the product being a range of materials from light hydrocarbon gases
up to fuel oil. An alternative procedure involve s treatment of the coal wi th 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 leve l - about 6
tonnes per tonne of hydrocarbon product. There is a good deal of research activi ty now in progress , par-
ticular ly on the solven t 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 latte r Is (16) which contains papers firs t presented at the
172 nd National l~ eting of the American Chemical Socie ty and deals with all aspects of the process.

Sol vent 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 extra c ts , a pro-ignition induction period
followed by a short period of a burning of volati le material and then a final period of burn-out of the
carbonaceous char which i~ fo rmed , has many simi lari ti es with the burning of droplets of heavy residual
fuel oil containing quanti ties of asphaltenes . The residence time s required for the complete burn-out
of the solid residues of such partic les are at leas t ten times as long as the residence times of typical
present-day gas turbine conbustors . Cracking and hydrogenation of the solvent extract are therefore re-
q u i r e d  to g ive a fue l 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 ring compounds and
the fully hydrogenated refined products of thermal cracking are essentially saturated bic.yclic and
tn cyclic hydrocarbons . There is a good deal of e xperience in the combustion of hydrogenated napthalenes
in some early British gas turbine engines In the 195Os . At the low maximum cycle pressures then used
(less than 8 bars), decahydronaphthalene could he burned qui te cleanly and satisfactorily , but  tetrahydro-
naphthalene gave heavy carb on formation . The effects of the increases in maximum cycle pressure and
c onbustor inlet temperature which have taken place since this earl y work require experimental examination,
particularly to look at the effects of extent of hydrogenation in more detail.

There remains howeve r a potentially serious coal supply problem. The fi gures of s ix or seven tonnes
of coal per tonne of hydrocarbon product ci ted above W I 11 contain the coal requirements of hydrogen
production reactions (presumably the reaction of coal w i th  steam would also be used to provide hydrogen
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for the sol vent extraction rou te) . They w i l l  also contain energy losses from the system during process-
ing. t~ re recent ly developments in this field have been naturall y reticent (from a commencial security
point of v iew) abou t pro cess efficiencies and yields .

It is possible to take a very parochial view of the problem and to consider t hese processes si m ply
as sources of aviation fuel. In this case , th . size of the coal input and the industrial investment re-
quired are st i l l  large , but are of manageable proportIons. This is an unreal ist ic view howe ver and coal
l i qui f ac tion is certain to be evaluated as an eventual replacement for the whole of the deman d for premium
d lst i l late petroleum products . With the U.S.A.  demand for these n~w running at about 500 x l(~ tonnes
per year , there would be a potential coal requirement of 3000 x lIP tonnes per year , even wi th  hydrocar-
bon demand held at its present level If this we re in addition to the existing coa l demand for other
users (currently upwards of 550 x 1(~ tonnes per year ), this would present a form idable task to the U .S.
m i n i n g  industry . Proportionally similar arguments apply to West Ge rmany and the i.~ ite d Kingdom , both of
whom have established coal min ing industries . In both of these countries however , the coa l is for the
most part deep-mined and this sort of increase in extraction rate may well be imposs ible . There would
stil l remain the requirements of the other N.A .T.O. countries who have l i tt le or no coal Jeposits of
the I r own and who are now dependent on petroleum.

An important factor in these processes is a suppl y of hydrogen and a considerable reduction in coal
reqUirement could be brought about by the provision of an external source of hydrogen , not dependent on
carbonaceous fossil fuels. We can evaluate the magnitude of this hydrogen requirement approximate ly, as
fol lows:- Table 5 .44 of (18) l ists nine coals with National Coal Board Classif icat ion numbers between
400 and 900 , covering high volati le coking coals and general purpose coals. The average dry , mineral-
free composition of these coals tontalns 84.4% carbon and 5.3 % hydrogen by weig ht, giving an empirical
formula of CH0 7 5  the balance of the elemental ujii ios~ ti on a na lys i s  compris ing sulphur , nitrogen and
oxygen. Taking dec ahydronapis thalene , empirical formula Oil .8 as typifying the desired end product, the
balance of hy drog en required per gram atomic weight of carbon (12.01 grams) is 1.0584 grams of hydrogen,
giving 15.188 grams of lully hydrogenated end product.

Reference (19) gI v es the electrochem ica l equivalent of hydrogen as 26 .59256 amperes per gram at an
electrode voltage of .‘.4 l9 volts , giving a power requirement of 64.32 7 watt  hours per gram of hydrogen
produced. Th is assumes an e lectrolys is efficiency of 100% and 95% has already been achieved using
special electrolytes.

These two numbers combine to give a power requirement of 4.48 141 hours per tonne of fully hydro-
genated liquid product. Thus , fo~ the Uni ted Kingdom, with a present cons umption of premium refined dis-
ti l late products of about 50 s 1(~

, tonnes per year , replacing this by fully hydrogenated coal extract
using an external source of hydrogen by electrolysis to provide the added hydrogen would require some
224 x 1C~ 4 hours for hydrogen production . This is very close to the present th~ited Kingdom annual rate
of electricity generation. For 1975 , this was 2 7 2.2 lt~ 4 hours (5) from a total installed capaci ty
(public uti l i ty plus pri vately owned generators) of 78.911 (

~l (5) .  This gives an apparent plant util iza-
tion factor of 39.3% although this Ignores generating plan t availabili ty wh i ch is  u s u a l l y taken to be
in the region of 70 to 752 giving thus a u t i l i z a t i o n  factor of about 55%. It is tempting to imagine
the present fossil  fuel fi red generating plant beino rep laced over the next hal f-century entirely by
nuclear plan t based on fast breeder reactors and achieving a maximum uti l ization facto r by generating
hydrogen whenever the power demand curve permi ts .

Eve n if the environmental issue s invo lvc l could somehow be circumvented and even give full backing
by the government of the day , this would seem to he an impossible targe t 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-
rent is based on spinning out the available world oil resources (WOAC) until 2025 AlL or so, which is
probably an extremely optimistic view to take . This treatment of the problem has been based on a
severely s i mpl i f ied view of the future situation and in the event , the slope of demand and supply curves
and the inter-relationships between the quantities invo lved w il l  be much more complex. It should serve
howeve r to give us an ide a of the magnitude of the task . We would seem to be faced wi th  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

dri ven to the following conclusion s ~-
(1) Collaborative effort among the N .A.T.O. countries could ease the current local U.S.A . problems in
the supply of Jet Al fuel.
(2 )  The control ling factor In synthesising aviat ion fuel, whether in the short to medium te rm by conver-
‘ion of higher boiling petroleum distillates or in the longer term from other fossil fuel sources , is
likely to Dc hydro~~n avai lability.
(3) There seems to be no reasonable way in which synthetic fuel supp lies adequate to neat longer term
future demands at even a modes t rate of annual increment, can be produced to cover the whole transport
fuels area. Stricter control of supplies and elimin ation of the less essential needs are therefo re un-
avoidable .
(4) U.S. petro leum demand is still growing at a much fas .r rate than that of other N .A.T.O. countries
and control of this at an earl y date is essential .
(5) The most positi ve contribution which combustion research can make towards the future hydrogen requi re-
ment is to spell out, clearly, the relati o nships between hydrocarbon prop erties (composition, type, and
volat i l i ty),  flame behaviour and co mb ustor ope rational perfor man ce . It wil l  not be good enough to do
this only by means of the older cut and try empirical techniques . A fundamental understanding of the
inte raction of fuel chemist ry , flame chemistry and fluid dynamics of the combustion process is essential . 

p .. -
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TABLE 3

Energy Consu mption for EEC Countr ies and the USA for the Period 1972 to 1977.
10° Ton ues of Oil Equivalent

1971 1972 1973 1974 19

~~1 ~ 1977 ~~~~~
(UR-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 11 5.1 4 131 . 35 138.98 149.64 153.40 • 8.4%
Hard Coal 216. 1 1 193.58 191.15 206.67 194.85 201.56 198.90 • 0.5%Other 38.41 41 .64 41.43 46.59 52.48 53.49 56.53 • 6.3%

—_______ Total 782.14 818.14 865 .24 ~‘1T~ ~I~iI 873.12 ~11I • 1.1%
044 P,troleu. Products 120.83 128.20 136 .88 122.49 117 .77 127.42 124 .13 0.5%

Natural Gas 16.70 21.55 26.82 32 .47 34.21 35.84 38.35 .12.2%
Hard Coal 73.04 67 .31 65.03 68.80 57.30 59 .80 39.10 .2.6% “

Other 4.88 5.61 6.10 7.37 9.46 9.41 13.15 .14.6% “

_________ 
Total i~T.45 ~~~~ ~~~~ 1~TT~ 4 232.47 235 .35 4 1.1%

France Petroleum Product s 90.01 99.47 111.19 105.48 97.24 103.94 98.67 . 0.2%
Natural Gas 9.69 11.48 13.46 14.05 15 .67 16.54 18.47 410%
Hard Coa l 30.14 26 .56 25.82 24.09 26.17 29.95 28.90 4 1.1%
Other 14.12 15 .34 15.11 17.39 19.44 16.01 23.40 • 8.8%

__________ 
Totil 143 .96 152.85 165.38 165.01 158.52 166.74 168.94 • 2.0%

Italy P.troleu. Products 77.96 83.12 88.87 88.69 82.46 88.38 82.50 - 0.1%
Natural Gas 10.79 12.48 14.15 15.88 18.16 21 .98 19.12 4 4.9%
Hird Coal 8.25 7.94 8.06 9.35 8.72 8.62 8.48 . 1.3%
Other 11.31 12 .02 10.99 11.12 12.00 11.65 11.96 0.1%

__________ 
Total 104.31 115.58 122.06 125 .04 121 .34 130.63 122.06 4 1.1 %

Netherlands Pstroleim Products 22.88 24.81 25 .38 22.19 20.60 24.43 22.53 - 1.6%
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 .77 3.30 3.32 • 2 .3%Other 0.10 0.08 0.21 0.81 0.82 0.95 0.91 ‘63%

______  
Total WTh ~~~ W~T W~ W~ T ~~flN • 2.4%

klgiI and Petroleum Products 24.31 26.09 27.35 24.11 22.42 23.63 1iT~ - 2.1% “

Luxs~~ourg Natur~ Gas 1t:~ t:~ i~:~~ l~:~~ ~~~ 1:~ ~~~Other 0.0* 0.15 0.47 0.21 1 .90 r.8
• Total !E!! !~I _66.11 !~

]
~ ~~ö1 45 50 45 22 .2.0%

flited Petroleum Products 91.54 97 .81 99.40 93.59 82.91 81.65 81.99 . 3.5%
ingds. Na tur a l Gas 16.32 23.16 25.01 29.89 31 .24 33.30 35.33 • 8.8%

Hard Coal 87.61 75.66 81.19 81.82 87 .48 86.60 81.99 • 2.4%
Other 7.83 8.28 8.00 9.44 8.67 10.14 11.11 .6.01

______  
Tota l 203.36 ~~~T ~~~~ ~~~~ ~~~~ 1TT~I ~~~~ .0.8%

roland Petroleum Produc ts 4.72 4 .85 5.42 5.11 4 .91 5.06 (5.06 ) • 0.9%
Natural Gas - - - - - - - -
Hard Coal 0.74 0.63 0.60 0.62 0.41 0.40 0.58 - 1 .6%
Other 0.13 0.16 0.19 0.25 0.18 0.22 0.25 • 9.3%
Total 5.59 5 .64 6.21 5.98 5 .50 5.68 5.89 • 0.9%

enmert Petroleu. Products 17.30 18.15 17.06 15.10 15 .08 15 .91 15 .40 - 3 .3%

Natural Gas - - - - - - - -
Hard Coal 1.2 7 1.29 2.22 2.43 2.76 2.77 3.88 • 24%
Other - - - - - - . -

___________ 
Total 18.57 19.44 19.27 17.53 17.84 18.68 19.29 - 0.2%

.slted States Petroleum Products 686 .20 730.69 699.35 683.11 743.99 191.79 + 2 .9%
f ~~rica Natural Gas 536 .46 535.17 515.12 474 .22 481 .46 466.99 - 2 .7 %

Hard Coal 331 .92 356.69 354.45 353 .27 380.22 393.47 • 3.5 %
Other 80.8* 87 .89 102.64 116.96 117.62 116.55 • 7.6%
Total 1635 .42 710,44 1671 .56 1628.16 1723.29 768.80 • 1.6%

otal (ner~ data from U.S. Statistical Yearbook 1976

235 .76 255.27 250.29 231.34
France 153.35 163.51 160.03 146.22
Italy 112.06 118.15 119.18 117.66
Netherlands 51.39 56.09 55.21 55. 27
Belgium $ 1uxe~ our9 44.18 46.83 48.32 42 .17
(Mited KIngdom 209 .55 218.29 2 12.45 206 .73
Ireland 6.99 7 .00 6.87 6.18
Danaart 19.70 19.39 17 .58 15.66
LMIt.d States of fr~~rIca 699.36 1729 .42 1679 .45 1644 .69

Note : Other Electricity Generation by Hydro-electr ic. geothermal nd nuclear powe r .
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tABLE 4

1973 L)~*alIetI Breakdown of Keftuen Products

~ Id ~~~~~~ World othe r NATO othe rr Slit, , than 06)t ed than IMIted
Sta1$ ; Sta tes

Wt Total Produ~ts ION $3 602.40 404.03 51 3 .5 )
(106 I~ trh rannoil

I LP6 1.0$ let t 10 1 .91

S Naplitha 3.0.3 0.1* 4.0 5 4.11

S Wotor ksoIin. 24 .94 46. 96 55,96 11.41

S Paroslea 7 9* III 3.60 1 .7%

I ~ I $ t e  SpIrIt 0.10 - 0 ) 4  0.10

5 Avistian Par.- 4 . 2 3  6. 79 3. 19 3,55
SIn. (~~t Ftel)

S DIst Il late F.0. 21.14 21.fl 13.04 29.66

9 Pasldual P.O . 34. 43 11.35 4 3.67 39 .8

S L,~ rIciiit* 1.07 I 34 0.91 0.90

S Ilt ~~~n 2.94 3. 94 2.4% 2.41

S Was 0.07 0. 17 0.06 0.05

S LIquId Sit, n 0.01 0.12 0.04 0.01

CotC 1 . 2 7  3.49 0.70 0.14

I. ludlng O,tsa and USSR

4, TABLE S

asanges in US Doinestie Production and Demand for the Four
Major Types of Petroleum Product for the PerIod 1972 to 1977

197? 1971 1975 975 197$ 1977

PaSer Besel Iai

Pa st lc Prs4,tlan 10 t~~~~i 571.3 1 81.93 574.63 591.11 591.37 303.79
$41 crv~ 41.05 44.8 47.0% 47 .4% 41.11 42 .9%

11461 C.as~~ tIan 1~~ ta.as, 279 .41 114.2$ 544 .37 544.3 3 301.41 310.01
C Incr. nt . .4 .71 -2.1% .1.l~ +4.1% 4.9%

~ I FyI
Pa ltIi Produttles 10 tom.., 39,54 40.50 39.11 40.71 42.9$ 41.61

5 .2 c~~ 7.0% 7.0% 4. 7% 1.1$ 6.8% 4.4%
Y tal Cans~~ tIen l0 tcnn.. 41,90 49 .14 46 .71 44 .54 44 .5) 44 .91

S Isc rannat . •j )% .3 79 .45% .0.1% 4.0%

SIstillate FyI Oil
D, Stic Preductloli 101 t~~~. 157.19 137.54 179.94 159.11 142 .30 519,24

I ef c,~~ 52. 79 8.04 8.8 21. 7% 8.01 22. 6%
11tal Can,i~~t ie, 10 temu 14 1.77 103.4$ 143 . 47 510.75 112.33 541.11

I Incre et • 4.5% .4 75 .3 35 4.95 4.9%

Pasi~~1 FyI Oil

Om tt ic Pre~~ tIae l0~ tames 43.13 12.90 51.79 57,59 11.02 N.I1
C e V crw4% 7.7 1 S .91 50.05 11.39 11.1$ 53. 45

Teta l Cans~~ t Iau. tine.. 137.7$ 113. 79 143, 71 534 .13 141.7$ 144 .0$
S inc ,e04nt - +11 .1% 4.19 4,3% +13.8 +4 .4%

Avar.y anneal lacruami fir the perl.d for ds s t Ic Pasliwal Ftel OIl
P,e*actlm, • +11%
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TABLE 6

NATO Fossil Fuel Reserves — 1975 (Data from Reference 5)

To tal Neserves ~nown
Md Inferred 10’ Natural CrudeNotric Tonnes Gas Petroleum

io 12 ~ 7Q 9 N . Tonnes
Hard Coal Li gnite Patres

Belgium and
Luxeutourg 0.25 - -

Canada 97.0 11.7 1.61 0.9

(~ nsark - 0.02 0.05 -

France 1.38 0.03 0.13 -

Ge rmany (084) 230.0 55.9 0.31 0.07

Greece - 1.6 0.11 0.08

Ireland 0.05 - - -

Ita ly - 0.11 0.21 0.09

Netherlands 3,7 - 1.85 -

Norway 0.15 - 0.57 0.81

Portugal - 0.03 - -

Turkey 1.29 6.0 - -

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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PVI’I,JRE AVIATION PUELS
P~JEL SUIPLIUS ’ VIEWS

by
A. Lewis

8.Sc., C.Eng., F.Inst.P., 14.Inst.F.
Shell Research Ltd. , Thornton Research Centre , P.O . Box I , Chester CR 1 38K

SLII04RY

De.mnd for aviation fuel in the period before the 197 3 cr i s i s  was growing rapidly with the rapid
growth of intermatioosaj. end national high speed c unicationa . It is therefore import an t to eonsider not
oml,y the situation in the period i edistely after that crisis , but ..l.o the expected develo~~ents for the
future. In t hia paper , tevelokaent s In the potential future availability of aviation fuels fro. petroleum
rule oils , shale oils and coal are review ed on the basi, of published data. Much of the data have been

derived fro, statistics of the Organisation for E noel .’ Co—operation and Develo~yent (OECD ) and the Workshop
cm Alternative ~~ergy Strategies (WASS). In all of the data billion is t aken as 109 .

I . WA30C~? TR33W8

In recent year. there have been many ana lyse, of the availability of fuels for aviat ion and ju st
as many fore casts of future demand, and supplies. Today, I am not going to add a.~r own to these, but merely
examin, the different forectsts and draw out the c~~~on factors.

Figure I show, th. demands for aviation fuels for the year 1960—75, drawn from OECI) statistics. 1
The figures shown re present the total av iation fuel , i .e .  ke rosines , wide-ran ge fuel s and aviat ion gasolines.
Demand increased at a rate of  about 17% per annum until 1970 but the 1Q73 fuel crisis resulted in reduced
ava ilability , increased price end a reduced demand. During the fuel crisis , the ai rline , adopted many
techniques for fuel saving and these were euppl emented by developoents in engine efficiency. For exam ple ,
the US Dept . of Coeaerce rep orted recentl y2 that in 1977 the I.Mi ted States passe nger traffic reached 190
bill ion passenger mile., 6% higher than in 1976 , and an increase of 5% growth is expecte d year ly in the next
5 years~ despite this growth, the ucheduled carriers consumed 80 million gallons lesp fuel in I97(~ than
in 19 73.

Figure .‘ show, the growth of world scheduled revenue traffic from 1967 to 1Q77 , the f igures
beneath th, curve giving the percentage growths in that period.

International Air  Transport Association ( IATA ) forecasts now suggest that scheduled passenger
traff ic will  increase at about 8% per annum up to 198 1 . The impact of this increased traffic upon fuel
1~~~nds wil l  undoubt edly depend upon further develo~~enta in operational and engine ef f i c i e n c y , bu t i t  is
unlikely tha t  the same percentage improvement in these can be expected progressively end some growth in
fuel demand should be expected . One cc~ plicating fac t or , however , is that such growth will not be uniform
m d  growth r ates in Middl e East. and Far East t ra f f ic  may well be as high as t4% , with fuel increases as high
*5 about 10% .

Beyond 1980 it needs a cryptal ball t o  j udge the likely developoents , but a fascinating attempt
was mad e in 1974 , by Prof. Doxiadis , ” to an&ly~e th e likely trends in the patterns of human behaviour in
transportation. He considered tha t the probable trend will be t owards the concept of F.cumenopol is — a
~floba,l City — as the ultimate extension of the spread of  urban districts . Thu . , the present day commuting
in the USA of distances of *round 100 miles , often by air (see Figure ~~, taken from Doxiadis ’ paper ) , will
be extended and supplemented by more frequent long—distanc e travel. The essential role of air travel in
such a ~~ te of l i fe is obvioua and , indeed , the success of supersonic ‘planes on selected routes and of
reduced -tare transatlantic flight.  Is an indicator of a steady move in this direction .

Currently , aviation consume s a relat ively smal l proportion of the total energy used in trans-
portati on and of the total pet roleu m products, Figure le show. the pattern for OECI) f o r  the period 1Qt ~0 t o
1975. The growth In consumption of motor gasol ine , on. of the major products , is al read y st art ir ~g t o
decrease and pr edic t ions  suggest that growth will cont inue to decrease thro ugh 1980 and that oonsulnption
will then remain at a constant volume or even decrease. Before going on to consider the long- t erm
availabi lity , it is pertinent to consider the adequacy of supplies of aviat ion fuel ev en at. t he  present t ims. .
In a presentation to an SAE Aerosp ace Eng ineer ing and Menufacturing Meeting in Los Angeles in 107” , scott
Elated illustrated son. of the pro blems facing the USA refineries in two separate areas We st and Fast of th e
Rockies ( Figures 5 and 6) .  The.. show the dependence of turbine fuel availabil i ty upon the method of
operation of the refineries . P’or example , ve st of the Rockies , if the refineries are operate d t o  ma ximise
the production of gasoline or of furnace and diesel oils , there is a significant reduction in the kero.ine
ava ilability , leading t o  a need to import products which , si nce some of these are de r lve~i from AlaskanNo rth Slop, erodes , may be ,cyewhat lesa attractive in quality . This interact ion between the d i ffe rent
products highlights the integrated nature of oil supplies. I shall return to th is particular point later
in the pr esentation .

Other complications in th. local ava ilability can be dictated by local cl imatic  operating
conditions . For example , for many years the fuel in main demand in Canada ha m been the wide range JP~ . one
reason for this i. the need to start engines after prol onged idleness at temperat ure s that may he as low
as -30°C . The high volatil i ty of .tp4 has caused concern about safety and vapour loss in acme instances and ,
as a consequence , consideration Is now being given to a fuel that is intermediat e in volatil it .y bet ween
k.roe ine and JPIS. Thus, it can be seen that it bec omes d i f fi cu l t  to general tea . worldwide , both frye, the
point of view of local supply—and-demand and from that of local specifIcatI on ’s .
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2. WO R LDWID E ENER GY SOURCE AVAIL AB ILITY

We have seen how the proport ion of the crude oil barrel used for av ia t ion purposes is :~mal l , of the
order of t~% in non-American areas and possibly up to 7% in the USA (Figures Ta and Tb). The to ta l potential
availability of the kerosine fraction in petroleum orudee is , however, significantly higher , wit.h much be ing
used for domestic and industrial heating , but the total quantity of fuel will depend upon the overal l
availabili ty of crude oil.

2 .1  Petro leum crude o i l

Estimates of ultimately recoverable oil reserves tend towards 2000 billion barrels (:70 billion
metric t onn es), of which thr ee quarters might be outeide the USSR , t~stern Europe and China. In the recent
WARS survey this was taken as a central figure . although hi gher and lower alternatives were also considered.
The r ate at which proven reserves are increasing is h istorically about 18 b i l l ion barrels per year and in the
WAES study , assumptions of 20 bi l l ion barrel, antI 10 billion barrels were taken respect ively for the high
and low levels. Figures 8 and 9 show the supply—end—demand for oil under two scenarios: Ct , in which
demand growt h and annual additions to reserves are relative ly hig h , and n8, 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 rat io of reserves to production.

The crosses in Figure s 8 and 0 assume OPEL ’ production l imi ts  of I~5 and laO m i l l i on  bar re la. ’day
respectively, which might be ad opt ed 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 t he  1090 , before
technical limitations force the curves down early next century .

The dotted curves in Figures 8 and • show the production resulting from a hypothetical restriction
of output by some Arabian countries to little more than present amount s, giving a mean production maximum
by OPEC countries of 33 million barrels per day. The result would be a levell ing of world oil production
in the early 1980. and a failur e to meet projected demand much earl ier  than under the other  product ion
profi le .

Thu8 . if the consumption of oil grown as expected , WA1~ conclude that at some t ime during the next
twenty years the supply of oil wi l l  fall short of the estimated demand .

On the other hand , t)dell and Rosing 5 suggest that North  Sea oil reserves have often been under-
estimated end that pol i t ics  and ins t i tu t ions often d ic ta te  the rate of production . They also argue that
the annual rate of energy usage will be diminished by the demand response to higher ener~~1 prices and by
deliberate changes in the structure of society. However, they agree that by t h e  second quarter of t he
‘1st century , coal could become the single most important ener gy sour ce , given the develo~isent of new
technologies on both the supply and demand sides. They consider that such develolments could largely
eliminate the demand for oil imports wi th in  Western EOrope . Indicationa of th ’s downturn in demand for oil
products are seen already in the over—cap acity of refineries in Western Furope.~’ i l lustrated in Table I ,
altho ugh thi s picture could change with a resurgence in the economy. Thus, as foreseen by V.J~. Mt Keivey
of the US Geological survey, the general picture of petroleum oil supplies is still that of an eventual
deficiency of supply over demand, t he only uncertain factor is the actual t i m i n g . 7 There is s t i l l  a need ,
the refore , to examine the alternative sources of energy and their potential in help ing t o  meet the  demands
of the aviation market at some time between 1Q9~ and 202~ .

2.2 Shale oil

In terms of heating ys.lue, next to coal, oil shale represents the most plentiful f~’ssil fuel
resource in the United States. t It is composed of insoluble organic material (kerogen), soluble organic
material (bitumen) and inorganic materials. The oil shale contains about. 80—8s% minera l mat ter  and about
1 5—20% organic mater ial , of which about 90% is kerogen. The kerogen molecules have a molecular weight of
over 3000 and form the continuous phas e of a rich shale and act as the cohesive binder.  This  organic
material wi th in  the shale is thermally un atab le and decomposes on heating to  form gaseous and liquid product :t
and a coke—like residue .

Outside the USA , significant amounts of oil shale are found in Brazil , the USSR and China , wi th
smaller quanti t ies  in other countries such as Sweden and Ocotland. The greatest explo i ta t ion of oil shale
reserves to date has been in the USA and it is instructive, therefore, to look at t.he achievements t here,
the problems faced and the potential for the future.

The ke rogen component of oil  shale is heavy , very viscou s and cannot he pumped at ambient
temperatures. It contains signif icant  quantit ies of nitrogen and, at times , acme arsenic ; furthermore,
it contains more oxygenated compound s than does crud e petroleum . Before the develoçrtent of the  petroleum
industry in the USA, oil shale had been used to produce oils and waxes , hut these early developuents were
supplanted by the ava i l ab i l i ty  of cheaper petroleum crude oils.

Oil shales occur throughout the USA , the best known ( Eocene Green River foraation~ covering an
area of abou t 17 000 square milee and representing some 0-la tr i l l ion barrels (O.~ — O. o ~ I0~ m 3) of oi l .
Ho wever , Devon ian deposit, ex i s t in g  in the Eastern and Midwe stern parts are even great er and underlie an
area of over 1,00 000 square miles.  The d i f ferent  deposits are different  in character , the Weste rn ~halea
yielding about 25 US gallons of oil per ton of rock w~t il st the Pevonisn shales yield typically 10 or less
gallons per ton , although producing more light hydrocarbon gases than the Western shale, .

Surface retort ing processes have been in use for many years at many loeat i on~ around the wor ld
but the bulk of roc k to be handled is an inevitable handicap to its economical larger-scale exploitation .
As a consequence , considerable developaent. e f f o r t  is now being expended on in s i t , ,  re tor t ing  and direc t
hydrogasif icat .ion , anti a maxi mum worldwide production of about .‘ m i l l i o n  barrels of o i l  in yea r 2000 is
projected, mainly in the USA.
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Conversion of kerogen into liquid products is effected by pyrolysis at 900°? (la8o°C) or higher ,

and the relative proportions or oil, gas and coke vary with the pyr olysis t emperat ure , pressure , r ate of
heat ing , the natur e of the atmosphere surrounding the oil shale and , to some extent , the organic content
of the raw shale. The higher2operat ing temperatures produce more gas and relatively loss oil , whereas high
pressure (more than 500 lbt/in ) reduces oil yield s signif icantly,  however , oil produced at higher pressure
has a lower pour point, lower density and lower viscosity than oil produced at low pressure.

2.3 Coal

Table 2 shows the known world ener~~r reserves of coal , estimated in 1971 , together with potential
future reserves. These f igures 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
potential oil, reserves. These relationships between cosi and oil reserves have been supported by more
recent figur .s. 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
switched to more convenient and cleaner fuels , leaving coal, in many countries , to supp ly little mor e than
power stat ions and steel industries . The future developaents must then be concerned with reversing this
trend , substituting coal for oil and gas in electricity generation and for process heat ing in industry ,
possibly with direct conversion of coal into oil and gas. Unfort unately , conversion is costly, both in
financial terms and in energy terms , so it is essential to develop to the maximu. clean methods of handl ing
and burning coal. D.vslopaents i~ pulverized coal firing and in fluidis.d beds are promising, as are
techniqees 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 washing and blend ing 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 dur ing Wor ld War II , processes based on low-hydrogen consumption (Pott—Broche system) and
high—hydrogen consumption ( Bergi us process ) were used ~xtensivel3r to produce aviation and transportation
foals. The generalized flow sheet for such proc esses is as shown Afl Fi,gu~e 10. The low—hydrogen processes
are usually non-catalytic , operati ng at a low t emperature ( about 750”?, laoo C) and under just enough pressure
to maintain the solvent as a liquid , using mechanical means for separat ing the solvent and extract from the
undissolved coal particles . On the o~her hand , the high—hydrogen processes are catalyt ic , operating at a
higher temperature (800—850°?, la25—lala5 C) and higher pressures (up to 10 000 lbf/in 2 

~~~~ 
These processes ,

especially the latter , are now being developed to produc e either a synthetic crude oil as a feed.tock to
conventional refineries or a low-sulphur distillate fuel oil , and much research is in hand to prove the
feasibility of the processe s and to develop their economics.

Sout h 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 presentat ion . They have been applied
extensively , particularly for gasoline and chemical feedstock.

2.1, 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  year9. These oil bands 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 ila billion have
been invested in plant , with an estimated future production leading up to 130 000 barrel, per day by 1980.
The ratio of tar to sand is 12:81, , it per cent being other mineral., and cracking of the extracted oil gives
two streams - naphtha and gas oil (diesel).

3. QUALITY OF AVIATION FUEL DEBIVEI) FROM DIYFER}21T 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
demand, for military emergencies were met by the creation of the wide—range gasoline—type fuel embracing
aleo naphtha components. Such fuels have been ueed very effectively and satisfactorily for many years,
for both military and c~~~ercial applications. However , because of concern about loss of fuel vapour and
about safety, especially during military operatio ns , moves have been introduced recently to replace the
wide-rang e 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 engine. , especially if other applications of petroleum products could be satisfied by
alternative means. Figure I I  shows typical distillati on range. of a number of conventional products; the
proportion of the crude oil barrel falling into the kerosine boiling range differs with the asthod of
operating the refineries : in North America , where refinery operation is geared to a max imum production of
gasoline , the proportion of kerosine is around 7% , whilst in other areas , where a large production of fuel
oil has traditionally been called for , the proportion of kerosine has been around )e%. These kerosines have,
of course, been used also for other purposes, such as domestic and lighting, and to secure them for aviat ion
purposes alone would demand alternative energy sources for these other app lications. From the type of
refine ry 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 c~~~on sense.



Wi thin the current kerosine specification s , the suitability of aviat ion fuels derived f r om some
particular crud e oils can be limited by the specified aromatic, contents or freezing points. Already th e
aromatic. contents of fuel. from certain crude, have exceed ed the orig inally specif ied 20% and a r~lsxation
to 2~1 has been accepted, in other cases , a relaxation of freezing point , to -1,7 ~

‘ instead of -‘SO C , is
being sought. Argum ents ags .nst these relaxations were advanced by the engine manufacturers and some air-
lines , although evidence has been provided to demonstrate that penalties are not truly sign i f icant , furt her
ex tension of spectf icatio ns , to incorporate a wider range of the crude oil barre l , coui d cover lower boili ng
material than ker osine or higher boiling material or both. The l imit in downward movement of ini tial boiling
point would be set ei ther by the volatility of the fuel ~with its implic it penalties of loss of fuel vapour
at altitude and of reduced flash point , wi th a need for increased safety precautions in handling) or by
problem. in combat . These hav e been fac ed wi th  JPit or Jet B and are widely known .

lncre&ses in the final boi l ing  point would be accompanied by a need to adapt the combust ion syst em
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 sul phur contents and possibly, by further addi t ional refinery
treatment to meet other constraining performance factors such as thermal stabilitj. Hydrogenation and
other refinery treatmen ts are feasibl e but would be expensive and energy intensive and would require
addi tiona l cap ital investment .

Thus , it is feasible to extend the quantity of aviation fuels from crude oils , altho ugn at some
expense and with impact upon the proportion of the crude available for other applications. Inevitsbly ,
such redis tribution of petroleum in fasour of aviation applications , representi ng only a relat ively smal l
proportion of total  1eman~l , woul d necessitat e an imposed regulation or a financial ind ucement or both.

3 .2 Fuels derived from shale oil

Whilst  shale oil s have been a source of gasolines and other produc t s, only l i m i t e d  work has he~n
carried ~ut on the spe cific derivation of aviation fuels. This ha~ teen sponso red by the US Air Fo ce~’~~~’
and results of the work to  date suggest that  crudes derived from shale oile could form a sui table  basis for
the production of aviation turbine fuels. The shale oi l  processes for the different types of shale are
somewhat similar to one another; the TOS(’O II process uses hot solids rec i rculation to provide the heat t o
the retort • whilst the Union , Panaho and US ltureau of Mine. ( 135514) processes are modifications of gas
combustion retorting and depend on the heat contained in the flue gases (from burning some of the gasest
to separate the oil. In situ processes , such as those developed by Garrett and the ~~LtM , invol ve explosives
to break up the shale roc k beds and then partial combustion of the shale oil to increase the bed temperatur e
to drive the oil to the surface . The in situ techniques tested to date require a significant ( ~~--l~ % )  void
vol um, to achieve good recovery of oil and thus wil l  involve a fa i r  amount of above—ground retort i ng as wel l
as disposal of spent shale. Inevitably , therefore , such processes will be costly and will require
considerable large—scale cap ital investment and develo~~ent. However , in the long—term interest of their
availability as energy resources for aviation application s , it is essential alSo to look at the suitability
of the product produced .

In the U~ studies it was concluded that satisfactory jet fuel , ap~’rosching current specifications ,can be produced by hydrotreating shale oil; some reduction in fuel boili ng point may be needed in order to
meet the f ree~ ing point specif icat ions. The raw shale oil has a very high nitrogen content  (2 %~ but t h i s
has been shown to be capabl e of removal by hydrotreating .

The recommendation s of the ,tudies suggest that the shale oi~ should be topped to remove the
bottom fraction containing particulate. and asphaltene.. The 600—900 F (3IS-~~8O°c) fraction would then be
processed through h yttrocracking or catalytic-cracking. Before catalytic hydrotreating, a 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
will probably be compatible with fuels derived from petroleum crude., although li ttle checking of this
aspect has been carried out .

Fuels derived from coal

1. 3. 1 General approaches

There are three approac hes L ava ilable for production of liquid hydrocarbons from solid fuels:
( I )  gasificat ion—synthesis , involving gasification of the coal to carbon monoxide and hydrogen, with
aubeequent catalytic synthesis by the Pischer—Tropsch process to hydrocarbon. or alcohols (mothanol or
hutanol); (2) hydrogenation , involving the addition of hydrogen , to remove oxygen , sulphur and nitrogen
&nJ to increase the )l ,i’ ratio of the coal; (1) thermal cracking/pyroly.is/lov—temper.tus’e csrbonirat ion ,
involving s p l i t t in g  the solid fuel into hydrocarbons, water and carbonaceous residue by heat alone.

The coals found in different geological deposits diffe r not only in their ultimate analysis —

percent carbon and hydrogen , oxygenated compounds and mineral matter (ash) - but also in the nature of the
carbonaceous components - typically coal , anthracite and graphite. The term “rank” is otlen used to  quality
t h e type of coal , the higher ranks indicating higher percentages of carbon and lower percentages of hydrogen ,
oxygen *nd volatile matter. The amount of oil, and tar s recoverabl e by low—temperature carbonization is
relative ly constant in the low rank coals but drop, rather suddenly as the rank increases.

Rank , however , is not always indicat ed reliably by analytical data and a better parameter is the
reflectance of the coal constituent , or “meceral” , vitrinite under reflected light of a microscope .
Vi trinite is the main constituent of bright coal , the other macerals being exinite and inertinite . Exinite
is similar to kerogen in oil shales and, chemically , has a highly naphthenic struc ture with associated
ar~metic and nitrogen—sulphur heterocyvlic ring systems. It gives * low-temperature oil yield of about
ito-so%.

V i t r i n i t e  cont ains less hydrogen and more oxygen then toes e x i n i t e , vhil~ t i ts carbon ‘ontent is
sligh tly higher. It cont*in~ aromatic and aliphat i.~ compounds , the percentage of hydrogen in aromat ic
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configurations increase, with rank from 25—65%. Volatile matter in vitr inite is 30—40% and the low—
temperature oil/tar yield is about i~’— i4% .

I n e rt in i t e , the last group, is rather complex , w ith  a rather variable chemical c omp osi t ion and a
low pyroly.is oil yield.

Table l~ shows the composition of a number of liquids generated rrom selected coals on p lants and
p ilot plants. It will be seen that the liquid yields are all relatively modest and that furthermore their
aromatics  contents are fair ly high.

1.3.2 USA

In the USA , some work 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 h igher
than specif icat ion but hydrogen content could be raised to between 13.5 and i Z ~.O% , thus making the fuels
better in combustion propert ies. Ther. would be some d i f f i cu l ty  in meet ing smoke point specifications ,
and perhaps fre.aing point , whilst additional treatment may be required to ensure good thermal stability
and low nitrogen contents.

3 .3 .3  South Africa

The SASOL plant in South Afr ica is now about the only coemercial scale operation producing liquid
fuels and this merits special considerat ion . The coal reserves on which it is based are exten.ive and
considered adequate for about 100 years , although they are of low grade with an ash content of up to 30%,
0% moisture and 2~~ volatile matter. The plant is run in two stages , the f irst  being a modern form of the
German fixed bed process , with about t~0% 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 f irst  stage and
recycle gas from the second.

In the fixed-bed process , a ke rosine cut is normally made but is not sold as - urbine fuel. Its
olefin con tent is high (25- t0S ) and whi l st  hydrogenation could produce a stable fuel , ita freezing point
wou ld probably be too high. This fuel is , however , suitable for diesel fuel but is used largely for
chemical feedstock.

Kero sine from the fluidized—bed process is again not directly suitable as a turbine fuel because of
i ts  high olefin content but hydrogenation could yield a very suitable fuel high in branched chai n products.
An est imate give s the y ield c f jet fuel as about 2S-30% of the synthesis products. Undoubted ly , most of the
South Afr ican liquid fue l production from coal is taken up by motor gasoline.

The overall economics of the SA~OL process are not good and , because of this , all jet fuel in
South Africa is obtained from crud e oi l .

3.3.~ United Kingdom

Work by the National Coal Board in the United Kingdom has been directed to the digestion and
extraction of coals with anthra cene— oil type solvents and with supercritical vapour.. These approaches have
been shown to be feasible , although nuc h more develo~~ent is requ ired .

Early in the 1 960s , atten tion was drawn to the high volumetric calor ific value of hydrocarbon
fuels derived from creosote oils, and early USA work was folloved up in france by the French C~oal Research
organization (CERC HAR). Table 5 give s the properties of a jet fuel (produced by them on a developnent
scale) which , it is believed , was tested on an experimental basis. This work was not followed through ,
however , because of the low availa bility of coal tar as a teedstock , relat ive to crude pet roleum , and
because of adverse economics.

Thus, most of the technology for conver ting coal into liquid fuels already ex ists , al though most
of the applica tion of this technology, earlier j- Germany , in the USA and in South Africa , has been direc ted
towai ds th e motor fuel market . Opt im ization of •‘ ocesses to produce turbine fuels is quite possible ,
although the high nitrogen contents of some of the fuel produced can be a problem.

4. SU)14*.RY OP NON-PL’TIIOLEUN CRUDE OIL POTENTIAL

Undoub tedly the potential availability of energy sources other than petroleum erodes is enormous .
and we have seen how acceptable aviation turbine fuels can be produced from shale oil , with sui table
treatment , and also from co*l. However , aviat ion is a highly internat ional activi ty and as such demands
availability of fuels world wide . The ABC world airway s guide , for example , lists 14000 cities. They vary
greatly in their activities and correspondingly in their fuel throughput , from Chicago with a throughput ~f
several million gallons per day down to small country airfields where daily throughputs may be as low *s a
few thousand gallons. However, they all have in common a need for a fairly constant quali ty of fuel , wi t h
regular and rel iable delivery to the airfield and consistent maintenance of quali ty at the airfield and
t hrough the delivery to the aircraft . Already many oil companies are involved in the supply of petroleum
based fuels , exercising considerable care to ensure compatibil i ty 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 availability without serious detriment to the
ai rcraft and their engines. Increases In the permitted boiling points, in the arcmatica contents and in
freezing points would all lead to greater flexibility in the supply. Relaxation of the thermal stability
requirements and in the sulphur limit, might also be beneficial in the long term .

$hale oil and coal sources are large but are in general localized and in view of the very large
cap ital investments required to process these material s, there i. considerable logic in regarding them merely
as pools of additional crude oil supply rather than in relying upon their suitability for individual
products - except 
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The cos t or fuel is a signifi can t part of the direct operati ng costs of ai reraft . For ex~aple .
some rep orts suggest percentages as high as 147 (Table 6 and Figure 12) . The recovery of shale oil  and of
c oal both involve considerabl e ~u t e  a c t i v i t y  and the l i k e l y  costs of the syncrudes produced from the* arc
quoted in Tab~ c 7.

A~ dependence f~’r fue l supplies upo n these sourc es increases , it is clear that the average cost of
fuel must increase. Even it legislation were introduced to restrict the use of petroleum crudes to selected
prior ity areas , such as aviation , those applications obliged to con sume syncrud e ~1eriv ed products are all
likely to be contributory to the whale of the aviation industry through manufacturing, through power
gene rat ion and t hrough associated surface transportation . Hence , overall fuel coStS will , on the longer
term , t end towards a com~~n base , independent of their source. Recause of the spec i al s e n s i t i v i t y  of
aircraft and the need for carefully handled and segregated products for them , i t  is highly log ical that the
avia tion industry may be required to bear a somewhat higher proportion of the overall ost . Thus , the bad
news for the aviation indust ry is that they should not expect fuel prices to decrease , althoug h , in turn ,
the good news is that longer term supplies should be available.

What is the future prospect for the industry therefore? Already devel’~inenta in engine and
airframe technology, improved operating techniques and better route planning have shown considerable benefit
in fuel usage. Future develo~.ments along similar  l ines should con t in u e , even though gains in overal l fuel
economy can only be ex~ected to diminish.
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Table I

Refinery utilization

Capacity
Barrels per day

US Japan W . Europe0 liE W . Germany France Italy

6.145 ,, 535 x 106 18.141 x 3.02 x ~o
6 

3.12 ~~ 3148 x 14 .146 x

Period\  %

19714 85 814 72 76 72 78 62
1975 814 76 58 614 59 62 146

1976 Q1’5 814 82 62 65 6o 75 149
Q2 86 77 61 65 62 66 148
Q3 90 76 614 62 69 72 51

91 83 68 70 69 76 53

1977 Qi 87 83 66 65 67 75 52
88 78 58 62 62 62 147

Q3 90 78 n/a ’ 59 66 68 147

~ Belgium , France, Italy, Netherlands, Spain, UK , W. Germany .
‘ Qi—Q 14 refer to lst—Sth quarter of the year .
~~ Not available.
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‘l’able 5
Jet fuel frcis coal tar fraction

( cERCaAi~— 1962)

Density , 20°C 0.886

Net beat of ccabustion, Btu/lb 18 ,330

Freezing point, °C <—60

ASTM distiliation, °C (siax.)

10% 195

20% 201*

50% 228

90% 282

FBP 306

flash point , °C (miii. ) 53
Total sulphur , %w 0.005

Total nitrogen, %w <0.05

Hydrogen cciitent , %w 12. 7

H/C ratio 1.71* 6

Saturated hydrocarbons , %w 89

Hydro-aronatic hydrocarbons, %w 11 

.5.,. .,
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Table 6

Percentage direct operating costs
tntennat ionsi. Operations

(From Reference 2)

1973/1* Budget 1976/7 Forecast

Long haul Long haul
Short haul — Short haul

71*7 707 71*7 707

Fuel, 15 25 21e 35 1~7 ~~

Maintenance 21* 27 21* 18 23 21

Standing charges 31 27 23 22 12 12

Crew 18 10 20 15 10 16

Land & navigation charges 12 1 1 9 10 8 8

-
~~~~~~~~~~~~~~~



Table 7
The coat s of alternative ener~ r

1976 t~ dollars
per barrel oil

equivalent
1 - Thermal ensr~~

Indigenous coal (USA ) Is- 5
Iapoz-t.d coal (NV Europe) 6— 10
Indigenou, coal (liv 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

Low Stu gas from indigenous coal ( USA ) 10— 15

LNG (liquefied natural gas — high Btu) imports
( Europe, Japan, USA) 10- 20+

SIlO (synthetic natural gas - high Btu) from
indigenous coal (USA ) 20— 30+

Liquids from coal , oil a.nde or shale (N America) 15— 25
4 Liquids from imported coal (NW Europe) 25- 35

Biows (crops grown for fuel) 1*0— 50

Solar hot water (on sit., 35° latitude) leO+

2. Electricity output

Based on conventional thermal aid nuclear
generation (at power station ) 1~O— 70

Based on wind (1985 estimat e , on site) 50+

Based on photovoltaic solar (1985 estimate , on
•ite) 120+

The coats (not prices ) shown above are all expressed in terms of a
standard ener~ ’ unit (one barrel of oil equivalent , equal to 5.8 million
British thermal units) ,  but their outputs very, 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 ener~ ’
choice. The costs shown can also change considerably over time as a
reflection of , for ex ple, 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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Il-it ROLE OF FLINDAMENIAL CO$IUST1ON RESEARCH IN NI FU I URE AVIATION FUELS PROGR AM
by

J .J. Macfarlane
Senior V isi t ing Fellow

Departm ent of P~ chan ical Engineering,
Imperial College of Science and Technology,

Lon don S . W . 7 .

I. PREVIOUS ALTE RNAIIV E FUELS RESEAR CH IN NE OL DER CAN TYPE ENGINE COP~ USTD RS

A study made recentl~, of the cor~,ostt 1on of fuels delive red under the Avt ur 40 and Avtur SO spec ifi -
cations (Je t A and Jet Al) in the United Kingdom shows that ove r the .‘S years or so of their jo int exis-
tence, the aromatics content was held in range 8 to 15% (well below the specification limi t of 20%) until
ve ry recently. This period has seen the developmen t of the gas turb ine from maximum operating pressures
of a mudest S or 6 bars to value s currently approaching 30 bars , with a corresponding increase in coehus tor
inlet temperature (now about 90(PK) . The tendency in empirical development of conthustors towards ,-i .h
prima ry zones wa s discussed in se ction 5 of the previous lecture . Cartion formation in the prima ry zones
of the earlier can-type coehustors prove d to be very sensit ive to aromatics con tent , small increases above
20% causing a lmu st exponential increase in carbon deposit formation and this situation can be expe cted to
be aggravated by the eng ine design change s which have taken place since .

The major part of the Info rmation which has been obtained as the result of these twenty-five years
or so of empirical coehustor development is in the form of the overall response of the system to fa ir ly
arbitrary changes in fuel properties anti fue l preparation. The quantities observe d are such things as
carbon deposit fo rmation , wa l l  temperature, coatiustor outlet temperature distribution , contws t ion effi-
ciency etc. This tnfonsation,belng peculiar to the particular ind ividual conthustor design on w h i ch the
measurements were made, is (a) treated as company confidential “know—how ” and given only very lim ite d
publication and (b) is very difficult to generalize into a basic understanding of the effects of the var-
ious fuel and c ortiustion parameters on detailed flame behaviour . Pleasurenents of fuel/ai r ra t io distribu-
t ion  profiles in the primary zone are’ usually completely lacking. The necessary technique s of primary
zone products sampling and on-line fuel/air ratio measurement by chemical anal y s i s  ha ve only become
ava ilabl e’ as a routine development tool in the last five years or so (20) . Fast on-line prima ry zone
conthustion effic iency nwasurena’nt by detailed gas analysis (21 , 22) Ic still in the research l aboratory
stage . Gas veloc ity distributi on im’asurenents which can g ive an understanding of mass flow rate d istri-
bution and flow patte rn are also st il l  only a research laboratory tool .

- RESEARcH USING EXPERIMENTAL MODEL COPIIUSTORS

To avoid the diff icult ies inherent in using full sca le engine type contiustors for flame research to
throw some ligh t on the’ w~y in wIsh-h carbon is formed in gas turbine primary zones , a research program

was undertaken (23 , 24) in small laboratory fl ames in which the coiit~ust ion parameters could he controlled
and their effects isolated in various ways.

the firs t experimental system (~‘3) was aimed at el iminating droplets from the coiitiustic-sn a ltogethe r.
the fuels being fully pre-vapouri zed and premi sed with the contiustion air before injection into the com-
bustion space . A spectrum of ei ght different C5 and C~ hydrocarbons rang ing from n-pentane through to
benzene was chosen to study the effects of a wide range of fuel carbon/hydrogen ratios . The’ burner
system , Fi gure 1 , was required to operate at pressures up to ~‘O bars and over a range of equiva lence
ratios from the norma l weak limi t for hydrocarbon/a t ”  flames (~p -‘ 0.45) up to the rich l i m i t ( p  .‘‘l.
The quenching diameter for hydrocarbon/air flame s is e’st renx’ly small at the top end of this pressure
range ( for paraffin hydrocarbons , 0.15 net at 20 bars).  A bund le of such burner tubes was therefo re
forme d into a small cylindrical multihole flat flame burner (h’ net diameter) , rather like a small Pleker
burner.

For each hydrocarbon, quantitative measurements were made of soot formation and general finns’ c orn-
posit ion cwer a range of equivalence ratios at several pressure le vels up to 20 bars . The data were then
crossplotte d to produce a set of soot formation rate contours as a function of pressure and equivalen ce
ratio of the kind shown in figure 2. The word coo t is used here , rather than carbon . It wa s observed
that beyond a threshold equivalcei s’ ratio which was about half the theoretical equivalence ratio for
carbon formation in chemical equilibrium , unhurnt hydrocarbon was produced In the f lames . Depending on
the duration and leve l of therma l s t r e s s  to whit -h it was exposed , thi s hydrocarbon underwent a vary ing
degree of therma l breakdown . Conditions clos e to the Soot formatio n threshold equivalence ratio , with
hi gh flame temperatures, produced dry amo rphous carbon . At a g ive n pressure condition , particularl y in
the lower part of the pressure range , as the finns’ was made’ richer , there we re inc reasing amounts of
benzene-sol uble tar mi xed w i th the carbon until , at ve ry ri ch mixtures , the mater ial was enti rely
benienn-soluble. The dependence of the degree of carboniz ation on flame temperature was further demon-
strate’d by increasing the flame temperature for a part icular set of ~ont ’ccst iOn conditions (a) by reducing
heat loss from the flame by increasing the reflectiv ity and insulat ion of the confining wall and (h) by
changing the diluent gas from nitroge n to argon ( wh i ch has a smaller heat c apa c ity than ni t r o gen).

The linear relationship bet ween the fraction of the ori ginal c arbon in the fue l appearing as sol id
carbon in the flame , and the carbon/hydrogen ratio of the fue l is sh own in  Fi gure 3 (taken f rom .‘4) .
The values plotted we re all measured at a p ressu re of 15 bars and equi val en ci rat io °

For ex periments wi th  aviat ion kerosine , a 1!~ nun diameter cylindrical model coatsustor was designed.
It had a flat basep la te w ith an annular jet concentri~ with the cy l i n d r i c a l  c o n f i n i n g  wall and only a
few net from it .  From this , the whole of the prima ry air , was fed as a continuous annular film , close to
the roathustor wall. Gases f rom the centre of the fl ame were entra ined on the internal surface of the ,fet 
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and a t ight stable torroidal flow reversal system was produced. Kerosine was either prevaporized and
premi sed wi th the air upstream of th. discharge plane of the annular jet or was fed as a circumfe rentially
uniform flat shee t of spray from a rotary atomi ze r placed In the centre of the base plate . For some later
work , a bifluid acoustic atomi ze r which also produced a f lat concentri c shee t of spray was also used
(Fig. 4).  Ihtder good operating conditions , the flame produced by this flow system was of subs tantially
unifo rm composition and flame products we re sampled by means of a multihole crucifo rm gas sampler placed
at a plane one diameter downstream of the base plate . The coat usto r was operated over the same range of
pressures and equivalence ratios used with the earlier premised burner and the premised kerosine/air
flames showed ve ry similar behaviour to the earlier sma ll scale fl ames (Fi g. 5) .

Te s ts burning atomi zed kerosine (25) showe d much heavier carbon-fo rmation at weaker mixtures than
the threshold mixture strength for carbon fo rmation for premi sed kerosine/air flames (threshold 4 1.2)
and , at the highest pressures tested , carbon formation extende d well on the weak side of stoichiometric
(to • 0.8) (FIg. 6).

3. ThE MECHAN I SM OF CARBON FORMATI ON IN SPRAY FLAItS

Droplets of kerosine in a flame should evaporate at a liquid temperature at or near the boiling point
temperature appropriate to the antiient pressure . Edmiste r (26) ,  on the basis of experimental measurements
of the equilibri um flash disti l lation curves ove r a range of pressures up to the critical pressure , for
gasolines , keros ln es and dist i l late fuel oi ls f rom sever al sources has devised an empirical correlation
of the data , which permits the construction of the phase diagram for such a fuel gi ven that the ASTN
distillation curve , or the true boiling distillation curve is known . For a typical aviation kerosine
this method gives a critical temperature of about 4000C , at a critical pressure of 23.5 bars . There is
no reason why a kerosine droplet should become supe riteated so 4OIPC 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 ~jas
oil (a Reference Fuel B310 in use at one time in the U.K.) gi ves a cri tical temperature of 4730C (Cri tical
Pressure 23 bars), This Is still on the low side for liquid phase cracking which , according to (27) h~sa threshold temperature of about 55(PC.

The marked effect of pressure apparent in Figu re 6 in increasing the degree of carbon-fo rmation
suggests a mechanism similar to the one operating in fully premi xed fl ames 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 syst em used in stabil is i ng the prima ry flame . Time-resolved
measurements of flame properties would be required for studying this possibility . For the velocit ies en-
countered in gas turbine contustion , such techniques have just not been developed.

4. FUTURE RESEARCH USING MODEL COI~ UST OR S

The work described in (23 , 24 , 25) has permi tted some observations to be made on the problenm of
ri ch flame chemistry at high pressure . The extension of this type of technique , with a better understand-
ing of the fluid dynami c effects, could make a timely contribution to the alternative 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 obrervation techniques to the limit.

— - --
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CHARACTER ISTICS AND COMBUSTION OF FUTURE HYDROCARBON FUELS

R. A. Rudey and J. S. Grobnnan
NASA Lew is Research Cen ter

Cleveland , Ohio 44135 , U.S.A.

SUMMARY

As the world supply of petroleum crude oil is being depleted , the supply of high-
quality crude is also dwindling . This dwindl ing supply is beg inning to manifest itself
in the form of crude oils containing higher percentages of aromatic compounds , su lphur ,
nitrogen , and trace constituents. The result of this trend is described and the change
in important crude oil characteristics , as related to a i r c r a f t  fue ls , 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 princi pal properties of these
“syncrudee ” and the fuels that can be derived from them are described and discussed . In
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 term s igni tion , soot
formation , carbon deposition , flame radiation , and emissions.

I NTRODUCTI ON

This paper describes some of the changes in fue l 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-
craf t  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 fue l , which may be necessary
because of a shor tened supply of middle distillates , requires energy-int ensive hydropro-
ceasing (5). An alternative would be to relax fuel specifications and thereby minimize
the economic and energy consumption penalties . However , the relaxed-fuel-sp ecification
approach would require the development of a new level of engine and aircraft fuel—sys tem
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 a i r c r a f t  airframe and eng ine manufac ture rs’ point of view.
Bu t,  as already mentioned , it may be prohibit ive from an economic and r e f in ing-energy-
consumption point of view. Relaxing the current jet-fuel specifications would obviously
minimize the energy consumption and economic penal t ies  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
eng ines and aircraft fuel sys tems. Developing the data base needed to make this trade-
of f is the primary objective of the Fuels Technology Program being conducted by the
Na tional Aeronautic s and Space Administration (NASA) . Much of the information presented
in this paper is derive d f rom th i s  program. Other U.S. Government and aircraft-industry-
sponsored programs also provided informat ion  to th is  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 fue l thermal stability ar e described. This is the f i r s t  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 .

CHARACTERI STICS OF JET-FUEL FEEDSTOCKS

Petroleum Crude Oil

The compositions of some typical petroleum crude oils from various sources are shown
in Table I (taken from ref .  8 ) .  Selected da ta are included in Table I for both the totol
crude and several middle—distillate fractions from which jet and diesel fuels are pro-
duced. The sulfur con tent of petroleum obtained from different sources varies consid-
erably. The variability of the hydrogen content is sign ificant 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 Oils

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 signi f ican t  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.) In addition , other
processes such as H-coal (9) would produce an oil 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 oil 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 minima l , but both
the variation and the level in shale oil 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
Amer ican Society for Testing Materials (ASTM ) specif ications for jet fuels , including
Jet B , Jet A and Jet A—i, are shown in Table IV. The average properties for a current
Jet A fuel are also shown in Table IV for comparison . In 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 600 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
hone 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 distil lation curves for some fuels are presented in Figure 6. Jet A and Jet A-l
fuels are less volatile than Jet B and Avgas , as clearly i l lustrated on this f igure by the
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much h igher in i t i a l  b o i l i n g  point (0 percent evaporated) . 
, -

Another measure of fue l volatil ity is the vapo r p ressu rt  charac ter is t ics  shown in
F i g u t u  ‘. The initial L~o i l t n g  po in t  of jet fue l s  is determined by the allowable limits
t o t  flashpoint (Jet A) ot Reid vapo t pio ssure (Jet B) shown in Thble IV. The fue l vola-
t i l i t y  mus t  be low enough to prevent the formation of flammable vapors at ambient condi-
t ions .  Jet  A is curiently endorsed for commeicial aircraft because of i t s  lower proba-
b i l i t y  of f i r e  d ut i n g  emergency land ings  ( 1 0 ) .  Although low v o l a t i l i t y  ~s desirable for
safety , it adversely affects th~ ignition and a l t i t u d e  r e l i ght c a p a b i l i t i e s  of the f u e l .

Mother fuel prop erty that is important in determining fue l  igni t ion character ist ics
is fue l viscosity. Th. var iation of visc osity as a function of fue l temperature is shown
in Fi gure ~~. The less volatile fuels are more likely to encounter ignition difficul ties
because of their hi gher viscos ities. As with vapor pressure , the variation of viscosity
with temperature is an exponent ial effect and becomes much more severe as temperature is
reduced .

This discussion does not include all the characteristics of current—specification
fuels. It was in tended only to poin t ou t some se lected key fue l  character i s t ics  and to
describe how they vary within the listed specification limits.

Projected Changes in Fue l Properties

Perhaps  one of the most si gni ficant 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 illu strated in Fi gure 9, whe re i t i s compared wi th t he curren t ASTM Je t A
specifi ca tion limit. During the emerqency period 1973-74 , lim ited quantities of highl y
aromatic jet fuels were used as illus trated in Figure 9 by the 22-percent aromatic con-
tent of .~et A refined from a heavy Arabian crude . An estimate for Jet A refined from
Alaskan crude indicates that aromatic content may be as hi gh as .~5 percen t. Because of
thc~ e recent trends , a waiver limit of :5-percen t aroma tic content has been set by the
ASTN for Jet A fuel. Tho higher-arom atic-content petroleum crude sources may require
a d d i t i o na l  hydrop rocessing at the refinery to reduce the aromatic content to current
spec ifica tion .. Furthermore, fu ture shortages of middle d is ti lla tes may noes sitat e the
conver sion of hi gher-boiling-range petroleum cuts to middle-distillate fractions (5) .

• These “cracked” fuels would have hi gher aromatic content and thus would require additional
hydropiocessiny to meet current specifications . A Ver y simplified schematic of the type
of pro ce ssin g required is shown in Fi gure 10.

Hydroprocessing techn iques to Improve fuel qual i ty in terms of hydrogen and nitrogen
con tent will also b. needed if fuels refined from syncrude feeditocks must meet current
spec if ications. The amoun t 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
metei of oil , as illu s trated in Fi gure 11 Also shown in the figure is the amount of hy-
drogen that would be consumed to reduce the nitrogen content of a shale-oi l  syncrude .
These laig . amounts of hydrogen would l i k e l y  cause both economic and energy consumption
penal ti es a t the r e f i n e r y .

The increasing trend toward hi gher-aromatic-content fuels , regardless of the crude
source , w i l l  resul t in s t ra ight-distilla tion fuels with lower hydrogen content. The ‘e-
lation be tween hydrogen and aromatic contents is shown in Figure 12. At the currently
sp e cified aromatic content of 20 percent, the hydrogen content can vary between approxi-
mately 13 . and 14 .2 percent by wei gh t. Within the band shown , the decrease in hydrogen
content is general ly a linear function with increasin~i aroma tic content. An adverse
e f fect of reduced hydrogen content is illustrated in Figure 13, where hea t of combustion
by weight is plo tted as a function of hydrogen content . This effect is related to the
effect of sp ecifi c gravi ty shown in Fi gure 4 since reductions in hydrogen content result
i n proportio nate increases in specific gravity . Substantial reductions in the heat of
combustion occur with decreasing fuel hydrogen conten t. As an example, a reduct ion of
approx ima tely 1000 kilojoules per kilogram results when hydrogen content is reduced from
14 to L1 percent by weight .

In Fi gure 5 it is shown that Jet A fuel has a relatively narrow boiling range , with a
u in .~l boiling point of approximately 270~ C, which is ;.ecessary to comply with limits on
the free zing point. The rel.ttion between freezing point and fi nal boiling point Is illus-
trated in Figure 14. The freezing point of a fuel Is qener ally defined as the temperature
.~t which wax components in the fuel begin to solidif y. As shown in Figure 14 , t~ e f r eer in o
point is quite sensitive to variations in final boiling point.

The foregoing discussion considered only those fuel properties tha t are most l ikel y
to change . Potential increases in petroleum-crude aromat ic  cont ent  w i l l  r e su l t  i n  de—
creased fue l hydrogen c’c t tent unless additional hydrotreat ing is done at the refinery .
Additional hydrotroating will surel y be needed to reduce the ni trogen content and to in-
crease the hydrogen content of fuels refined from oil shale and coal syncrudes it they
are to meet current jet—fuel specifications. Hydrocrackinq will also be required to con-
vert high .i-bo iling— range fractions to the boiling range and composition of current—
specifica tion jet fuels. These projected needs for additional hydrot i-eating wil l surely
in crease the cost of future-specification fuels and energy consumption required to refine
them. Therefore, some relaxation of the curren t specifications may be needed to minimise



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 (11), as being reasonable for setting the possi-
ble limi ts of a candidate “broad-specifica tion ” fuel.

Measureme nt Techni ques

As was pointed out in the preceding discussion , an accura te knowled ge of the level of
certain critical fuel properties is needed to evaluate the level of other dependent prop-
erties . The current methods for measuring severjl key fuel characteristics are shown in
Table VI and are also compared wit h 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 specificati .ns because test results using certain methods nay be unacceptable
when fue l prope rty values exceed the range of sensitivity of current metbods. Since
hydroge n content is one of the key fue l properties , a direct measurement of hydrogen con-
tent should be made by using a techni que such as nuclear magnet ic resonance (NMR ). Also ,
the hydrocarbon composition may be needed to determine its effect , if any , on combus tion
and therma l stability characteristics. Gas chromotography - mass spectronetry (GCMS ) is
a likel y can~ idate f or hydrocarbon analysis. New techniques to measure volatilit y , f l u id-
ity , and therma l stability will also be valuable to more accurately determine the vola-
t i l i t y  of high—boiling—range fuel, correlations between freeze point and pumpabi li ty ,
and correla tions between fuel deposition and engine life. Finally, techniques such as
the Kjeldahl method will be needed for measurin g the nitrogen content of future sy ncrude-
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-sp ecification fuels . In this section , the e f f e c t of
vary ing these properties on the combustion and thermal oxidation characteristics of future
fuels is conside red.

Flame Characteristics

The fuel property that has the largest effect on the char ac ter i st ics of the f l a m e
within a gas—turbine conbustor is the hydrogen content of the fuel. It affects soot for-
mation , carbon deposition , flame temperature , and total flame radiatio.i. The effect of
hydrogen content on soot formation is shown in Figure 15 (taken from ref . 12), wher e the
soot concentration is shown to increase markedly wit’i decreasing hydrogen content. These
resul ts were obtained by collecting soot samples from the primary zone of an experimental
a tmospheric burner at near-sto ichiometric  conditions for blends of benzene and n-heptane .
The tendency to form soot is a function not only of hydrogen content but also 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 quali ty 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 dis tribution of a typical
fixed—orifice fuel nozzle is illustra ted 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 e f f e c t  of v o l a t i l i t y .
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° C, 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
viscosi ty is also an important fuel property when evaluating carbon deposition character-
istics.

Figure lB 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 fl ame temperature characteristic with decreasing hydrogen content can have sev-
eral adverse effects within an aircraf t engine combustor . Both the rate of oxides—of-
n itrogen (NO x ) formation and the total flame radiation energy would increase. A more
drama tic 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
fue l hydro gen 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 luminosi ty .

Emission Character istics

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 numbe r
was measured. The effect of hydrogen content on the NOx emiss ions of th is combus tor is
shown in Figure 21 (also taken from ref. 15). The increase in NOx 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 (NC) 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 operat ing conditions , where low pressure , temperature , and fuel—air ratio are all
conducive to poor combustion e f f i c i ency  and , hence , hi gh CO and NC 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 NC 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 a f fec t s  the formation of pollutant emissions is shown
in Figure 23 (taken from ref. 18), where the NO~ 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 substan tial increases in the NOx 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 Characterist ics

Two fuel properties that have a significant effect on the ignition characteristics
of a fue l are volatili ty 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 re f .  17) .  Si gn i f i c an t l y
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 (10-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
in jector , 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. Nonethe1e~ s, cer tain trends can
be attributed to particu)ar fuel properties and , therefore, changes ir~ these properties
in future fuels will cause results similar to those that i~ ~re illustrated. Therefore, if
fuel properties change in accordance with the proposed broad-specifi~;-ation 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 igni t ion
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 t em-
perature. The fuel flows up through an annulue 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 fi l ter 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-
sul ts 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 2 6
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 signi f ican t , and these data indicate that nitrogen content
in excess of 0.01 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 specif i-
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 2600 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 2600 C.

Mother 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-boun d—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 re f in ing  processing that  would be required to produce synthet ic  fuels
with stabilities comparable to those of current jet fuels.

CONCLUDING REMARK S

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 Llges is the slow average increase in the content of aromatic compounds
and severa’ rather large increases in these compounds that have recently occurred or
are projected to occur (e.g., in Alaskan crude oil). 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” hi gher-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 (11). 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 prov ide a L~sis 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 bread—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 variation s in properties , as discussed in this paper,
has on the combustion and therm~ 1 stability char.:cteristics of future fuels.
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TABLE I. - COMPOSITION OF PETROLEUM CRUDE OILS

Crude Con- Total Middle-distillate frac’.ions
source etituents crude

Boiling point, 0C

120 — 205 205 — 275 275 — 345

Content , wt %

Nigeria Sulfur 0 1 4  0 . 0 2  0 . 0 9  0 . 1 7
(light) Nitrogen .12 .001 .001 I .012

Hydrogen 13 .0  1 3 . 4  13 .1  1 2 . 8

Aga—Jari , Sulfur 1.34  0 . 0 4  0 . 4 0  0 . 9 5
Iran Nitrogen .13 .001 .004 .010

Hydrogen 13.0 14.3 13.6 13.1

Kuwait Sulfur 2.53 0.10 0.45 1.52
Nitrogen .13 .001 .092 .10
Hydrog en 1 2 . 7  1 4 . 2  1 3 . 8  13 .1

Alaska Sulfur 1 .04  0 .05  0 . 2 3  0 . 6 0
(Prud hoe Bay ) Nitrogen . 2 3  .001 .009 .028

Hydrogen 1 2 . 3  1 3 . 8  1 3 . 0  1 2 . 7
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TABLE II. - COMPOSITION OF “SYNTHETIC” CRUDE OILS

Crude 
-

~~~~ Con- Total Middle—distillate fractions
source at i tuents  crude — - _______

(process) Boiling point, 0C

120 — 205 205 — 275 275 — 345

Content , wt%

Shale oil Su l fu r  0.71 0 . 9 0  0 .66  0 .69
(Paraho) Nitrogen 2.0 .001 1.01 1.9

Hydrogen 11.5 12.5 12.2 11.5

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 Su l fu r  0 . 6 4  0 .65  0 .56  0 .60
(Garrett—Insitu) Nitrogen 1.30 .001 .46 1.03

Hydrogen 11.8 12.6 12.5 12.0

Coal syncrudea Sulfur 0.22 0.10 0.092 0.14
(Synthoil) Nitrogen .79 .30 .29 .32

________________ Hydrogen 9.2 11.0 10.8 10.4
aKent cky coal.

TABLE I I I .  - CHARACTERISTICS OF AVIATION TURBINE FUEL

Characteristic Effect or relevance

Heat of combustion Specific fuel consumption ; takeoff gross weight

Specific gravity Heat of combustion (by weight , by volume)

Volatility Ignition; altitude rellght ; idle emissions ; evaporation
loss; carbon formation

Viscosity Fuel atomization ; ignition : pumpability

Aromatics (H/C) Smoke, flame radiation ; heat of combustion; carbon
formation ; thermal stability

Flashpoint Fire safety

Freezing point Pumpability on high-altitude , long-range missions

Sulfur  Corrosion ; emissions

Ole f ins  Gum formation (therma l stab i l i t y)

Thermal stability Maximum fuel temperature; fuel deposition
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TABLE V I I .  - P~~)P0SED SPECIFICATIONS FOR EXPERIMENTAL REFERE E BROAD-

SPECIFICATION (ERB S) AVIATION TURBINE FUEL

Specification ERBS jO t fuel Proposed east method

Composition
Hydrogen content , wet 12.810.2 Nuclear magn.tic resonance
Aromatic content, volt Report ASTM 01319
Sulfur content (mercaptan) , wt % 0 . 0 0 3  (max.) ASTM Dl2 19
Sulfur content ( to ta l ) ,  wt % 0 . 3  (max. )  ASTM 01266
Nitrogen content (tot a l) , wt% Report Ejeldahi
Naphthalen . content, volt Report ASTM 01840
Hydrogen compositional analysis Report Gas chromatography —

mass spectroscopy
Volatility :

Distillation temperature , °C
Initial boiling point Report ASTM D2892
lot recovered 205 (max.)
50% recovered Rep ort
90% recovered 260 (mm .)
Final boiling point Report

Residue , percent Rep ort
Loss, percent Report
Flashpoint, °C 38 to 49 ASTM 056
Gravity,  deg API at 15° C Report ASTM D287
Gravity (specific) , (15° C/iS0 C) Report ASTM Dl298

F luidity
Freezing point, °C -29 (max .) AST?4 02386
Viscosity at — 2 3 ° C, m2/s (cS) 12x10 6 (max.)  ASTM 0445

Net heat of combustion , k.3/kg Rep ort ASTM D2382
Thermal stability (JFTOT breakp oint 240 (mm .)  ASTM D32 4 1

temperature, bas~d on TDR — 13
or AP — 2s inm , C)

ii
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Fig. 18 Effect of fuel hydrogen content on maximum flame temperature

HYDROGEN CONTENT.
90()4.Q3 PERCENT BY WEIGHT

/
8

- /,10
7~X 

—

r..J
2

4

~~~400 -

g

6

100 -

I I I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20

PRESSURE , atm
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Fig.20 Effect of fuel hydrogen content on smoke number at
takeoff condition. (From Reference IS)
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Fig. 21 Effect of fuel hydrogen content on oxides-of-nitrogen emissions at
takeoff and cruise conditions. (Taken from Reference IS)
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IMP ACT OF FUTURE FU EL PROPERTIES ON AIR CRAFT ENGINES AND FUEL SYSTEMS

R. A. Rudey and J. S. Grobman
NASA Lewis Research Center

Cleveland , Ohio 44135, U.S.A.

SUMJ5~Ry

, 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 cx-
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 encoumtered 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
oil 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
ni tric 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 el imina te them , in the f ina l  analysis, the choice between estab-
lishing allowable variations in fuel properties and implementing advanced propulsion—
system technology will be arrived at through art iterative process. Obviously , economics
will play a key role, as wil l  the ava i lab i l i ty  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 properties 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 at tention are described , and programs that are under way to address
these needs are briefly discussed.
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ENGINE PERFORI4ANCE

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 (Pig. 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 thu repair of hot—section parts , the overall long-term engine performance
deterioration woula be much 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. 110w 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 ef fec ts
are clearly shown in Figure 3: For a given f~iel (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 J~’-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 eng ine ’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 ~Jramatic increases in combustor smoke number with decreasing fuel hydro-gen content have been obtained in experimental evaluations using conventional combui tion
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 aagine 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 (NC) emissions of this same can
combustor operating at idl. 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 NC emissions is detectable with decreasing fuel hydro-
gen content. This effect of fuel hydrogen content on CO and NC 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

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~—- -‘ _~~~~~~~~~~ :~~~~~~~~~~~, ~~~~~~~~~~~~~~~ ____



~~~~~~~~~~

- -

~~~~~~~~

-

~~~~

—-—

~~~~~~~~~ 

-- 

~~~~~

-

~~

--

~~~~~~~~~ 

- - -

~~~~~

-

~~~~ 

- -

~~~~~~

- .- -- - - -  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -- -- ---c:
~

- - w
- ~ 

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 muchlower compressor discharge pressure and temperature at idle. The effect  of fuel hydro-
yen content on CO and NC emissions , as illustrated in this example , m’y not be as signif i-
cant in current and future modern high—pressure-ratio engines. The hxgher compressor
discharge pressures and temp eratures of these engines should minimize th is  problem.

The e f fec t  of fuel hydrogen content on oxides of nitrogen (N O n ) emissions is illus-
trated in Fi gure 8 for the same can combustor used to obtain the results shown in Fig-
ures 5 and 6. For this coinbustor, the NO~ emission index increase was more pronouncedat 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 Fi gure 8.  These theoretical temperature charac teristics indicate that a
trend toward increasing NO x 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 llO

~ 
emissions. This effect for a low-pressure-ratio

engine combuator is illustrated in Figure 10 (taken from ref. 7) for three simulated en-
gine operating conditions. The NOx emissions increased substantially at all operating
conditions as fuel—bound-nitrogen content was increased. The magnitude of the increase in
NO~ emissions would be even more pronounced if all the nitrogen were converted into NOx ,
but this was not the case , as shown in Figure 11. 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 eff iciency has been shown to he ~ func-tion of variations in combustor configuration and operating conditions. Conversion of f  i-
ciencies from as hi gh as 80 percent down to 40 or 50 percent have been real ized.

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 fel t  to represent what can be expected if fuels having
properties similar to the test fuels are used.

ENGINE COMPONENT DURA BILITY AND MAINT ENANCE

Changes in future fuel characteristics will likely have a pronounced e f f e c t  on engine
component durability and mainter.ance. 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 cnqines . The effect
of increasing combustor inlet temperature on liner temperature is illustrated in Figure l.~
(taken from ref. 8). The effect is almost linear and is probably caused by the increasinq
cooling-air temperature and th. 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 Fiqure 13. Calculated
l iner temperatures are also show n in both Figures 12 and 13 and , in genera l , they are in
reasonable agreement with both the shape and trend of the measured experimental tomperaturt~
and pressure effects. However, the calculated absolute liner wall temperature levels are
too high probably because total flame radiation cannot be accurately forecast. The sens i-
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 wi th  the cruise condition. The e f f ec t  of cctinbustor pressure  on
soot format ion , and hence f lame l u m i n os i t y ,  is described in detail in reference 9.
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In summary , there are several factors that could affect combustor liner temperatures
in future aircraft engines. Increases in cycle pressure ratio that are being sought to
1.mprove 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 .

Carbon Formation and Deposition

The combination of the inability to effectively atomize the fuel that is injected
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. 11). The use of fuels with higher boiling ranges (e.g., diesel oil ) 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 a i rcraf t  eng ine , 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
schemat ically in Fi gure 19. wei ght 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 fat igue, 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 fue l 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
I mproved fue l in jectors
Prevention of carbon deposition
Improv ed materials and coatings
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Al though it is not within the scope of this pape r to discuss in detail the research
and development needs in all these areas , technolog ical 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
fue l 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 hi gh-altitude re—
light. All these techni ques wil l  add a degree of complexity to the engine and its fuel
control. Therefore , simpler and more reliable techn iques 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
costhustor 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 fue l 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 coinbustors that they were designed to replace . The use of one stage (pilot) to
reduce CO and NC emissions during idle and a second stage (main) to reduce these emissions
during high—powe r operation proved to be very effect ive , as shown in Figure 24. Staged-
combustor concepts such as these will be needed to minimize the impact of decreasing fue l
hydrogen content or increasing fuel-bound-nitrogen content on a i rc ra f t  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 preatixing 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 va r ie ty  of minor combustor modifications can be used to reduce CO and NC 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 Comp onent Durability and Maintenance

Several potential design app roaches can improve component durability and reduce main-
tenance requirement.:

Lean combustion techniques
Advanced materials and coatings
Advance d liner cooling techni ques
Improved structures

Lean combustion can reduce the effect of fuel hydrogen content on flame luminosity and
there f ore reduce liner temperature, as shown in Fi gure 2 6 .  A maximum liner temperature
over 2000 C lower than that of conventional combustors was real ized 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 ii indi-
cated by the results shown in Figure 26 is that th. 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 o f f e r  the potential for reducing l iner  temperatures. A
conventional can combustor wi th  a thermal-barrier  coating is shown in Figure 27 (taken
from ref. 16). A zir (~onia c.ramic coating was applied to the liner inner wall. The con— 
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bustor was tested over a range of conditions simulating engine takeoff and cruise; the
resultant e f fect 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
bei ng 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
cer tain ly  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 development 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 fue l properties that are most likely to cause problems in aircraft engine fuel
systems are those that a f fec t  fuel  thermal stability , flowability , and purnpability and
f uel—system material  compatibility . These factors are principally affected by the fuel—
bound-nitrogen and hydrogen content,  f reezing point,  and aromatic content of the fuel.
Another factor of concern in fuel systems is the effect of fuel volatility on safety .
Since the fo recasted trend in future  fuels is toward a less volatile fuel, rather  than a
more volatile fuel that would present safety hazards , changes in potential nafety prob-
lems are not expected and therefore are not discussed in this paper.

Thermal Stability and Deposition

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 ubreakpoint~• of the f u e l ,  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 3FTOT technique (1).
As an example, a f uel 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., 2600 C).

Many factors are involved in the formation of fuel-system deposits. Several of the
principal ones that have been identified are:

Fuel properties
Eng ine—cycle pressure ratio
Fli ght duration
Fue l con tamination
Surface mater ial
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 af fec ted
by any re laxat ion of fue l  spec i fi ca t ions  for future aircraft engines .
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Fuel Pumpability and Flowability

At the freeze point, a fuel beg ins to en ter a semisolid state , wh ich can have an
adverse e f fec t  on its pumpability and flowability. For example , a semisolid fu e l can
severely block a screen f i l ter ,  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 marg in above it s f reeze point is an abso lute necessity .
The refore, any increases in fuel freeze point that could occur from relaxing the specif i—
cations of future fuels must be carefully considered .

Many factors must be considered in evaluating the minimum allowable fuel-tank tem-
perature, such as f l ight routes, altitude, and duration and the initial fuel temperature.
The effect  that flight routes can have on fuel temperature i. 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
Associati8n, 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 kin 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 f uel temperature would reach about —40 ° 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 “candidat&’ 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 f l ights that would require fuel heating as a function of
season , flight duration (mission), and fuel freeze point is shown in Table I. The analysis
use d to arrive at the data shown in Table I is discussed in detail in reference 19.
Ba sed on this analysis, the need for fuel—tank heating would be very minimal for the _29 0 C
freeze—point fuel ,  but increasing the freeze point to _l90 C would require heating on all
f l ights 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 _290 C (current value ,
—40° C) may be acceptable for a ircraf t  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 th e
elasticity of elastomer compound and sealants . This effect is shown in Figure 35. For
an exposure time of 4 hours, the elasticity ratio ft/f o 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

~ /f~is described in reference 19 whe re fc is defined as the measured stress relaxation af ter
exposure and f 0 before exposure. The loss in elasticity shown in Figure 35(a) may affec t
the ability of this elastomer material to be effective in applications such 0-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 sealan ts
Ground handling

Although the need to improve ground handling techniques for storing and loading hi gher—
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 fue l properties on
fuel manifold and injector fouling and on elastoneters 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
puinpabi lity 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

fUght 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 f~ sl tank
would be needed to main tain the fuel temp erature above a freeze point of _ 29 0  C,  and
6500 kJ /mxn per fuel tank would be needed to maintain the fuel temperature above -18° C ¶
f reeze point.  Since the fuel temperature stays above the _ 29 0 C f reeze poi n t dur ing the
fi rst several hours of the mission , no f uel heating would be needed during this portion
of the mission for a fuel having this relaxed freeze-point specification. Therefore ,

H 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 Fi gure 36. The effectiveness of this approach is i l lustrated
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-kin 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 insulation
would produce an aircraft weight penalty that would have to be compared with thL savings
in heat input before such a technique could be considered.

An example of aircraft heat sources that could be used to provide the need ed 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
f uel system and could be implemented with a relatively low risk. The use of fuel boost—
pump recirculation and an eng ine-driven electric heat exchanger would probably require
minor-to—moderate modifications. The use of compressor air bleed would require moderate
modi fications and developmental risks. And the use of a tailpipe heat exchanger would
reqt4re the most d i f f icu l t  and highest risk modifications . The calculated increases in
ai rc ra f t  weight for a typical w ide—bodied jet a i rcraf t  and the resultant fuel  penalties
associated with usi ng 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 RE MARKS

The object ive 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-n itrogen compounds ,
hi gher boiling points (reduce volatility) , and higher freeze points. All these properties
are associated with the relaxation in fuel specifications that nay 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 const ituents
as vanadium and potassit.m may also be of concern . Techniques such as fuel heating may
also be important.

Potential adverse fue l 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
a u x i l i a r y  fue l  atom izers , 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
wil l  require fue l—tank  heat ing techntgues and “tailored’ elastometer materials. Even
though preliminary evaluations of several of these technolog ical advances have been en-
couraging , considerable research and development is st i l l  needed to make them acceptable
in production engines and aircraft fuel systems. Furthermore , the ability to cope with
several othe r problems , such as those caused by variations in thermal s tabi l i ty  and by
trace cons tituents , 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 f ully understand all the factors that contribute to theRe problems .

Beca use of the many unknowns that must s t i l l  be explored and explained through re-
search and development efforts , it is apparen t tha t these e f f o r t s  should proceed at an
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
technological data base must be developed as soon as possible if the aircraft industry is
to have any impact on set t ing 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.
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TABLE I. - UTILIZATION OF H EATING SYSTEMS (FROM REF. 19)

Mission length , Winter months I Summer months
km 

—19 ° C f uel —29 ° C fuel t~ ° C f uel -29° C f uel

Flights predicted to use fuel heating systems ,
_____________________ 

percent of tota l

3700 53 0 45 0
5600 59 .1 50
9100 73 5.3 59
Combined uti l ization 62 1.8 52

TABLE II. - COMPARISON OF POSSIBLE FUEL HEA T SOU RC ES

Maximum heating Weight Fuel
rate per tank , increase, penalty ,

)cJ/min kg percent

Air conditioning system 2200 140 0
Lubricating—oil heat exchanger 4500 140 .4
Fuel boost-pump recirculation 2100 140 .4
Compressor air bleed 6500 300 3.9
Engine—drive electric heater 6500 450 .5
Tail—pipe heat exchanger 6500 250 . 1

Insulation — 2.5 cm thick — — - —  5900 14.6
Equivalent heating by combustion 6500 - - - -  .4 
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Fig .2 I Examples of typical erosion and corrosion distress on tu rb ine  blade
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(a) VORBIX COMB USTOR FOR JT9D ENGINE.

S )  DOUBLE-ANNULAR COMB USTOR FOR CF6-50 ENGINE.

Fig.23 Combustor design concepts from NASA Experimental Clean Combustor Program

CONVENTIONA L COMBUSTOR S

— ADVANCED-TECHNOLOGY CONCEPTS

-J

~~~40-

~I.LI~IL1 ~ 7L~CO HC ., NO FULL CO HC~ NO FULL
P~WER I~~~~ 

P~WER

DOUBLE-ANNULAR CONCEPT VORBIX CONCEPT

Fig.24 Emission reduction capability of selected advanced-technology
combustor concepts

- - _ _  - -~ 
_ _



—~ --ww -___ - — --,-- - -.--—-~
—.---

~~~
,— —- - -.—

~~~
- - -

~~~~
- —---

~~~~~~
- -  —

6-22

1 5 —

.

~~ 1

-LU

— 8
z
Q
II.,

~ 5 -
1-3

I I

0 -__--____
CONVENTIONAL ADVANCED- PREVA PORIZING-
COMBUSTORS TECHNOLOG Y PREMIXING

CONCEPTS POTENTIAL

Fig.2S Progress in high-altitude, subsonic-cruise NO~ emission reduction

,‘-CF6-50 FULL-ANNULUS COMBUSTOR
500 — /

/

— ~ JT8D CAN COMB USTOR

300- 0

‘ 0
~~~~

_ 2(~ 
— ‘- VORBIX AND DOUBLE-

ANNULAR COMBUSTOR S

ioe I I I I I
11 12 13 14 15 16

HYDROGEN CONTENT, PERCENT BY WE I GHT

Fig.26 Effect of fuel hydrogen content on maximum combustor liner temperature 

~~~~~~~~~~~~~~~~~~~~~ 
- . - - :‘~~~



NO COA~~~~~~~~”COOLING SLOT -‘

NO COATING ON EX TERNAL SURFACE

h G  WELD—.

/ ‘- WELD

L ZIRCON IA CERAMIC COATING
ON 9?% OF COMBUSTOR

Fig.27 Thermal-barner~coated combustor

UNCOATED LINER
1000 — — —  — —  CERAMIC -COATED LINER

TAKEOFF

~ 800 —

700 —

CRUISE

~~

500 I I I I
700 800 900 1~~ 1100

AVERAGE EXHAUST-GAS TEMPERATURE, 0C

Fig.28 Effect of ceramic coating on maximum liner temperature



- —,-~~--- ------ ,—------— -~~~~—-~~- —~~ -~~~~!V -—~~~~~—--——--’- -V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V

CONVECTION/FILM-COOLED UNER

LOUVER-COOLE D LINER C ”-1 
COLD SIDE

A .ø—1 COLD SIDE 
_________

_ ~~~~~~~~~~~~~~~~~~~~~~~~~~ IDE

A HOT SIDE

INV’INGEMENT!FILM-COOLED LINER
FILM-COOLED LINER COLD SIDE ______ 

D

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ SIDE 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ OT S:E

V IEWB - B  
L -

TRANS PIRATION-COOLED LINER
COLD SIDE

HOT SIDE

Fig.29 Combustor cooling techniques

cxi 10
MA -956

~~ ~: 
T~\ ~~~~~~~~~~~~~~~~~~~ 

\NdrAIV~ COATE D

1N-79~~~~-~ 3 

I 

\

çA

8O77

0 400 800 1200 1600
TIME. hr

Fig.30 Example of cyclic hot-corrosion results; 900°C metal temperature;
I hour at temperature per cycle

______________________________-— --- - -— ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~ -V~ - - - - 
,-~~ ~~ V - ______



- — ---- --—- ---- - V—- V- V--V.- .— -V.V.- -—-- ------ --------V - - - -V.-- -— - - - --V. ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~

I I 1.~1i III U

ii _ 
1~~~~

220 230 260 TEMPERATu RE, °C 260 275

CS-77-672

* N - 0 .1 75% BY ~ ‘[Ic.HT N - 0.019% R~ ~\ E I G H T

Fig. 3 1 Thermal stabi lity ~t slialc fuels

c s -  ‘‘-560

I - 3 2 S~- icc n I’ Io~’ K ,igc I’ ‘ ~c i n is~ l hi t cl

~~~~- ~~~~~~~. -- ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ - - - .------ -- -



I i AD AQbO k77 ADVISOR Y GROUP FOR AEROSPACE RESEARCH APC D€VELOM~~N7——El C FIG 21IAIRCRAFT ENGINE FUTURE FUELS Ate EPtROY CONSZRVATIOti.(tj)I SEP 78
UNcLASSIFIED AGAR U—LS—96 I

I _ .Ini Cl’
I P!~UMEMW~1MU

I SI



: ‘ S

I~~~
l
~

I . I
________________ I

II~D ~~~ 
‘ vv~ ‘



6.26 
- -_______ 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

FLIGHT ROUTE
—0—— NORTh A TLANTIC

NOR1H POLE
EUROPE TO SOUTH AMERICA

99.9 -

99 j~~OOOOO~
—

95- ‘(pP-/

~ 80
~~I— ~~~~~~ e-# I

~ 5 0 —
2

I

5 -  1~~~.
1 1 t’ r’
-50 -40 -30 -20 -10 0 10

MINIMUM RECORDED IN-FLIGHT FUEL TEMPERATURE. 0C

Fig.33 Relationship between fligh t time and measured average fuel temperature
for various flight routes. (From Reference 18)

10—

0

~10~~ FUEL
INI11AL

OC
12

-2
-40 -

~5C l I l l I l l I l I l l
0 2 4 6 8 10 12

FUGHT liME, hr

Fig.34 Fuel-tank temperatures for 9300-kilometer flight



.4 — \ . ~~~~
.

•. r RJELII UET A +
l)~. / 40% AROMATI CS

\__ rFUEL III tJE TA+ 60 %
- 

_T\ I AROMATICS)

.1
Ia) TYPICAL ELASTOMER IBUTADRINE ACRYLONITR ILE RUBBER) AT 15~ C.

r FUEL I UET A + 2O% AROMATICS)
1.0 

~~~~~~~~~~~~~~~ 
.8 — 

FUEL II JET A + 40% AROMATICS .J~~~~~~~~
t A O % OM

~~~~
6 I I I I I I

1 2 3 4 5 6 7
liME, hr

Ib) TYPICAL SEALANT IFLUOROSILICONE RUBBER ) AT 15(~ C.

Fig 3 5 Effect of various t’uels on material clasli~ ts ’ . U rom Reference ~O)

i i —  /
— 

CONSTANT /

~~ _____

FLIGHT TIME , hr

Fig.36 Fuel-tank temperature s for a ‘)300-kilometer flight w ith heating

~~ I



-‘
2—

-6 —

INBOAR D MAIN
TANK , 4500 BtulmIn-~

~ -10 ---

-14 -— OUTBOARD MAIN ,‘- RESERVE
TANK . 4500 Btulmin -% TANK,

-18 HEA TiNG SYSTEM ON 650 Btu lmln

-22 —

I I I I I I
0 100 ~0 ~0 400 ~~ 600 700

FLI~ IT TIME. mm

Flg.37 Effect of intermittent heating on fuel tank temperature .
Wide-body jet; 9300-kilometer mission. (From Reference 18)

INSU LA TION
1HIcKNESS.

0 1000 ~)0Q 301X) 4000 5000 6000 7(0)
HEAT INPUT PER FUEL TANK, kJImln

Fig.38 Reduction of fuel heating requirements by tank insulation



-~~~ ---~~—-,--~~~~~~~~~~

CABIN AIR-CONDITIONERCi ‘ HEA T EXCHANGE R

i-BOOST-PUMP RECIRCULATION

/ 

/ 

r INSU LA TION

— TAILPIPE HEAT /
ENGINE-DRIVEN ‘

I EXCHANGER

(XCHAIIGER—~ / ~-COMPRESSOR AIR BlEED

‘LUBRICATING-OIL HEAT
EXCHANGER

Fi1z3 ’~ Potential fuel-lank heating sourcc~



ENGINE COMPONENT IMPROVEM ENT AND PI:RFORMANCE RETENJ’ION

by
William H. Seas

Pratt & Whltn ,y Airiraft Group
United T.dinologles t orpora t lon
East Hartford , Connecticut 06108

Three general methods of reducing fuel consu m pti on of current engines are listed in Figure I. (‘ y~lc improvem ent can be incor-
porated in growth and denvative engine inud~Is by chang e s in byp.*ss ratio , ove rall pressuic ratio and turbine inlet tempe rature . Com-
ponent per(onnimnce can be improved through design re finements. It rnasj be advantageous to incorporate the improved com ponents
into esis t a n g engines duri ng routine overhaul in addition to incorporation into the future production engines. Improved engine perfor-
mance retention through revised maintenanc e procedures ~nd unproved d~ssgn would also reduce fue l usage this lecture will discuss
all three methods ut current engine fuel consumption improveunent~

The importance of Improving the fuel consumption of current engines end their denva tive is brought out in Figure 2. Approsim-
ately ‘~0 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 developm ent , or de rivat ives the reof. thus, improvement in t he fuel consum ption nt current engine types
and their densa t ives is mandatory if a significant savings in aircraft fuel consumption is to be made in this ct ntury

An example 01 cycle improvement in a de rivati ve engine is the retanned JT8t)-20~. The JTbI~-109 (as shown iii Figure 3) incor-
porates t he same high pressure spool as the )T81).9 engine current ly in airline service . It has a mw low rlressure spool with a higher
bypass ratio single-stage fan. A picture of the )T9t)-10~ is shown in Figure 4.

Figure 5 com pares the pnmary cycle variables of the JTKI)- 200 with the current JT8t )-~ and J 181)-Il engines The JT MI)-209 has
a higher bypass ratio , a slightly higher overall pressure ratio, and the same turbine inlet te mperature as the )TX l) Q engine. A more ad-
vanced JT8D de rivative engine under study (the STE 51 7)  is also shown. The STF ~ 17 derives its high spool from the ITSI)- 17 and in-
corporates a further increase in fan diameter

H The unmnst afled altitude cruise SEC’s for the JT8D derivatives are compared with the u SD 9 and JTSL)-17 engines in Figure h.
The SFC improvements at maximum cniise th rus t due to the cycle changes in the JT8I)-209 and STE 5 17 engines are significant. The
actual gains in fuel burned are lower due to the increased we ight and drag of the larger Ian. and in the case of c osting airplanes the
engines are operated at a relatively low cruise thrust where the improvement in SEC is less

The NASA Engine Component lmprovemt-nt-Perfonnance Improvement prograiii is an integral part of the ongoing ITS!) amid
JT’41) engine fuel consu mption improvement program. The objectives of this NASA program are shown in Figure 7 . The goal of ~~‘

fuel ~ivinp over the lit - t une  of the engine includes the gains due to com ponent perform ance mmprosclm ient and timiproved cisgine per-
lormance retention Based on studict conducted to state the S’f fuel saviuigs appear technically leasible. Ilowever . further ps-uts ~rmIiauice
testing and economic evaluation are required to determine how much of this improvement is econninicatl) feasible.

An economic evaluation procedure has been developed ass part of the NASA Performance Improvement Program which I believe
us so mewha t unique. The general procedure is shown schematically in Figure 8. The engine iu.iniifacturer. Pratt A Whitney Airc raft .
es timates t he Impact of each of the component improvements on the engine perfonuiance . weight . I~rict , and inamntcnaiicc cost the air-
craft companies (Boeing and Douglas) translate the se into chang es in aircra ft fuel burned and airplane d irect operatin g cost 11w airplane
performance and economic data are then fed into TWA’ s route and economi c su niu lati on this sm i,mulaliuiu , caltulafrs (hi- impact s it the
com ponent change s on the investment required to incorporate the changes, t he direct operating cos ts , and on fuel burned for t W A S
route sy s tem. It also calculates the period of time required for the savings in fuel s-OatS to pas hack the initial o’~i ot incorporatmg cas h
of t he improved compon ents in the engines. This calculated payhack period us then compared with the ina’.imum acceptable pavback
period as determ ined by the participatin g airline s, lithe payhack period for a given somilpisnent impnssc ni ent is g reat er than the m ast-
mum acceptab le value, t he improveme nt is rejected. If the payhack p riod is less than the unasi mum acceptah k t im e , the s’uniu lat usc
fuel saving s for that concept are calculated. The cumulative fuel savings are based on the engin e m ar ket pto~ect ion t ot sak s up to I9~0
as determined by the team of manufactur ers and t he airline operators TWA. American. United . Pa~ Amuie ri5aii. mild I-aste rn airlin es
have been active as consultants in this economi c evaluation and are nienibe rs of the lsc rt onu iem is e improvement evatua Ksn teen ,

The specific component im provements to be tested as a part ~f the NASA Perfssnn ance Impro vement progr am were reconiniended
by P&WA and selected by NASA based on cons ideration of the cumu lative fuel saving. pay hes ’k ~ii’rmod (econonik altra ctive nt sa ), amid
the exp erimenta l program cost, (see Figure 9).

This evaluation procedure is an effective m eans of determining which of the many pote ntial engine component improvensents
make economic sense . We plan to use It in the future in Connecticut with our continuing ln-houae engine Impruve nsent program

Figure 10 shows the number of iTS!) and 3191) performance improvems nt concepts that were screened and processed through
the detailed eva luation procedure. Programs were proposed to NASA on thr ee Jl ’~lI) and five JTQI’l performance improvement s’ti fl cept%,

The three 3181) performance improvement concepts selected are shown in Figure II along with their calculated payback periods,
improvement in asrcraft direc t operating coats , and cumulative fuel savings. The est insat ed total fuel savin gs is about 3.5 billion litres
(0.9 billion gallons) through the 15 year life of engines entering serv ice through 1990 . These performance Improvensent concepts will
be discussed in subsequent charts.

The revised JTSD high pressure turbine outer air seal concept Is shown in Figure 12. The cur rent blade disc harges all of the cooling
air at the blade tip. In the revised scheme moat of the cooling air discharge is relocated to the suction side of the blade by plugging and
dntt ing 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 t he trailing edge of the existing spoiler. The objective is a 0.5% meductlon in cruise SFC.
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The JTSL) high pressure turbine root discharge blade (see Figure 13) incorporates a two pass cooling syste m with unproved s-ool ing
effe ctiveness. This reduces the cooling air required and eliminates the momentum loss due to the discharge of cosslmmsg air on the suction
side of t he blade It ma estm niated that the root discha rge blade will provide a 0.S’t reduction in fuel consumption beyond the revised tiigtu
pressure turbine outer air seal configuration.

The ITS!) trenched tip high pressure compressor concept is sho wn in Figure 14. Ihe use of abradab le rub stnps th rough the high
pressure com pressor permits running with tighter tip clearances. A sprayed Nichr ome- po lyester ahrad able appears most promnismmig based
on cost , erosion, amid abradahulity considerations. It us estimated t hat the tighter lip clearance plus a moderate trenching of the outer
case will provide a 2% improvement in com pressor eff iciency. ibis translates Into approximately 0,9% reduction in cruise fuel consummu p-
tion.

The selected IT’fl) pertorrnance unprnvenuent concepts art’ listed in Figure I S along with their calculated payback ~senod. direct
operating cost improvement , and cumulative fuel savings. The total potential fuel saving s is over 9 billion litres (2 .4 billion gallons ).

the improved 3191)- ? tan concept us sh own in l’ m g urv In. The fan pertonnanmx is improved by the elimination of one of the part
span shrouds and by incorpora t ion of improved fan blade aerody namics (multiple circular arc cross section). Fan blade chord s are
increased in order to avoid blade flutter and to provide sat isfact o ry foreign object damage characteristics, lime heavyweight blade has
been tested extensively to provide design im~ormation for the lightwe igh t blade. It is esti m ated t hat the revised Ian will pros-ide a re-
ductuon in block fuel consumpt ion 01’ I to IWI’.

The I 191)-i trenched tip high pressu re compressor concept is shown in Figure Ii , The concept is the sam e as in the 31’S!) hugh
pressure compressor hut diffe rs in mechanical detait

I’ugurr IS shows the improved iT9D~
)f 70 high pressure turbine active clearance control , The J191)-5Q/70 high pressure turbine

is encirc lest by perforated pipes which spray fan air on the turbine case . The sir supply is turned off during takeoff, climb, amid landing
when the engine is subjected to the most seve re the rmal and structural loads. Since the case is hotter w ith the air turned off, t hemial
expansion of the case and seal support s provides large r clearances between the turbine blade tips and the seals. The cooling air is turned
on during cruise and the shrinkage of the ~use and seals tig htens t he tip clearance . improving turbine ernciency. The improved system
incorporates increaseti coolant air supply and a reduced stnking distance for the impingement ,~ets . l’tuis will gis- e a greater reduction
in outer air seal diameter at cruise and therefore a greater improvement in cnuise SFC. The objective isa 0.9% im provement in cruise
fuel consumption.

(‘eramme coating of the I 191) first-stage nozzle guide vane emudwalts (Figure 19) Isrovides a thermn~l barrier or umisulatung effect
which allows a reduction in cooling air and a consequent performance inipros-ement. Further development may allow thermal harrier
application to vanes and blades in the future.

The JT’31)-7 graded ceramic high pressure turbine outer air seal concept is shown in Figure 20. The conihination of a ceramnic
outer air seal and an abrasive blade tip provide a considerable im provement in ahrads hmlmtv relative to current shi-oud!hlade mnaterial
combinations This pemiits uric of tighter t ip clearances . Also the ceramic shroud material acts as an insulator thereby reducting cool-
ing air requirem ents. A potential cruise SEC improvememut of 0.4’i. is estimated for this concept, A picture ot ’ a JT°I) blade with abra-
sive blade tip and a cross section of the ceramic seal us shown in Figure 2 1,

The overall benefits ol’ the J rsD/J’rQn ICI Perfommancc 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 assunied fuel cost of II .6 cents

~‘r litre (40 cents per gal lon ).

I will now disc u ss our efforts to understand and improve engine perfonuiance retention Figure 23 shows the ~enersul character-
istics of SFC deterioration for a specific engumue in amrlimue service. There is a rapid initial performance detcriorat ion which is called
short time deterioration. Then a more gradual “long ti-nfl” deterioration occurs , with penodic imuupm’os-ements in je rtorinamice emit engine
ri-immoral and repair. The ensount of pert’onnancc recovery on repair depends on the extent and nature ot’ the work done. The dotted
line ihows a typical deterioration for an average repaired engine. The objective of the perfo rmance retention technology program is to
reduce the SEt’ deteri o ration of the average repaired engine by between I mind 3’i- ove r the lifetime of the engine

the cornerstone of the perform ance retention tec h nology Cffort us tist’ NASA J 1’~1) Engine I)iagnost ics prog rani Thi- spe cmtic
objectives of the prmmgranu are shown in Figure 24 . The bottom line is to recommend perfisrnmance retentiomu techniques for current
and futu re engine s through improved maintenans-e and operating procedures and improved design.

task I of the engine diagnostics program (Figure 25)  was directed at gathering and analyzing historical stata on performance di-’
termora tmon and engine parts usagc Performance data has been gathered from January Itt IQ77 backward as far as possible. In adsti’
(ion, gas path parts with various levels of usage (time ansI cycle s) were inspected to detin c rater ot change in dimensions w ith usage
This was shmn~ in order to better understand the lossc~ in m odule perforuiimmnce ansi to correlate this w ith parts life, The Rocimig and
Douglas aircraft companies amid Northwest , Pan Am mi en ca n . Trans World , United , ansi American Airline s parti c ipated with mis on this
part of the program

task II (Figure 26) is directed mit collecting new data on in-service engine perforssmsmms’e deterioration under moore commtro llesl condm-
(ions Performan ce data lit -flight, and pie- and pist-repair calibrati o ns are being gathered on Pami Ame ricamu 747SP airc raft fleet Di’
mensuorual data and parts replacement / ret \mrt s is hm ent data is also being collected for each eng ine shop su it in order to correlate the
perforinamice changes with the mechanical conditiomi sit’ t he parts.

t” light toast data ma also cntica l t im understanding the cau ses of emigine d et e r m orat mo m m . The feas ihilit~ of sib ta mnu mig mn .t ’lighl loads s tata
has beems essumnmn eml . and the poss ih ilmt~- of proceeding with the te s t programmi to gathe r certain t%p e s of in-flight data is unst er consi der s .
t mo n rime Hoeing ansi Douglas aircr aft s’nmupmmmuies have parti c ipated w i t h us in this task,

Task Ill (Figure 17) is st mre s’t ed at s leterminin g the casm is ’s of short t e rm n performance deter ioratm immu l’ ask Ill has three tu indamnt ’im -
tal parts: I) Pertormance mlmnnm to nng over the init ial life of w het -ted I tUl)-7A 74 SI’ t’migines. tnstnimri s’ritest testing ansi ana lst msa l tear-
down of one of the short term SP engines. 2) Amsalysms u sing fini te elemem it imme tho uts to steter umi mm ie critical cle aran ce chang es tinder
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lime smiuiatms umm ot ers~fls’rm wi t h u sage m mm the I Pal) I ~m h sta ge high pressu re csimn~sresis-in blasts ’s is d mu- is m i mn I igums’ , 4 Die stee l rear
stag es ~t’ the high tsre-i~sure ds im m m(s resws r appesu s -i be tees ss iscs ’ ;s( mb le to erosion thmi m s are the t itsi liu im m ist stage s

As mime nti ssne st earli er , t he pn ii isai , cause s-if sh~tt (cmiii de(enoratmsin it (lie i-ti es-I ot flight toasts sin the enguie siperalimig dearamises
%mi snen mew s it th e anet s ti cat mmiiustel w hmctm smnmuta tes the liertsurmmuance lists utue hi flight load et1’s’~t -v is t-iri-wntesi as a this slu t imi h ug

sire .t S lhe auvmrs’es mu st iiiterplay s it sia t a w hich is required to s,mnuumta(e the seal ansi lit’ clearance stamn age amid Ise r formammce stctenssratmssml
m~r~~’-i’ ss are il lus trated Itsiem mig and flssui glas am m ’ s r a t t  st ef imses t the (light pr~flle, sehe’s’(est the s—pci -stun g s’ sufl dm tm ss m is w here m mt a smn m uu m ti tl ighl
h~uasfi m i t s u i , and ulefi mmest the imua - v mm i m mn flight hssasls tot th eir i’es~iectise amns ’rat ’t ‘Die etlcs ’t i-it ass m etr ms ’ Ioa~tung su n cmsgm ne stetIes ’t mo m s
was cats-silatcd by a N.ASl ’R. -%N v t rtmc t u mra l mns-idel wh ic h si mulat es the euig im le’msas’e Ilc-py Ion it nis -fu ra- h u t  mssslet w as tom ntl y st—vs -lo ped
Isv Hiiemiig anst PS%W A l ime effect of axis’s miummletr ic loads and engine transtenti s-in the i-inc line clearances wets - csl s ’u itct ed by P&WA ana-
ly ti cal proceshmnea . flue u’hi’ect s i t ss t l’set grind s ansi Isrisir stamnage were take n h its ’ ~i’,’s’s5rumfl( in st eteumnm nmi ig local mnterft-re iis’es these loc al
mnterters’mmce - i plum-i (he atmr asla bm l it s (‘ac t s ’.rs (t h e relati v e seam cut’ blade ansi knut e edge icals scm-sims the abrastabte ummum ri’nial t imes rub against)
then ute(c rn um ns - the Is isal increases in clearance

the hssys in cs sill pomuent ~iCrt u- iuu 1i auus ’e is s ’ah s ’uil a t cst t rssmmm t h e  average i’hear mi mis-e mulct’s-mw in th at s-oiil ps-inent . the Is-s-is in tSFt ’ is (hen
_‘ak’uhated misimlg ~he tiert ’ormmiance mnm t’)uens’e s’octflm’m m’ m mts f is t cac ti s’omn lit iilc umi

Die NAS IRAN tim s m( i- i-lenient milssslel u sed t i-i h is -s lid th e *trtu st~naI detles’tisins is slusiwn in Figure 3n rut aiusls tmcal mssmtcb was
iu-iest t o pni’stic the dli’, t s ’ engmmtc tsumtst ctearami~-es sill *lisutt m(mst Isung ti-nil steteiu siratmsi mi (t” t$tit’e .1’) flue stctcrnsira(ms iru is evpresumest in
pa-rs’entage Isist ms 1 SIt uelm tm ss ’ Is- i (lust engine’s 15c m tsuiimts iude before tut ’s t flight flue ste ten curati sou rate fsim an cisgmne bu ild with muuim um-
msuu i mum , Ieama m m cv ’s is sc-cit (5 * tie sugmuituca nt ls highe, than mimic with um umsiuutu m mn imu mt ial s’learans’s’s hlsssevet . the perfssrnuane-e s-if (he euugimue
bu ilt sin the mm t iiu u mmi um um cmiii sit’ t he s’hcanaiu ce ramuga- is alw -m’, v beth’m hamu that ,u one built initially with mom -s immmuummu cbcai’euus -es

Fugim me 3$ sm — mu m pare s the N AS IRAN amu mi ts (mccl prestus’t mom s iii shen I (Cr115 s t e (e rms i rmu ( is-il l foi mismi umi msiuni mmiii is tas munum mn ciugune build s I—si -
mini’s’ tolermium s’eu w mt Im mimeas iirest emigumue I-is-i ts uii mmuu ns’e test stat s Most i’mt this’ eusguni- li-- it st * tm poInts tall within the band ;siestis’test bs the
NAS IRA N s’als’u m latmsmns , omit the ass -rage ulat a shs uw’ elsss mu l the amine mns’rease iii I’Sl’t ’ w i t h llmght .‘s s’Ies at (hi- NASIR .AN st almi l im e utica
iums -st s leter iorat is s im e ut ’ the P A A stus u m 1cm-ni ‘4 ‘Si’ emsgms s c (P695 ‘4 I tAi ls iii time mm mutslle sit ’ I lie pie ut im’t i-ul ha mmmi
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t he Ian rub patlcmns cahi’ulates,l by the NASTRAN imiodel arc s-oiiuparesj with rub pattern s muieasuresJ iii the PAA SPemig m ne P-tuQ~~’4,t
alter 14 1 flight s , and iii a ‘47 certuttc, st issn engine in l’igure 40. liii - *s unelat utmn sit is iedui ’ted and sihieru esi state is quite gts od lii stifle
stages the correlation in rub ratter mts sat mucit this goi isl hi si w ev er . t he preduc led and imueas.u rest average wear slate agnes’s s-eli iii all slags’s
the gs-imid ~orretatiun between cat s uheted and obsem’ved pcrfs-irniencv Jeter isuratmtsn , arsrragc rub wear , and sIuecmhs rub Is atteru is gives us a
Pretty ta u t degree s-i t ’ cuj mifi ij ence iii m_$,ar NAS1’RAN anal~ (ical miiodel, However , addmtmsm nel work is m’esluilesl is s t uum th e i hue rtes t the misislel
incluislimug \ ‘ ras testing of a J l ’~t) engine under iimsuule ted flight csimusj it iomimm

Figure 4 1 w mi mu i ianss ’ s the csntcl usmssn s on (light loath el’ t ect s sin mmgmne iss’itsiruuuaiise determssmatm umi I-light loads do have a maguuit is ’ aumt
elIcit on i-iertsrniiauce stet eris iratmi— mi Dii’ muto delimig work carried siu( situ the dmagumsist ics prognamum has miiiprovcsi situ un d eust ans l m mmg s-st t hs mrt
terui m ttete norammtimu * ami ss’s lIm e cs ir rela tis mi betw een the analytical prestms ’t ion amid measured ekaremict’ changes are as ’s’ep(ehle However, - ‘

furitser retiuiemiuents are desired to bett er smnde m’stand sluecihc rub patte rmi variation In’thghr Iciest hsreslmct mt~is jm’t’ mm m’t’skj I ,ir muss’ in the
NAS IRAN Stru t tural iuroarems i in order to design future i -m igm m mc installation s for m i umit u m mt unm s’ngi mme sipe ra lumtg c lea ramus ’es

Alth ough the w o rk under ( mm , eng ine siu ,t g m us ss( us’ s ~uivgr aimt us lam frsini comisplete, a miunibs ’m s f  pre limmim is a r’s nuaunte ulam uce act iomi ms-c-
smmut mneumslgtmons have lies-mu umm ad e &lrmue iii the mi i~mmur i’ecs irimimit ’i ms l,s t issrsi art’ hstest in Figure 4~~ Fan blade leastmng edge hluimtncss im mcn ’ass-s
wi th tunic time to the effects or ensmims imu w m ( i t  resuu ltamut ps ’r lss rmm iam ict ’ deterioration, It us recs im mmnu end ed uhat lii i- fam i leash mmi g edge shape tic
rt’stois-sJ after 31)1)0 ~.cies 1 555 prs’sssire ,s5u i im~”js~~ tip uleam.uiucem, umwreass’ wi th time stue to thus’ et lects s s ( c r5-s um m it mst t he rtmhbc r ssu er
air seals li ii resounmt’misted that the hsi * hs r esssi rs’ csimimprs’ssor rub strips be replacs’st at smiiiuewhenv’ be(ws ’s- mt ~ ~0() and 1~O0 c y c les, Tb5 ’
erusutumi in the high pressure coinpmessor pniimienly effects blade length amid outer air seal mm iat eriah flue high pre’ssslre conipressor thm’uuulmt
be completely refurbished be’twcm mi 2’m00 *nd 1100 cycles with long blades end new or ri-hum-hushed rub strips in all stags’s It us mb us-c-
mimmended that the high pressure cs-iunpreaas-ir stators us well as the blades amid oilIer air seals should hi’ replacesi at tuetwee n SOOt) (s i

7000 i ’yc ks When the burner is repaired the dummiemis ismns amusl particularly the cone angle shoutsi be rests-irs-ti and the fuel noules remums-iv’esi
amid i’leaiued Turbine durability amid performmmaiucc loss dutferences between the airlines can be traced to ‘usriations in hunter repair pruic’
tics-s More precise definition cit which slmimiensuons ass- the uiis it critical must await tunt her testing Performance mletenioratms n iii the
high pressure turbine is dominated by lii’ clearance consuderstions It is essential that the tip clearance be set wm humi a tight tolerance
band s-in turbine restoration

This- estimated mnupect s-if the suggeslesi isei-focniancx’ retention actions on specific t’uel s’onsuiltptimiuu are showmt in Figure 43 the
suggested perlormuiance recover) actions, aumiosmnt of rectit e ry anti ci pated, ami d (tie average specific fuel s’siiusummiptisnm ri-cover) have been
mode led Die results indicated an as’s- rage l’SI”t,’ recover) of ~~~‘s ’

~ at sea lest-h cssm udutis sns s-is-cr the 3000 to Ci000 cy c le inten’al hut
esurrespunds to a reesWi -my s-i t’ ~~t sit fuel stsnsi umnptmssn at ty p ical cruise cti ndu (msins

A preliminary ~‘ost benefit study indicates that the suggestesi mt ia u mmt eiuanc e actions sill also have a fanuratuk’ effect s-in airline c-stun-
ontmcs, The cost of the additional cold section ~iish burner niaintenan5-s’ procedures tem id tm-u be offset by the beneficial etIes’t oh’ these
changes situ turbine m aintenance cost Dims ma a result of mower average turbine inlet te m perature levels, lciwcn rotor speeds, am-itt umnpros’ett
turbine inlet temperuituirs- profile The reduction in fuel usage then gives a net rs ’ductmon in aircra ft DOt ’

The sta(us of the JT’~I) Engine L)uagmumistis-v pri-igraimi is s u mmt i mt a m m :ed in Figu re 44 task I effort s have beemu conupletest Tasks II,
Ill, aimst IV are t’ontumiuing and will be directed en retin ung the conq-isinent models ansi a better understanding of the eliect of (light loads
UI, stetens-iraHsm

Figure 45 gives an 05cm-sues of the conclusions and res-ssmimmstendatmom ss of the ,l Pat) engine diagmuostuc program to slate
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Collection and analysis of: • Flight data gatherin g -~
• Historical performa nce data 

• Ground facilit y data gatherin g
• Historical parts usage and repair rate

• Flight load instrumentation
Participants feasibility study

• BCAC , DAC , PAA, NW , TWA , h A L , Al

• Partici pants -BCAC ,PAA,DACO
Figure 25 Task! - Performance Deter iorat ion

- Existing Data Figure 26 Task II - In-Service Engine Perfonnance

Deteriora tion

Low time engine test and analytical refurbishment • Internally funded P&WA programs
• Pert ormauce i.e.ltsrlag
• Test phaulsg
• Eugles preparat leu, teat . r.turblO.e.t

Analytical pro gram • On-going service center refurbishment
• Strictaral let lecthe. aasly s ls Belts •Isi.set
• Pert ermauce detirheratl.s calcelatleaa

Engine x-ra y test plan. • Special hack-to-back test results
• Test phaeuleg
• Leadleg devIce coaceptual ledge

Partic ipants FIgure 28 Task IV — Long Term Deterioration

• scAc, OAc , PA*

FIgure 27 Task I l l— Short Term Performance Deterioration 1:

Seals (luudlvldval alrllu es)
• Clearance control/rub mit/erosion Altlle s eperator/medel
• Sharpness of kn ife edges
e Flatness of lands ‘4

.5 l/D-3A A/D-i

Blades and vanes ‘4

• Airfoil leugtl~ 
%oTsFc .3

• Airfoil shape . bkmtuess/roiighness .2
‘Blends .1~

I I I ~~~~~

~O 1 2 3 4 5
Cases Cycles — b oo

• Flang e leakage
I Out of ,~~ :is/flit.es$ FIgur e 30 JT9D Pre-Repair Test Data Relative To New
• Leaka ge due to loosenes s At Constant Thrust

F igure 29 Areas Where Losses Occur 
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Flight cycles ’ FligOt c ycles

~igu~y t’  Pp Jlt’gt-.J F/fr i ’s of ludil (iea,anie On ~~ ,ri 1-is.,. ’ IS Short l~nn lh ’terItiWWk) A
Term and I.u *g Term Ilu ’ter *ur tlon

A aiptic al ..ps$I U..t.I eutietatil.

11111*5 pidlutsi psiPsiunu NislIsatIs 4N (s fl~IS Sill 1115 - iee mu.
.s~~sisl 55 sssi.50 .1501 ps.spsl psi Psiuauss llt.rIs.tisu I Iss P450)43st ssNtau ( tlusi( ‘155.1.55,111 4 - ~ 1141 fN~MuP

AT FC 

~
Cy cles - see

P1,1(11.,

Figu r e ~U h’re-Repair Test l)suuo Relatiw To .\ew Figurt - 4i 1 F an Rith Pa tterns

• Flight loads have significant effect on • Restore f an leading edge - 3000 cycles
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• Com pletely refurbish HPC - 2500.3500 cycles
• Revane HPC - 5000-1000 cycles

• Cerr&atlsn between analyt ical prediction and measwed
cleerance changes accaptable—ferther refinements • Restore burner dimensions , cone angles , clean
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• “Average ” trend and level of deterioration has
been defined

• Specific airline trends are documented
• Causes of deterioration have been Ident if ied
• Role of modules vs. usage uncovered
• Part conditions documented
• New modelin g techn iques developed
• Recommendations (prellml nary~ present ed
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Su general ~uthine ust (lii ’ issate i i~sl to hi’ ~ *u~ s’i~’st ii, this ki tuls’ is go en iii 1- igute I

Hetusis u si isu -ussing low ~-t i et~~ uu t ,s sissiputiusn u-n$,ne% sit (hr (titUn— , I n su shi lilt’ Is ’ tine fl~- I’s s-iu ’n (he ti is t s s i is si uIett ’ ls ’~uiti eti ( us1 i iis

rs’~ ’~t e~- ssiso ins in airs- ialt gas (~,tbine engines Figure ~ sl~s iws Ihu’ l iisi uuii ~*I l’iss$is’ss iii airsiafl gas turbine * is ,,,.’ ems ieii~ I fi r st at .

es lu ’ isIs m ini t he I it -st I- isglith Whit (Is ’ W I I au th I sililaus i Vsiii Uhain I Is’ S t p~3 (urbsu ~et fl ight ensmes ii~u to tswIa~ s ,iiuistei is high l’s psaw
rat io iflhiiieIs 151 t utbsi t* is engines ~ tus i sIi~sn Ii *rt ’ the tOils. ’ ~tThiensiu’s si t the Naple, Nssniast tUibsis usilu l isi si i ist CIIgIIIC aii*i the u ssuis
,siet~-ial tiiituss1ini1i engines iii the SIY~S lb.’ e ssnspsusinst engine ii,st 101555’ s it th e (u i bss liruu (i .-isgiises had signutis aiiils (sigher nii~~ s ( I s
siClis is’s th an the ss sn (elis l ’surai et s sit (aiss stue to the bight ’, ~ius spsutsio is ef)l~ is ’ u s s S  s it the h’Osl’ells’t tts s n eves thes welt’ rest ,-,sieut t~ 
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lowet - ~nhlse M.is Ii numbets th is ’ (ii the linutat stills s it the i~ i1it—lis’i

the airs-tail gas turbine si sills’ s’ l t us ieustv has iIii ls isi%t’st hI i ISs (sit s u t .1 siit’i (he Iu usiu stCt *sICi s ul et iglile dt’velopiiieis( Sigiiilisgii(

iiiiplsiv.’iiseflt is ~uis’shis ~(~ ut f, si the t\,tw-e hs- flurther ri-finenient ot the s~ ile aut h pr~srutsioui s ha , asteussl is  s t h e  it s s is-a’su’s It s ui~Ct* ll
* sit ’ ~‘rrssuo’ raI~us . I ut-bins’ inlet tt ’iii(is ’ iS tuit ’. j u st *Oii%(ils ’%Ssii and (U, bin,’ P°I~ 

I io riu Cit  u~-ut-ns - ies (h at hase A s s ti i li(sali is ’%h th is eflgine
efi is ie ul* Iiii(5fl5% t’ i5~ ’i5 t Alt ’ ;stsi ( test in Figures 1 thissisgh ti R*i1itrj (5Oi4IV%1 ~ js nisisle III ads aiis ing *hl si t Owsu e~ s le p
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aiiicheis *0 s’l

(he (list itt’i~ade gi~tI a hiatt Sinee then. lapusI prt~ n’SS in overa ll ~ire..urr ta l u s  ansi huthitne inlet (euiI (is’ ratllrC list stuifluiiii.’st whiI~ fist
(her uhCttisl hsiiiefl ( in eonipuesvtsr atid turbine efils uencies has been slow and sh Ift ult his a~ hu es r (‘suiit t i~ iesh iiis is’silel III u oiu;srelisusiii

ratussi auv pt-sift test fist the tliture si ith uiu,Is ,iiuiste,( ,uu-us-a,so In tuulsinc inhu’ i hrniiseiaiure su it etsuqussnent ellis- us-is5 is-s

II shssui st us’ po,nts’sI out that It is an a*-hucve inent even to inSult sin ss i iss lais ( *onspoiien( efiltuensues while lns -is ’a~ing ~‘siiiqu1t’ssiOn

tat uo antI (ut-his ne inlet te,is1’t’i a(t i is ’ i I ussush tOuii(ituiit ’fl ( em5 ieiis s is iiisiiV ~1 ~f l is silt t o as husoe iii isig h~ i isI\-w uis’ l ~t is is due to the smat
(s -I stin t blatting in (lie high (irs-wire essinhirs-u.s,i aissi Iiilttuiit’ usini lutitieiitt su it ins-reaurst li-akags- isvsm’s (highs-u tuituitse uisin( (d ispels
(nit ’s (end (si sle gtest c turbine s’(his li lies st iue (ui i i isrs ’sist ’st s - siOIii5~ au respuurt’iuien(s ansi leakage

Fuhire gas turbine edIt li’lss S ini(iruni-isie.it tan tsultois t11-su paths that an’ not muhusalts s-’su (iusiis’ ~i-ug.sn’ ‘1 (lw t i is path is the
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the Isis-us si t un it (5 5155 term luibsstais ts ’ shuuss ls ug s int~irsist’.iieult is t he NASA itsergi t -(( k -uenl ititguisu’ ti ~ I5isipiiiius I sgsuis- $
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these asssumptions t he siptut tsui us direct operatuisg coats OSCUf at a con ipress uous ru ts slightly above 40 and at the J Pit )-7 level of (ur-
(sine inlet temperature. h owever , the pnnuary cycle tariahk-s can be varied swer a Iairt~ wide range is uhiosu t suguiulk’antly af (e * (uuig the $

direct operating costs

It is likely that in the hus( urs’. fuwl s-Oats wst l inert-a ss ’ morr rapidly than the other aircraft din’s-I operat Ing st-Os h its wstu)d tuusu ke
highs-i cuigune prewsusre ratIos eveil tns ire att r ac t use economically - ther e us no eCoiuslluuus iusss ’ ust i * t ’  1* 5 lncn ’As e t ui r hui ue uis het t en ipe ra(u rs
above lou sy ’s operatIng leve ha.

As a result of these and rulo rt ’ tktauled stud,t-s, the l~ design pat-smelt, were wi t s -t e st as sluouusu in Fuguin 13 list’ s”nrt’s~sssnding
)1’9D-7A engine values are giveis hot co m parison An overall ;urs’ssure r~ tuo sa t 18 amid a s’oinhu ilssi s ti( Ieulspera(ure oh 14 2 6 ’ (’
il(s00 1-) were chosen as giving the best balance hetw~en potential fuel es iiss un ip t is uis uunpr-ovcnsen( ansi program risk A by pass ra tio
sit ’ 6 5 was selected oui the basis of achieving the t ss ’ st comb iuuat ion of iuis ta tl ed weight ~iisl ps -rt s i ns san c e. The fats pressure ratio w sis set
sl ightly above 1 7  its order to achieve best ps -riot -nuance and to set the Isiutluary jet iclt isoy at ,i level sus tu that usotse levels 4 sill bs’to’a-
FAR 36-7 could fit’ ac hieved A fan (qs speed of 455 isIe(9-s per st’~ sand (I 500 fps) was selected in orsier to a~fu ss ’ss ’ as - us ’ptahle fan itsi-
hility isiargin at (he desired faus prt-ssuls- ratio Ievt-I The I- - engine uncss rpsuratt-s all e xhaust stre atu u unusir in sit-tier Its further i nip iss us-
fuel consumption sund resins-c Jet noise levels

The exh aust stream mixer transfers energy Irons the lurhine exh iasust gas to h ue Cams s’\ uI alt (‘s issuxu ng . II done e l f s ~ seust h - ttut ~ can
provide a 3 to 51 unsprssvensent in specific fuel consumptss)n at maximuiss cruise condi(tssns relative ki a iss in- usuu seth d IgIts.- of (lie siutsic
stiameter

Figure 14 shows a picture of sun exhaust m ixer that is being developed as s part of the J 1111) 209 engine. ils is ss a ~ouivoltesh
i~suxe r of advanced design and high efficiency Prat & Whitney Aircraft has also tested a isumber ssl sma ll-scale tu sos le ls of sonvssiuted
mixers for high bypass ratio engines Sonic of the tsuode( teat results are shown in Figure I S Mixer e f t i * -ut’uscs - is pls s i te sh as a funslious
tsf the mixer length to diameter ratio list- F’5 mixer efflcue,scy goal is higher than (hose detsuot istratesh by the itsosts ’( tes t s  Furtfset
issuxer design analysis and model testing is planned Itope fully the 851 gus1 of the F 3 prograuss cami hit- met

Figure 16 shows the estimated effect of th e exhaust mixer on (he F3 engine cha racte ri st ucs anti aircraft perfornsans-e A potential
reduction of over 41- in fuel burn ed and approximately 21 reduction in a,rcr alt lXX ’ relative to a non-mix ed en gine is show- n These
pn’(un ilnary st udue s do not include such efk-cis as wing interherence sh ag and issi ss hk piston and wing weight tw ussult ies Futti ser elloup
in design. m ixer model testing, and nacelle/wing wind tunnel model testing is rt’s~uired to det erm uns ’ whether the estimated ulsuSsi  heuie-
hits can he made a reality The potential of the nsi xer is sufficient to Warrsunt such au t’vsiluatiot i prssgrauis.

The use of geanng between (be low pressure com pressor ansi fsi ls was seruosusly coissudered in (he F3 study us e  lust- sit (lie gear
permits lower fan tip speeds and higher bypass ratios (both of’ which fsuvsir lsswer fuel eotisutsiptksn and lower uss iuss ’) without counpro-
tus is ing the design of the low pressure compre ssor and low pressure turb uis e A cross ‘ss’ii ion of the gears-si et igutse is showis in Fi~~u-~ 1 7
The gear-ed engine us niore complex in that ut ins’sirpssrak-s (tue added gt’arhox s-olnpons’mst atid sin air—oil cooler li i i-eiec( (lie gear genera-
ted (seat Some sort sit safety provision would be r-esisuiresh in order to Is revent hurisuru s- rotor ruus-suway in (he dtehs t  ~s f si serious teat-box
failure .

Figure (8 shows the effect 1)1 bypass ratio on the cniise fuel csirisumption sit the direct drive and geared Ian s’uigines Figure 19
shows the con-esponding variation in fuel hiurned for (he intercontinental aircraft ssps-rating at i(s average stage lengths . Ailst Figure 2(5
the aircraft direct operating costs A bypass ratio oh’ hIs was selected for the direct drive engiuw and a bypass rstio of ’3 for tise geared
engine based on obtaining nt-ar minimuni operaftmsg costs and fuel burned Thest’ evalua(issn stt udies show (1st - gearesi fan engirue Its hssie
approximate ly t1~ tower fuel burned than the dIrv~( drive engine and about l’t- higher aircraft din’ct operating coat A s oluparissin
of som e of the key design parameters of the geared and non-geared engines is shown in Figure II

The direct dr ive engine was selected for i-~ as t he 1% fuel burnett advantage sit the geared fan engine n-as nss ( pusi gs-si s s s f tusue us t  to
offset its increased cost and added coussplcx ity suiisl risk

A prelim inary layout of the i-~ engine is showis in Figure 22 . It isa two—spool engine cssnf ig uration The h igh spool incor pss ra lts a
14 I pressure ratio (Outag e compressor driven by a single-stage high pi-essiure turbine The burner isa two-stage Vorbix comnhusior sk-
sign evolving from th e NASA (‘lean Conibs istor Prog rsuns The high pressure rot ss r us strads ile nmtunted between two hearitigs ‘fist- hsiw
rotor consists of a single-stage shroudless hollow tihannuni fan and si four-sta ge low pressure compressor sirius-is by a font--stags’ Ion- pit’s-
sure turbine

The engine incorporates just two islam aumpport sections located directly before ansi aft er th e high prew urs- rotor. The ian tI t us - Is
su re structurally integrated with the engine in order to nliniinize engine deflection and clearance changes under flight Is-tad condi(uons.
The etigine also incorporates an ex h aust stream mixer j sus ( rupstrean s of t h e propsilsion tiozzle. I)uc( usoise atten u ation (rs-a(uuent is o i ls ’
grated with the duct structure .

Planned advanced design feature s for (he F-5 are listed In Figure 23 The design fea(sures are listed in hi-ee categories thssise (fiat
prinsarily ins prs w e iSF(’ . those that imn~srswt- weight aunt cost , and the one which improves cnslssksns . Ssime of these teshnolssgies will
he discussed in more detail.

The principle of the sups-rc ritis’a( airfoil providing shock free flow at high suuhsonis’ Mach numbers is shown on the right h and susie
of Figure 24 A conventional airfoil with flow acceleration to asipc rssmic speeds ansi a conseslu”nt shock wave is showms on the left
t.itsiuted cascade testing of the super-crit ical airfoils has shown an increase In blade critical Machi number relative to cs i uiven tu o na l sts iuhle
circu lar arc airfoils ansi low losses over a wider range of incisletice angles at all approach Mach nunabers (see Eiguure 255. This gb- s-s pu-sa-
rs i iw of improved efficiency at both desigus ansi of’f desigis condition

Recent studies of engine detenora (ion conducted under the NASA Engine Component Impro vement I nglne fl iagnsss t ics Prog rauss
have indicated that t he malor causes of engine perfornu anee de(er iorat lo n are the nuhhing tout of the Wast e tip simisi seal clearatis - s’s anti
ersssuon of (he tan sund compres sor airfoils. The F3 slesign incorporates a number of features to help ussininliie sieter ioratis ius tisue to
these cause, - (See Figure In) Ams ing t l iess- feature s are t he s(nic(urally integratesi faii si iuctt which isiiniisilzc s-ngii is’ si s’tle s’ t i ,s n under
flight loads ansi the use sit’ active clearance control to sips-n up t he compressor ansi turbine blade ftp s’lt’si rstusset uui*ieu flugh s’tsEitiutusins
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wh ere engui ss- tr au ssi e nts au ud f l ight loads ws iuld be ,untlcslsatesl to ca u se blade lip auud seal w ean I ow en asps-s- t ralu s s bIasing alumg us th is
s- rnus us un resis t an t ss uatung s st ill be suss’tf umu th e s - s i m u u I’rs’sso u ts l ms uu, uimt uu,e the s-tIes-I s it s’ rsus us. umu

the suuigle .my slat muia(er isl usesi imu the tssrts uuss sin kusis us su it evsilu hut-in tuim sits u s a g  luer us suu’k ouu dirt ’s- m u , ‘iusilly us ‘huuiut it’sh I urhine
j i th usu ts I-i gs ire 27 shsiws J 1915 blade _ sustuisgs sO s s uuiscu st is sn ,i t l~ c a s t musa t t ’ rua l , d ur ec ussna lly i~lid ifit -sl uui *t t -nusl with usu luus su usn grauuus
a lugs esh w u( h (he primary stre ss ash of the blade , and sungls’ ~r~sIal hlads’s fsirsius’d irou ss a ssrugle graun with Issu gr auus lsti unstancs utu th e
hIatI s - llurect us inalh y asilu dut us -d ~irhu ne blad es u s ’ now unssnptsrusts’d in wvs- ial 1191) plu nhus tus~i missidels Sungle cr s- s t ah tushuns’ blasts’s
hate undemgsins- sucss’ssft ul eisgulue testing ansi art ’ csuu utunu umig iii devek ;s iuu s-nt

rise patenlt-d ~irsis’ess of casting hsith the dmr ect usuus alls ssilittiiiesl austi the xsnrle cry-stud blades us illustrated iii hgsurs ’ 28 1’he pits
cxx begins wilts mhe posuuulig s i t isnults’it nie al ut u t i f s - ’ suus i ld (is if us - cats’ sii the durs-cti ti usalhy ssiludifiesl blades n~ter chills the h~~s h Iatt

and the gm aun u art’ hsrmist ’sl altimig the se rtu s al is is as blade us slsuw ty w ithdrawn f ms smsi the furnace lii the’ case of the sungls’ cry stal
blades, (fit- saint’ pro cess is uts-sI Ilsiwevs-m the fit -hut ii ss -hes- sui perusutlu simit y a su mig le gmau ts to pass u~s un si thus’ Wast e , ,inst as die hslaste ms
w ith draw - us f rtiuuu t he fsurn a5 s’ sl it Isirusietl by a single glans of (he nuatenah (‘uris-nt siirs’st isiuua lly ssshistuf iesl bl.~de prsstisus tissn taculuut- s
cal i reaslul’, he used to cast single crystal blades.

The ,ihseiis-e oh grain bounslaru es uu iea m ss the single cry vIal gu tsy does usot reqsuure the ss su sv t it uent s nss rnially ret-putt-ed to strengthen
the grain boundaries - ( ‘arhs un . lleu uss n , l t ahmum u ,ui , and / u rcs in mu mm u 1’he result us that uumupaived al loy -a can tie sh’s-eloped hai-m ng uiucrs -aaesl
str eng(h and temperature capabuli(ies . Figure 19 sh ows that the current sin gle cry s tal material has a 28°(’ (SO FI hsigheu creep sapahu-
tuty than the durectuonatly sssludified material a( the vausus- stre ss level. Ads- a isse d allssvs under stevels ipnsemst will prosuds’ an addititinal
2ht~(’ (50 F) increase In ins -tat temp eralurs ’ capability.

Figu re 30 shows that the relatIve low cycle fatigue life of the single crystal material us also ~iearls superior. I-s it a given apptus’si
stress , th e L (‘F life of (he single c rystal material us eight timnes (hat of the cssnvenlisinally cast matenil atid twic-, that of the dirrcti(sn-
ally vsslidutiesl m aterial

An improved high tensp era(umr -e disk material , MI RL 7o, is under development and will be available for the 1~ prss grans Figure 31
cssi npares the ts rss lw rtues of MERL ‘6 with two of the alloys tiow in css ms ume rcia l serv ice. t h e  uuss prs ivem ent in issire strength, stress russ-
t m-i’ temperature capability at russ stre ss es, a ms s t relative ICE life provided by MF RI ‘n are quite signif icant

Figure 32 shows (he relationship between efticuency auid rim spes-d for high pressure turbine stages A single-stage hsugh presssum-s-
turbine driving a 14: 1 high pressur e eomnpresss sr requires a ve ry high ruusi spe,’sl (approximately 520 ni/sect mis order Its suchues-e a rrSsshml-
able efficiency level. This us about 20’i- highser (han the turbine rim speed reslsuured for a comparable engine designed using a two-stage
high pressure turhins . The highly Issaded single-stage hat inherently lower ef ’ticiency than the two-stage sit-sign as a mt-to ll sit t hs- hsugls
Mach numbers required u s  the nonle guide vanes and bIasing

A comparison of the t-~ and JT9I’)— 7 high pressure (turbines us gmven in Figure 33. The l-’~ turbine delivers moms- work per kilogram
sit gas mis one stage thj n the JT9I) turbine dos-s in ws i . An ul ic reass ’ in ru ss speed of SO’S is required to acs- ss uus plis h this. Since stre sses
(crud to uncrr a,se with the square of the nun speed, considerable refutiensemil in the design of the htade , itt attachmemit , ansI the disk , as
well as materials umprovemnenl , will bs- required in order to achieve satisfactssry conimercial life For instancs’, it us ness-st-ar) Its taper
blade (hit-kiss-st from rout to tip in order to reduce blade roo m ansI attachment st resses. Osut objective is Psi reduce the turbine cooling
and leakage air by a factor of almost I throug h the use s it s single-st age tur hui is- uuic or po ra(ing im uip rssv eu i suisgle c rystal alloy airfoils

The biggest potential payoff ot the single-stage turbine us (he lungs- red uct us in in the nu m ber sit h ugh pressure turbine airfoils, about
Id) percent , that appears achievable by use of asi suamuces i maleri als. Smcs- high pressure turhins’ aurtoils account for approximately one
third ss f today ’s high bypass rat io turbofan eng umie ma inte usance ma(eria l coats , th is airfoil reduction could substantially reduce dos t s uf
the airfoil parts lives and coats cams be maintained at toda y ’s levels.

As shown by Figure 34 , MFRL 76 advanced dusk material is required in swder to achieve disk life and burst mar-gun design require-
ments. Use of a current material its the high pressure dusk wsssulsi require a significant increase in the numbe r of rotor blades in sit-tier to
achieve an acceptable hurst ussargun. Thus increase iii blade count eliussunates the potential sips-rating coat advantage usia single-stage high
pressure turbine.

The estimated completion dates for the nuajsn task s of the NASA F3 program are shown in Figure 35. This prs-ugrausi will provide
the substantiation of t he technologies required to design a comm ercial turbofa n in the iifi sf 80’ s having the capability sif’ ( Ito IS’S- it--
ducti on in sp ecific fu el cssnsump(ion cssns par-esh to today ’s high bypas s ratio tur bofans

Next , I will discuss the potential alternative cycles Figure 3n lists the alternative cycles es-aluatesh tinder the NASA st udy s it
“Unconventional Aircraft Engines Designed for Low Energy Conssinspttssn” Alternative primary s’yc tes and propuutisim’s were evaluated
The check marks indicate the more attractive cyc lea which will be discsissed further

A comp arison of t he thermal efficiency of the most attractIve primary cycles is shown in Figure 37 . ‘fi st ’ regenerative amss t csun-
pound engine cyc lea with projected future technology ct-staId potentially provide thermal efficiencies comparable to the simple gas tur-
bine cycle However , they are heavier, more bulky, ansi cons ist erahty more complex Thus , primary cycles other than the high pressure
ratio do not appear attractive at thi s time for large cs mmercial aircraft powerplants.

Propsulsive efficiency us a key parameter in discussing propulssirs The effect sit propulasar dia uisete r on the isis -al propulsive effi-
ciency at Math 0.8 is shown in Figure 38. Conventional tur hsofans and conventional propellers are shown on the two ex t rs ’nses sit’ the
curve. There is an interniesiiate diameter s-tn the order of twice the diameteu of a csim-tven(is-tnal turbofan that appears of interest in that
it approaches the ms leal propulsive efficiency - of ’ a conventional propeller ant-i us ahisi um( half its s ite ‘fliers- are two prsspuisor s’anstidates
(hat fall into this diameter range , this- shuroudesl propeller and an aslvsmis’ed prsspeller concept called a pr-op-fan

The propuls ive efficiencies of a css nventissna l turbofan , a shrs uded propeller of I - I fan press ure i-Iris , and an aslvans’ed timps-Iler
(prop-fan) w ith a I 05 (irs-satire ra(uo are shsiwn in Figure .59 The ideal propulsive effic icis cy is shown for each of these pruspulassrs ansi 
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their csir-ues;isinst ing installati on hisse s Roth the shrouded propeller ausut the Ii rss is -ta m u s if iv r the potential of v ugn ufit ’aui( ly higher Iirsu tuul-
site eflkuency than a cotisentusinal tui’tisitjts ht siw eve r . a muitirr detailed unvs ’sti gatu s in sit the mihui-ssusled pi-ss pe t ler unesive m-ed vs-riouus sta-
bil ity and wesg ht tnobteu iuv rberetssu-r , th e pr-op-fan was aele~ted (s um furth eu utus es h t gat its n

A puct ut-s ’ s lt a (sr-si lt- fan nuosiel us shown in I-u.gsuu-s- 40 The pas p-ta n uuses hI to Id re lativel y lsiw aspect i atiss hlaste s The blades are
swept beck u-tear the tip It-st u nproved cruise perts-t rssians’e and resius’ext risiuse ‘(‘he blades are cut spar and shell cts mus t ruc n,im i . sum ilat iii
mui ajssr aipe.,ls to cut-sent prove n productussn siesigsis. The blades s’s iii t -i%( ot a fl attened m etal tubs’ sItar . a ussisiptisute airfoil shell, amid a
tita nutum n ieatiing edge sheat h for ftsreign o bt est daniage and s- lotu s-t n (srs-ttet-tmsin Thus s’ssntiguratisun has bc’s-n ais ah ’,t icat ly- shøssii t s ins -ct
this’ aertidy naimius- and structure u’rquireutis’uuts t lns ’ssnt aines i blade fral,tuisemstatuui ii is mush cssmssuttered to tst- a nsau siu pm-sstil euus , basest s itu nt)
nsullusin hours sit pm-s peller sspcratusun withou t a single incident The nacelle is s’on tss uu red to decelerate the flow entering the root secti o n
s-ti the blasts-s Thus flow sieceleratuoms Is t’esluuret-t in ouster to as- siud ess’eeding the s is ti sSi Mas-h nsiniber sit the blasting i-tear the rsisst The
pusip-lan dusk hs sastin$ us appu -tisi mat els 4 t umsue ’ s (hat cut a cs-tmus-en(usinal tsrsu~uelIer

Stimsie u’i the prop-lan stevugti parsusae(et-s are s’sinslsars’si with the I- Is -u -ti a i’rssps’ller u mu Figsirr 4 1 l’hunmier blasts’ ss’t’tis -t ns au-c- uuis’ti to
ac hieve the high blade critical Mat h nuusibers rs’sluuuest lust efficient OS Mach nsunuber cnuuse

Three (iu-usp- fau i model s sit nI 13 cm ~14 S in) mis sl iaunetem were ta tsns’a red an,i w inst isu rsusel tested hi dete nis iumse (heir pcrionsiatscs’Figure 41 shows a picture s-tf a blade f m-tim eat -h of the must-lets The work w as done h’y hl a us iul t sin Slant -t a rt -f s ui t - let ts i m i tra s -t  tr sst uu NASA-
Lewi s . the latest isssst iet . SR- S . ins’sirpsiratea nt -i-s -ass-si swe e p-bat -k in the ft p t-s’gisiis in siu-sic m is ’ u is up- t u -sss e .nuuse ef’ficient-’y ans i ts rs’siut-u-
the i-tear t’ielsl noise level at cnuuse and climb csind i(ions

((s-sti lts f i-ous u the prop-tan isio st s ’ l tests ate ~‘siiui(iareti w i th  (he gssal ef fi ci etis us -s in Eigs ia’ 4.1 l’he SR 1 uuisidcl gave (tie f-scat t ’tii-
c it -us es at Mach 0.8 , and was within I S -  s-ti the goal lbs-se results give a high siegres- ~s t t--cunfisteiue that the SO’ S got-sI cams be e s ’eetiest
with further refinem ent, ibis represents a sugnitic auit advan ce in flight Mat --h nsuunber t-a pabu lu(s relative tss (he 195(5 prss(ss’tleu-s

i’he pm’s p-f an pows’rest air-s-s-all us-oust has-c cabin css ms s t si rt levels f-noise inst i’ ub t at u ssms ’i (f s ~ t mire csit is para ble t o tsur l-st-ttan powe rs-si m uir-
craft in ouster to gain strlinc amid passenger acce ptant --c Achuese uuicnt of (his goal w i l t  tie s l ut ( it uh( us the fuselage is its the dim’s-s t is ,s is e
(is-Itt s it the prop—tan , whereas inlet antI e rs fs miui st dus’t mng shi eld the fuas-lags’ trtnis tsurhsstan l iii noise

l’here are aes-eral (eatur r i s-st he prop-lan which will teus it Is ’ uusu p rusut ’ cabin ns iiss ’ re la tuv e ii i css rms- e ntuu iisat (ss-ssps’llt’i-s l’he susm ~ihleu
diameter s-tithe prs.-tp—f ’an perisilts lot-al it-tn further frssmss the tuss’-lage . alit-i i ts thinner swept- bask hm ~’s will rs ’sisiut ’ th e level sit ’ titiuw gs’ui
crated . However , exte iss ive fuselage uit-tisc aflenuuatutsn treatment w - u lh probably also 1st- reqiuuu’ed un curt- is-i to achieve cabin is,iise Iet -s’h’,
comparable t~ turtsof’ati powered aircraft

Ss-ttiie prehu isstuiary- pair-tan uiotse testu ng ansI fuselage tisiuss’ tm- s’atusien( Ousties hsmuss- bet-ti s’siuidsuc( s ’st t in t -icr N ‘5sSA t~isiuist-iishit;’ Ad-
duuitsnal prop- fa us te s t uus um ansi fusetags- at (e ns uui tu ou s trea t u si eu s t de%ehss;i n ieu it an’ net-sled hse fssre a ngsiroiis a’ms s’ ssi ss s ’m im t-au l bs’ issa st s ’ u’ f hIss ’
weight penalties asssicu mi(est w -uth as -hu es imig a cousu(ieutuve catuu mi ussiuse Is-s-el

Prelimsiumsar-u- stusties of a mestismusi range aum’ t’rat ’t h ave beets is s muu ts - by- h5sscuuig . l)ssugl as , m u s t  I sit’k hs ’cst t o s iets ’ rssi un s’ the po (et s ti ah fuel
burns-si atss t slit -s -ct s ’perahng *‘,it - (s benefits of an ativ*nt’rsl prs-tp- h miii prs-tpuulsuots sys tem The result- s cii these slut - l i e s . shsiwn its h:igsire 44
ums stucate mu putt-u-th at fuel sasuisgs of tO to 10’S- mu tt a stunt-ct operating cost u-s’thuctioti outs to S~ - relam-e tus mu cotss paiahlc mim i-s- ra f t
psiwcrvst with ativant—esl (turbofan (-sower-plants list- rausge sift-attics is slime to iuns’t’r(a uistie s iii (lie du ag slue Its prop w mi kc ef le cts sin the
nacelle ant-I wing, in the wei ght of nss use t remus iise uu t ret~uired mt- i at - h it -s -c smu(is f ac ts su-y - cab uus mi u - -e Is-s-s-Is , alit-f iii (hit’ uisamm ste nans’e s’s ’s is ,i(
the prssp- t’aus ansI resiut(issn gear

The NASA pr-sip-ian prograni us s’urrently in the Phase I (ct’hnsils gy et ’u-cutt t Figture 45), hisus (shsaumc Cu~sers tests t if prop-Ian si ss i st et s t o
sts’Ieniiune (hit-ui- noise aust-t j ss-nfs-tnssa ist- s’ t’hsmuras- te nus tu t - s. It- monet t ests  ssf prssp-tan ’nat-elte .’ss uus um nit-it-It-Is to ste (ens sm ,ss ’ die sirmug iuuk’racti o,m
etTes’ts amitt acr-s-tsly-natnie escutatton ltii’t-’es on (tie propeller Was tes , sl ut - tms ’’, auss i test s sit t-a fun lsouu’ a(teti s ua( ms iuu t’sitis- s’p(-t , aisd aim ,- iat l
es -alsiatutin stusiues ItS pt-cusude ~insgrans guidance.

Phase II is planmiest Its start mis 1Q80 ansi will s’ssvt- r tcstuuug s-ti a I S ~ (s -s .5 S ns s tuisusieter prop-lass ( rtsu ii isl ( c t - h u g  ts-osilst cssu is ’cis-
trate on the structural chai-mutt cnsst us’s of t h e  (snip-tan, its strive gear ails1 pitch s-hsa ms ge usiechimnisiss. I-tight sit w un s t tuiiuse t tests wsuulsi he
t-’simisiutiett f -si se ruf s - the pcrtsii -nsant ’e ansi h-t t-lctern iine (he near ansi f~r field noise t-- himira ct eu us t i t s  hiss-re w- siuu lsl be a s’si istui iuutng eti tsrt
in inslalla tu-t n aerod v nsi siit - s ant-f - f u s e lage acssuis(us’ treatment Ptsass’ Ill ws us m ltf tuuuitt testing suf a pm-ss~s-f art powers-si stcnuonstratssr aurs ’ralh
Thu would probably he a msusliticatis-tn sif ’ all es ms ( lusg airerifi to mnt~s-t u’poT-ate the prt-s (-t-taus powes-plants anti t h e fuselage usoise at(eusuauiss is
(reatnient Such a flight siensonstrat issn oh the (snip-Isis us requited u us sinis ’r ts i sa t i s fa s’ts in lv s iet su s ’snstrat e the mm -raIls s y s t t ’ uss pt-rtsin ss -
ant-f operation , ant -I uncu t iunpssrt ant (su slit -sw- that tahiti ctinufcurt levels s’ouss parah-tIe tti Iur bssfan mutt-craft tail be achsies- s’sI .

In suutsiniars . tFugure 4ts ). the h~ (urbs-tfan represents an evokutussnam-s- approach w ith a r-ttdt -th i~ t’c ’s itu ~t issti iii specific fuel cssn-
suuniptisin sit ’ II Is-s I5’S- relative rii sit-i~y ‘a high bypass ratio (uirtsofan engiules flit- NASA F’ Progs’ain us uridet-way. ansi its tcs’hnsilcigy
~hs-suilst be suubstantuatest by the mit-i (‘-ISO’s The aslvans’esi pu’sip- faus rs’prvseti(s a xugnufit-’a m sh s’liange f’u-s- tus i t osias ‘ s (au-ge s’s iuss isueu -s-imu h air-
craft power-plants. However , it offers a potential of I S to Sf- I’S- restuetisin in f\ iel humrnesi relative to tot- lay- s (ugh by ~‘mu ss ratis s ts irb o iat ss
There are some tes”hnkal, cost . ant-I s’ustcunier acceptance u ncertainties Iii csinnet’Iuon w-uth the pas(s - f ’aus that net-si to he resolved She
NASA pnsp-fan tes-hnoltigy prssgrausi us tint-ic r-way ant-f a ham-ge st -ale t-heunsiuistratsir pu’s~gu-ans is planned in ouster It-s rest-she these unt-e rtau ms
(ms -s Pmv.p- fan tes’hnculsigs Is ss’hedtule.st f-si be suuhsstantiatet( in the usilsi hs late IQSO’ s . Other alternative ~y~hes are tis it t-’umnu’e ntl y uu t t r m u s - h u s s ’
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ENERGY CONSERVATION AIRCRAFT DESIGN AND OPERATIONAL PROCEDURES

by Philippe POISSON-QUINTON

Office Notional d ’Etudes it di Recherches Aérospatloles (ONERA)
92320 Chdtillon (Fr-once)

SUMMARY

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 sys tem.

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 VIOL STOL and SST.

In a second part, it appears clearly that msjor 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 DINERGIE LIEES A LA CONCEPTION DES AVIONS
ET AUX PROCEDURES OPERATIONNELLES

Résumé
L’objectif de cot exposé est de passer en revue los plus récentes etudes ci applications

destinées a réduire Ia consommation d’énergie du transport aérien eu cours des vingt prochaines
années.

En premiere partie on passe en revue los récents progrés technologiques en aérodyna-
mique, en structures/matérisux , en propulsion intOgree et en avionique, qui vont contribuer a
una notable reduction do Is consommation de carburant et a une meilleure économie du
transport subsonique, mais aussi des avions a essor vertical, é décollage court et a croisière
eupersonique~

Dens Ia deuxièrne partie, il apparait clairement qu’une amelioration importante des
procedures opérationnelles en vol et au sol est en cours do developpement, ce qui devrait
entralner progressivement une sensible reduction du gaspillage d’~~ergie actuellement
constatC dens los syst émes de transp ort aérien civil ou mi litaire ,
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FOREWORD and CONCLUSIONS ON ENERGY SAViNGS E~~ope was about 14 .5 mi llion tons , i . e . 2.7 2
114 AERONAUT ICS of  the t o t a l  Europ .an fuel consumpt ion .

Bef ore exp lainin g how to save fuel in Air 
Considering the fuel pr ic e the to llow ing graph
shows i t s  sudden increase a lte r the 1973 oilTranspor ta t ion , i t is necessary to provide an crisis for the U ,S. airline s ; th. internationaloverview of current add future trends of energy . -sir carr iers were no- re severel y concerned (30t) 2consumption and especiall y in t ransportat ion. increas e)

A recent  FAA paper ( 70) has given the U.S. U~ 
AIQtI rP(~pratro leum consumption by major secto rs b r  the ‘~ I’ue&. PRICt - S ~oI)o n

fis cal year 1977 : the total U ,S . fuel consump— ~ L
tion reaches IS  million barrels per day i. e.
276 . lO~ gall ons p.r year (850,10 6 met ric tons/ 

L 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

year) , 
10 Y~~ A~~

The following table shows that transports— j 
-tion demand i; the most important consu me r wi th - 

i-i- ‘0
about 1 5 2 . 1 0  gal lons per year (470 .10 tons) :

- 
On the other hand , i t the evolution of the

T r a n s p o r t a t i o n  s . f
- tlou..l,old and Co~~.rcis) -~-~—-~--, 

labor cost index since 15 years is t aken into
- induatr y ~,. 1 account , t he ra t io ’fu.l pr ice index/labour c os t

: t t . c t r i c t t v  .n.rst ion . i t  i t i t  is, o.i index for 1975 was about the same than at the
Oth .t 0. 3 2 beg inning of rhe 60’s, at least in the French

When the petroleum consumption by mode of case (Si ) aw shown below

transportation is considered , the part of Civil rUtI PRICE )llDtX 
, for francijAviat ion is quite small as shown on the fo l l o — 

~~~~~~~wing table 
-—

Autoao bilas ~i3 . I  I
0~

— Co~~.rcist Sue.. and Trucks 2~~. I 5
Civ il Av ts t t o n  8. t

— Water T T h X
— Trains ),A 5 U

transportat ion cons um ption corresponds to 4 . 4  2

— Transit 0 .3  2 I I

The 8 percent Civil Aviation share of the __ ‘(tAR

_ _ _  
4 - -  -l*a In. in. I.,.

of the total U.S, fuel u~~~j  and represents
12.2 .I0~ gallons ( 3 7 .7 . 1 0 0  tons) per year. Neverthe less , t he tuel cost w i l l  remain a si gn i—

More precisel y the total U.S. Civil Avi g— ficant part ot the flight operating cost ; the
tion fue l consumption is shared between inter — far—term fuel pr ice evolution wi l l  depend on the
na tional and domeatic markets . The total dome stic future politica l and socio—economiu -sl conditions
Civil Avia tion (90 2 Air Carrier and 10 2 general in each country ; these same conditions w i l l
av iation) consumes 9.2.lO~ gallons per year. govern the expected aviati on growth throug h t he

For f iscal  year 1977 , the air c .irrier s fuel end ot th e 20 th century. Both NASA [89) and FAA
consumption has reached 8.2. l0~ gallons (25 .4 .  [90 ) have recent l y g iven an interesting outlook
106 tons) ; on ly I 2 fuel saving s obtained with for U.S .  aeronautics up to the year 1000 , as a

improved operating techniques would yield total functi on of various scenarios : from l imi ted to
savings of 82.106 gallons per year for  the U.S. expan siveU.~~. economy growth
airlines (or $ 30 million a year with a fuel ____________________________________________
p rice of 37 cents a gallon) . 5t’5fl~t~ 0I ~~97S-2~Xi03 Eu.) ct’nsusrtion Eu.) prtc.1

Lini ted 5rowtt I + ~~ ~ I — ~ IThis study reflects the Aviation Energy I I
situation but onl y the civil asp ect ; the U.S. 

I
kxpansi va growth • i..~ 

~ I -

militar y fuel concumption must be taken into
acc ount : from a U.S . Air Force stud y (8). for From all theas findings , we can draw some
fiscal year 19 75 , military aircraft operations general conclu sions , valid for a l l  developed
est imated consumption represents 2 ,2 2 of the -countr iestotal U.S. fuel demand ; so the U.S , military
air craft fue l consumption is now less than the * Fuel usage f o r  aeronautics is a very small
civil one ; that is why all the technological percentage of the total oil consumed ; thus , it
and operational improvements must be app lied to seems wise to keep the necessary amount of fuel
both c iv i l  and mil i tary A /C. lot Aviation , beca use it is the most efficient

in Europe . oil consumption sharing Is 1uite and economical source of energy (even in fat - —
differi nt , wi th about half the U.S percent age term , l i quid hydrogen or nuclear energy use is
for avia tion ; for instance . In 1976 for France , highly unlik ely for most A/C missions , both
the f i gures by consuming sectors ar• as follows civil and military).
(58 )

______________________________________ * But , suc h oil energy will remain eiipen siveI - I! P01-t51100 for t T ’opera tors and a penalty lot the foreign
Sesldentiai/Co erc ialI : tst ~ustry ~~ect r j c j ty , .rc .. 30. ~ I balance trade of most countries ; that is why a

[bothe rs I3.~ ~,j continuous e f fo r t  wi l l  be needed to in crease
flight ef f ic iency on every type of a i r c r a f t

Wi thin the French transportation sector , fuel mainly subsonic transport , bu t also l’TOl., STill,
for airp lane . represen ts about 2 2 and about and SST.
0.0 1 2 for helicopter. ; for the sam . year 1976 ,
the total fuel consumption for aeronautic s 
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procedures , and of course upon the transport
* Neverthele ss , the price to develop new techno— prod uctivity, i.e. the mission speed (ii)

logies . and to manufacture new types of air—
planes and eng ines is now so high that it is Figure 2 presents t he general t rend of
important to anal yse their “ cost e f f e c t i v e —  f l ig ht .ffl c l.ncy over the las t ?~ years (37 .
ness”, as seen by the user (Airl ines are relu c— 16] to point out that th . f l i ght ef f icien cy
tant to pay for reengined old jet —transports , Index (g iven here in seat capacity * distan . -,

even if the fue l efficienc y is 30 2 better with flown divid ed by the fue l burnt) have grown ra-
new fan—engines , because the price to pay is pidly for each succ essive flight regimes ( f i gure
o f ten not cos t—ef f ec t ive for transport A/C 2-c) : low subsonic reg im. with propellers and
o perato rs) .  hi gh subsonic speed with the turbo-fans for

the supersonic tran-.port , Concorde is a good
tec hnical start  of a new era , that opens the way

Since the fue l crisis , ex tensive research to more ef f icient deriva t ives and new SST pen.—
and development programs have been oriented to— rations ,
wards energy savings , and a large par t of the
presen t anal ysis is direc tly taken from the re— The tremendous increase of the subsonic jet
cent results published in the last five years In efficienc y is mainly exp lained by the introduc-
various countries. tion of hi gh by—pass turbo-fans with wch lower

fuel consump tion than the first turbo— jets (II—
- the largest effort is mad. in U.S where NASA pure 2-a) , bu t also by the introduction of wide—
{1 ,b~) ,the Federa l Aviation Admlnlstratlon ,PAA body—high passenger capaci ty—Aircraft family (B-(
~ 

,90 ) and U.S manufac turers or ag.ncie.[3, 747 , DC— lOf t—lOll , Airbus) ; nevertheless , fig u-
4 , 5 , 6 , 7 . 8] have worked together on long re 2-b illustrates the very impor tant load—factor
term programs oriented on fuel savings , problem : increasing load—fac tors have more pay-’

off  for an Airline than the best technological
In Europe , the satse objectives tre in progress in improvements... (the current mean load—f actor t o t
Eng land (9 , 10 , ii] , in Ge rmany t12 , 133 , in U.S Air carriers was about 53 2 for the last vc.~r).
France (14 , 15, 16) , etc.. , Adjusting A/c capacity and fr.qu.ncy to

various traffic levels Is the key to Airlines
lefore anal ysing th. various ways to Improv , economy .

the A/C energy efficienc y — except on the engine
side , whi ch is the main part of this lecture
seri es — it is interesting to exp lain what are On the manufacturer side , the main problem
the various disci p lines involvsd in this techno Ii to estimate the potent i si benefit . of app lying
logical effor t ; the basic formula of the trsns— advanced technology and their effects on Air-
por t efficiency Is giv.n on figure 1 to show craft flirect Oi-erattnn Coit (DOC) which Is a
that progress will b. at first a functi on of im criter ion of cost—effectiveness various , and
prov.men ts In aerodynamics , structure e /materlals quite different methods ar. used for IIOC ca lati —
and propuls ion , bu t also in “sys tems ’ (I... la tlon ; In Europe , the FURAC method was deve—
avionics , etc.. • not shown here) but we shall loped under A/C manufacturers coop ra tion this
see that the transport efficiency dep.nds method seen& veil adap ted to new Improvements
strongly upon the operational Fligh t and Ground the most important parameter ii the A/C siat’imum

Li
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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 consum ption , block—time and for an advanced 200 seat short/medium range A/C
thrust , operating on a 500 mM stage length t12]
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— the largest portion of DOC (33.5 2) comes from
deprecia tion , interest and insurance , which ~~~~~“ .-

—c—-li

but about 72 2 of this selling price is si--
recely connec ted to the production cost , as

are direct functions of the A/C selling price

detai lled on the right grap h of fi gure 3 ; an .~
efficien t way of reduc ing the DOC is to im-
prove the production techni ques ; as shown on
the lower jraplt prepared by two Sri tish manu— 

~~—
fac turers L103 , there is a good chance to sa~ - ,~~~- 

~5’ye about 7 2 on DOC in the next two decades
by these progress further gains (+ 17 Z) are
pr.dicted with various technological and ope— Fuel savin~~ from odvoncid tschnolo9y
rat ional improvements , as explained later on. 

~~ ~e n  by 11A~A and ~o.ing -

Returning to the first grap h on fi gure 3, FU(L~~ AVIMCI~I/Y t A P
the fuel represents about 25 2 o f the DOC, and on fl. to~oI U~ oomst.t c ~ ,,l ovo tu on tonsumphon
this percentage Increases with the fuel cost ; ,,.~ - sa~ .~~‘esk*~. ~~this exp lains how important ore the fue l saving 4O~’ 

°~“ ~~~~~~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I P~s. nw I~~ *~I 5cp~,~,i-l,c~I OIcI&

( A,I.i ~*,,$ol.
programs for a better economy ott future projects . 

-To concluds this introduction , Le toahave a
look , f igure 4 , on some predictions for fue l sa—

the main American Agencies , NASA and F~~, work— 
- 

-vings during the next two decades , as seen by
~~1e~~~ ~~~~~~~~~

°“°ing on a long range planning : between 30 and .e
~~~~~~~~sonab ly possible , the two more importa nt items - 

~~~~~~~~~~~~~~ I

40 2 fuel .ff ic ienoy potential gain seems rca— ,wa~ 0o~t u~ sic sicI ~ L5 QM*v 55%
being A 

~—~~‘—-5~
. ~*Ci (l,.II AS.~I, O%~0~ ~~~& ~~ ~~ YtA R~ ~~~~~~~~~~~

— the various A/C technology improvement., Cb~ FAA., oviof~on enerc~y con~ervoti’on
— and a better Air Transport system management ; proqrom

both are quantified in the following sections .
Fig .4

A) NEW AIRCRAFT DESIGN CONCEPTS dur ing climb and cruise , i.e. in “clean ” confi-
guration ; on the diagram of figure 5 (17) are

A—I) PROGRESS IN AERODYNAMIC EFTICIENCY recalled the major drag sources for a subsonic
transport A/C

The aerodynamic efficiency of an aircraft
confi guration can be improved through drag re— — skin friction —

duct ion(17,1b): for a subsonic transport A/C ,
more than 90 2 of the fuel consumption occurs — induced drag (drag due to increasin g incidence)
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— parasitic drag (roughness , separation s) FRICTIOM DRAG P~ DUCTIOt1
WITH IMCP~ A~ U1G A/C ~IZ~— interferences

-
~~ C4 iO~ TUPbULrVIT ~kII1 FRICTIOII
longitudinal tri m, e t c . . .  CO.t+KtCnt5

drag are due to skin friction and to induced
In fact , approximately 85 2 of the total _~~~~~~~~~~~~

drag for such transport configurations at crul— Z
cc conditions ; thee. two items represent the
greatest potential for drag reduction and hence
for fue l conservation ; n.v.r th.l.s, we shall
.xam ine briefly the usefu1nes~ of reducing each MtAM Ptvr1OLD~~r1Ur-1btR Rg
of t he various drag components. - -  

~O 40 60 80 100 ZOO.1O’

A—I —I )  FRICTION DRAG
1_O - -- 0 -

Skin friction accounts for about 50 2 of ~~~~~~~~~~~ 141
L. 

~sttuyiy~ O~~~C-~Athe cruiss drag of a current subsonic trans— AISCRAP T
port A/C ; It offers the greatest potential for

U~ PIIEITA ~~0-~’~ 
-drag reduc tion , but at the same time , this O6~~ 

~~~ CARGO IIUGL CARGOreduc tion is the most difficult to achieve . S0~ HLOADCP

Since transition Reynolds number is gene— FR~CTIOM DRAGrall y of the order of 3x1 06 and the t ranspor t 
~~ %~ tt~~ to the Jet~ tor -

A/C Re~ in the 20— IOOxIO6 range , the “normal”
state of th. boundary—lay.r is turbulent on the
whole airframe.

lent fric tion drag decreases with increasing 

IflCP~A~ IMG ~ IZ~
But , it must be remembered that the turbu—

Reynolds number ; this trend is very favovrable
to large transport Aircraft , as shown on figure RsI Loc iCc~ / GcOr i \ iO

(6) , where a 20 2 fric tion drag reduction is
indica ted between a small executive jet and a Fig. 6
huge future cargo A/C.
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To delay the transition process , the lemi— - slot injection to reduce turbulen t friction.
nat f low control (L.F.Cl by suction through the
AIC wing skin is the onl y techni que alread y pro—
vsd(171~)bot h in wind—tunnel (by Ackeret and The complian t skins are flexib le surfaces
Pf.nninget- , in 7urich as soon as 1946), and in mad. to respond uniquely to the flu id motions in
f li ght (L’.S.A.F Fxperim.ntal X— 2 1—L .F.C A/C L’s the boundar y—Layer (max imum skin—friction reduc—
1064) using suction through many and fine tion occurs when the foundam.ntal membrane fre—
closely— spaced— transverse slots 1 l aminar ization quency is abou t half the peak power frequency in 

- -

to a Reynolds number Re ~s’ ~t’!xIO° have bean al— the boundary—layer) . It seems too early to predict
ready ob tained on wings ; for such laminar flow some application of such flexible surface on en
extension , the drag coefficient s are dramatical y oper ational A/C. (sic ~C ].
low, near thos. of a laminar flat p la t.(figure
7 a) then , this concep t appears very attractive The slot injection concept is much simpler
to reduce the fue l consumption as shown on fi- in its principle the low momentum slot flow ,
gu re Th in the case of a NASA long range subsonic injected to the surface at a low relative velo—
transport project some 25 1 to 40 1 potential city (about 30 ~ of the free stream) , alters the
fuel savings , dependi ng upon the range. velocity distribution in the turbulent boundary—

layer and reduces the skin friction but , to
But , as expec ted , such a concept using mu— have a net drag reduction , the skin—friction

merous and fine suction slots , all along the reducti~~~plus the slot thrust snist be larger
airframe surfaces , leads to very diffic ult ma- than the losses due to collecting, ducting and
nufac turing (i.e. ‘inancial) problems and nice— distributing the slot air , lus the slot base
esi tates a very complex pumping system (i.e. cx— drag the few results ava a Ic at subsonic
t ra weight) ; on the other hand , several factors speed show that the local friction drag is about
affec t laminar flow , .uch as surface contamina— half just behind the slot , and increases rapidl y —

tion (insects ,...), suc tion distribution , manu- downstream to the conventional turbulent fric—
fac turing tolerances , wing sweep effec t , airfoil tion value at a distance of about 100 t ine the
shape , loca tion of the propulsion and pumping slot height C21 3: up to now, no systems sna—
system (noise effect on transition) , etc.. .(fi— lysis for A /C app lica tions is available to jud—
gure 7 b) ; finally, a laminar control would be ge the balance between gains and losses two
very difficul t on the fuselage (which represents applications seem attractive
about half the wetted area on a wide—bod y trans-
port), — slot injection on the fron t fuselage used as

the exhaust of a laminar suction system ins-
However , recen t technology advances are tailed on the wing ,

incl uded in the NASA A/C energy efficiency pro-
gram on L.F.C ; for examp le woven graph i t e — - slot injection behind the fuselag e cockp it
epoxy porous surfaces , laser or electron—b ean coup led with suction around a trunc -sted base
drilling techni ques and ligh t weight composite at the rear (to maintain attached flow)
ducring, etc.. • that I. why 3 airframe manufa c-
turers are asked to study L . F . C  transport confi— again , it Is mandatory to est imate the pri ce to
gurations projects for the lQqO ’ s (1 1. pay for pumping and duc ting this auxilia ry flow .

To take full advantage of the friction drag A— I ---?) PARASITIC I’IRAG
reduc tion , i t is desirable at the same time to
reduce the ind uced drag by increasing the wing- Roughness or excrescence drag is mainly due
span (AR ~,.. 14 for example) which leads to d i f f i—  to local flow separations and ‘!ortex formations
cul t structural optimization taking account the produced by aircraft su rface diacontinuitics
suct ion ducts (cf .  Boeing proposal hi gh w ing C Vi ) like panel j o i n t s , engine inlet contour ,
braced with a strut). - gaps around doors , window s and cc’ntn t surfaces ,

roug h surface finish , press ur izat io n leaks , an—
To conclude on t his con t rov ers ed laminar tenna c , in is rigged control s , e t c . . .  Suc h tv p i~

f low control , we s uet say t hat th is concept is cat roughnesa /excreecence$ represent about
only attractive for very long rant. missions and ~~ I of the total cruise drag of the giant C—SA
w i l l  be very expensive to manu facture and to U .S.A.? military transport ~~ 3 ; Boeing repor—
ma i nt ain (in t ernal comp lexi ty) , wh ile the opera— ted that a pressurized area seal leak (hc cm?)
tionat problems would probably not be welcome along doors and wind ows on the ~‘7 cou ld cause
to any airline however , this concept would be About ‘1.000 ~g inc rea se in f uel consum~,t i on per
in teresting for very tong range/high altitude airp lane per year ~ 17] it would cos t ~ 61 and
mili tary A/C as a first demonstra tion before a downtime of 4 hours to f ixe the ie*l leak .
possible civil application ; for example , a Lc ckh- Another example again on a P-7 ’7 , where a I—d c—
eed — Georgia study had shown that application tree side slip , c~ us~ d by rsisri pged control , re—
of L.F.C to the wing and empennages of * C—SA aulted in a fuel burn penal ty of about 108.000
Car go could produce 20— 25 ? range factor linpro— Eg per year (i.e. a loss of about $ 11 ,000, to

hut , from a cost—effectiveness stand— be compared to ~ IS O and 12 hr downt ime to re—
point , this application would be questionable at pair the control I) ,
ranges less than (‘OCO n)t .

Another typ ical parasitic drag often appears —

on large m il i tary cargo A/C, due to senara t ion
Ano t her way to reduce friction drag is to and vor t ices adjacent to wing—fuselage lunc rure

lot the flow stay turbulent and to reduce the and fuselage afterbody door , etc. . .  (.s?. ~iJ in
turbulent shear ; the possible payoff in this the case of the U.S .A .?  cargo C— 1 4 1 , w ind—tunnel
approach Is about half the gain possible with tests have shown that redesigning the wing/fus e—
L.F.C but less sensitive to operational pe rtuba— lag. f illet strong ly improved the ‘-ortex flow pa—
t ions : two concepts are still at the early Ia— tern which gave a ‘ drag reduction at cruise
boratory sta g e and thanks to a better lift distribut ion , it

would be possible to add a 6 foot wing—tip exten—
— turbulence control with comp liant walls d o n  w ithout Increasing the wing stress , which

L I
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wo ul~lgiv. additional 3 ~ drag reduc tion per— A—l—3 ) DRACi DUE TO Llfl
f ornance calculations have shown that this S
drag reduct ion can be translated into 8 1 fue l We have seen that the polar  curv, can be
saving for  each (‘- 14 1 (f igure 5 a) , i.e. a wr i t ten  CD — C.~ • C,~~, the drag to lift , Cr1,
total saving of 82000 ,000 gall ons per year for a
fleet of 277 C— I4I ; on the o ther hand , the modi- re presenting between 40 and 45 I of the cruise

f ic at ion cost was estima t ed at about II million drag , At subsonic speed , t he drag due t o  lift is
dollars , i.e. about one year fuel saving ~ 

primarily inducsd drag , but also includes growi ng
It is unfortunate that this improved wing—f i l le t  part ici pat ion of paras itic , fr iction and pressure
was not deve lopped , becaus. proposed too late In drags with increased angle of attack , which Is

the program. r.flected in the term , e , span— eff iciency fa c t o r ;
when th. polar curve is represented as a parabola

As an airplan. lets old e r , a sensible dete— In the (‘
~ 

range of inte rest flown with a ~l.an
rio rat ion in its airframe “c leanliness” Is cape— configuration :
ri.nced , which explain . a large part of the fuel III

consumption increment during the life of an
Air craft but , up to the fue l crts is ,a general C~ depends upon the spanwis. lift diutribu—
dra g clean—up was not yet cost—effectiv , for a tion o ~r the wing (an el l ipti c a l one gives the
com pany ; certa inly, it is no more tne case and minimum C for a given aspect—rat io) ; but , sinc e
a larg. amount of fue l can be saved both on ml— Induced ~~ i. Inverse ly proportional to wing
li tary fleet (tankers , carg o) and coiunercial aspect—ratio AR , th. most direct way of reducing
flee t by such periodic ‘clean-up ”; a typical C is to increas , the wing span ; however this
“clean—up ” exercise have been made recently by l~~g.r snan introduces increased wing—roo t bending
Airbus Indus try/SNIAS on a production A irbu s aoments~~ (and flutter danger) , i.e. more struc tu—
A—300 (fairing of all ste ps , slo ts and gaps) : ral wing weight for a given thickness (sem sectios
comparative fltght tests before and after clea— A—2 ) ; one solution would he to  increase the wing
ning hav, shown a zero-lift drag reduct ion of thickness to cop. with the se large r bend ing
about 4.5’ at cruise reg ime , moment s , bu t it is well known that increasi ng

airfoi l thickness ratio increases the transonic
Finall y the considerable paras itic drag of drag (or , more p recise ly , red uces the drag diver—

th. various external stores used on milita ry genes Mach number) for a given wing sweep angle
Aircraf t can be minimized by a better Integration we shall see (section A—l— 4 ) that the introduc—
of these loads to the airframe a typical exam— t t t -’n of the sup ercriticet technolog y , which per—
p t. was rec ently given by Mc Donn.it-Dougtas wit h nits thicket a lrfp il secti on for a same drag dl-
a prototyp , flight test program on the Ai r su v.rgence Mach number , gives a satisfac tory solu-
pe rlori ty F— IS A/C equipped wi th two fuel paltets t ion t ’~ ](“Pas t Pack ”) mounted at the wing—fuselage inter-
fac e ; this concept created an additional 4500 Kg
of fuel capacity (increase of range /loiter time or ~ Very larg e aspect—ratio , high-wing braced mono—
pay)oad t without compromising the air .uperie— plane (AR • 20.2) was produced in Fra~i~iby N.
ri ty capabilities of the basic A/C (and a very H URR L (MOREL DIIBCIS K.D.3?t/twL n—propell. rs A/C)

small Increase of the transc’nic drag thanks to a from 1957 ; outstandi ng L/P were obtained In flight;

clever area—ruling of the packs along the engine the orig inal idea was to use the s t ru t s as l i t —
nace l t e s ( f i gure hI. t ing surfaces .
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Af RODYIIAr1IC ~FFICI~I1CY OF’ CURREIIT A~1D ADVAIICED A/C
Fig. 9

* ,j /fl ,b2 .e \ I /2 bHowever , the overall efficiency of an airpla 

-

______ _____thus : — ___

ne is a function of its structural weig ht as well (~ )icax 2 1.Cf. Swt~
— k

as of i t s aerodynamic efficiency : the optimum
aspect—ratio must be a compromise which depend s On fi gure 9 are plotted the cruise values
upon the mission (high aspect —ratio I. mandato ry of various large aspect—ratio Aircraft (civil and
for a long—range transport) but also on economic milita ry transports. bomber s ) as a function of
considerations (fuel price and/or fuel shortage) . this parameter b/V ~~i~c , which shows that mostcontemporary subsonic civil transports

For most of the existing high—subsonic jet— follow the mean curve given by L/D—I4.b/tr~~
’
~,transports in service , the Aspect —ratio is around when a span effic~~ncy fac tor e — 0.75 , and a

AR — 7 , because it was the beat compromise , for mean friction C~ Cf — 0.003 are taken. Notice
airlines economy , taking into account the low that milita ry cargo (not so streamlined by defi—
prices of the fuel during the 1 960’ s ; it is no nition) are below this mean curve.
more t he case since the 1973 fuel crisis , and all
the designers work now on new projects — or modi— We have also p lotted the values calculated
fled versions of exis ting A/C — which have larger by Soeimg (~ 5) for two subsonic transrort- con—
aspec t—ratios , up to about AR — 12 or more in figura tions having the same range (3000nMI , the
some cases , same T .O field length (8300 tt) and the same

payload (196 passengers — 18140 Kg)
At firs t , let’s have a look at the cruise

aerodynamic efficiency L/D as a function of the — th. first one is a “conventional technt*logy”
aspect—ratio — or in term of wing span and to— (aluminium) three j et (CF—6) , wide—body scheme ,
tat  wetted area parame ter : (b 2/Awet ) I/ 2 . This optimized for minimum fuel (M — 0.82, 3000 nM) :
later parameter appears when we look at the mi— the aspect—ratio is only 6.8 and quarter—chord
nimum drag condition for a long range cruise, w ing sweep is 35’ : the resulting calculated
i.e. at the maximum L/D given by the tangent to cruise LID is 15.7 .
t he paraboli c polar curve (figure 

~ 
) ; in

this condi tion Cp~ — C~ and : — the second one is an “advanced technology ”
concept (NASA TAC/Energy study : introduction

C~~4 — 2 C1.~ of composite materials , supercri tical airfoil. ,
neu tral stability, four advanced turbo—fans

C~~~ — (C~~ .11 . AR. e,)I
~
’2 

8PR — 6, etc...) ; the wing aspect—ratio is
very large : AR .12 ,with only ~5 sweep angle

and 
~~~~~~~~ 

— +  (Tl .AR . e/CTy~,) U2 
the cruise Mach number is slightly reduced to
14 — 0.8 ; the resulting calculated aerodynamic

but the zero lift drag ~~~ depends easentia lly 
efficiency Is LID — 19 , i.e. 21 1 more than for

on a mean friction coefficient ~? applied to the a typical contemporary wide—body jet .

wetted surface of the airframe Finall y, it is important to recall that the

— ~~ 
S wetted surfaces optimum lift coeffL~~ent increases with the as—
S reference wt ng pect ’ ratio (as AR ) , which necessitates to

optImize the wing sections for larger C,, l~-and AR • ( 5Pa*)2 / Sreference ; avoid acme form—drag penalty L24 ~~~
.

Ia. —



Met hods to increase the e f f e c t i v e  aspect—ratio se rvice L — l 0 I I ’ a nsce saitats a onl y a very s imple
of a given wing and cheap addition without wing structural streng-

thening for a quite large fuel saving pay—off in
Since even a smal l  increase of L/D may be operation.

very interesting for fuel saving , various con-
cepts have been recently developed to increase We shall see , in section A —3 , that an ai~t iv e

- 

-
fthe e f f e c t i v e  aspec t—ra t io  of a given wing pla n— control s ystem can automatically reduce the ex—

form tn root—bending moment due to a larger tip ex-
tension on the same L—I0I1 A/C.

— tip extension
— winglet s b) wing le t s
— jet momentum effect near the wing

The use of “end plates effect ” to increase
FUEL 3AVIr-IG ~V A!C n0DlrlCATI0n~ 

the ef fec t ive aspect—ratio of a given wing is

~
c
~~
winq t

~
p well known and is widely app li ed , mainly on small

I*ttn~ On (4%b) - . aspect—rat io wing, either with ti p—fins (extra

on ths.Lockhud 1-1011 ~~~ yawing stability on a sweep shape), or wi th tip—

~~~ ~~ ‘~ oo 
~~ I 

N tanks or tip—missile (bet ter structural load
“i, ~~~~ distribution) ; but these end—p l ates applied to

- - f iciency because their added skin—friction more
-
~~ than of fsets  any reduct ion in induced drag ,

bLoci. 

\~~~~~~~ large aspect—ratio wing had generally a poor ef—

Just recent ly the concept of speciall y tai—
Ll O11-1,~ ~~~~~ b red end—p lates has been proposed by R.T W hit—

comb at NASA—Langley C2’~ 3 ;  these wing—like
dev ices , or ‘~~iuglets ”, at the t ip of a wing

~~ ~~ ~~~~~~~~~~~~~~ 
Ltnc~TH were originally tested to reduce the w ing tip

~orte x wake on large transport A/C (reduction0 1000 ~000 ~ O0O ~~~~~~~
of the -.orte~ pollution near airports) but the

Fig. 10 preliminary tests anal ys is have shown that it
a) w ing—tip extens ion : a Lockheed/NASA study was poss ible to optimize the location and the

has shown that a small planar extension aMpe of suc h end—plates located in the stronr
at the wing—ti p of the L.101 1 w ide—body tn jet natural vorticity of a wing—tip ; figure 11 -b

(+ 3 feet , i.e. 4 ‘ of the initial span) is suf— C27 I gives a clear explanation of the capture

ficien t to reduce by 2,5 7 the block—fuel used of this vortex flow to generate a winglet lift

for  a 3000 n34 mission (figure 10 ) ,  thank s ~~ 
force and redirect the flow to diffuse the wing—

the drag reduction during cruise and second seg— tip vortex (this explains the name “vor tex d i f —
ment climb ; but , to cope with the small increa— fusors” also given to winglets) the vinglet

Se ifl the root bending—moment due to the larger lift can be directed forward as well as side—
span , a small reduction in the maximum take—off ways to produce a drag — reduc ing thrust which
weight (195.000 to 185.000 Kg) will be required exceeds their profile drag I fur thermore , the

(i.e. a small reduction on the maximum stage downwash effect on the =~ain wing , and therefore
leng th);  but in this case , the retrof it on in its drag component due to lift , is also reduced

which leads to a net gain on wing (LID) .

(~~ 
App~ca~ion of “wingkf~~ to

50’current A/C
PREDICTED
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How this winglet concept compares with a - a wing span sma ller than wing-extension, which

simpler wing tip -extension 7 simp lif y the parking probh.~ ~n airports ,

A theonitical approach of this comparison — a reduction of the ‘vertex—t it pollution from
t~e~ 3 is given on figure Il-c which compares large A/C near airfield (less terminal area
the gain on the induced drag and the increase separat ion , i.e. fuel savings),
on wing root bending—moment , respec t ively for  a
upper surface wing le t and a ti p—ex tension ap— — increased yawing stability when applied to
plied on a aspect—ratio 8 swept wing ; the indu— swept—back wings .
ced drag reduc tion is given at the cruise con-
ditio n (CL — 0.4), while the increase on root We shall see in section A—S . that the ver—

bending—momen t Is taken at the maximum load fac— tical fins at the tip of a fly ing-wing without

ton for a t ransport A/C (n — 2.5 g , i.e. CL — I )  taper (“spanl oader-”cargo concept) are the most

it is clear that the wing le t concept Is far bet— effective “winglets ” that increase tremen-

ten than a tip—extension for a same extra ben— dously their effec tive aspect—ratio , i.e. their

ding—moment (50 X less Induced drag) ; and for aerodyn amic effi ciency for a modest geometric

the sane effIciency (14 Z CDi reduc tion) , a tip— AR , (see figure 33) .
extension, of about 8 1 of the initial span ,
gives more than twice root bending—moment. c) jet momentum effect near the wing

-
i

Notice that root bending—moment ~ ~ ~at~ 5— For t hose transport A/C equipped w ith engines

factory index of the effect on wing structure , attached to the wing , a very large momentum is

the final desi gn objective for a transport A/C exhaus tea near the wing surface vhi~h induces

being to obtain the best cruise efficiency at 
sw~erveloci t ies by ent rainmen t eff ect ; how to

the miniuim cost in the structural wei ght. 
use this strong interaction to reduce the drag—
due—to—lift ? Several ways have been exp l ored in

Several applica tions of the wing let concept w ind-tunne l, some of them will be analysed in see—
have already been made, both on existing A/C ti on A-4— l .

wing le ts benefit will be obtained whan _________A C0 1 W ING TIP

(as a retrofit), or on new projects (maximum bASIC

loading heavier than for a curren t A/C)
the wing can be speciall y designed to have a tip 

~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~— winglets on the Boeing KC—135 jet—tanker have
been studied by Boeing t ; the final de—

* sign (figure II a) I. an upper winglet (surfa— — 1/-nP ~~~~~~~
cc — 2.8 1 of the wing semi—span surface and
wi nglet span — 13.5 1 of the wing semi-span)

cond itions ~ f - 0.77, CL — 0.43) ; a 7.8 ~ 006
which gives a 14 1 reduction on CDI at cruise

gain on L/D is translated in a 8.1 1 increase ENGIlIE (PP :
on the range fac tor (8720 aM versus 8065 aN)
and finally a 7 1 fuel savin~~for a typ ical .— 

100tITE0

long range mission. The prod uction “re t rofi t ” 
Al TIlE W ING TIP

wingle t weigh t would be 430 Kg (0.3 1
which includes a slight structural modif icat ion ooa — 

~~ 
Induced drag

near the wing tip prototype winglets will be
flight eeeted ,fall 1 978,for U.S.A.F. reduction

with tip nacelle
— Similar study, but with upper and lower wing—

lets , have been made by Mc Donnel-Douglas a- MASA /Lan~i~y~ M~- O7 , R~~~4~ 1O’
round their existing transport A/C , which gives
the following fuel savings for (specified) ty— 0 —p- I I I
pical values of their stage length : a ~ ~

INC I DEiICE
DC— 8— 61 , ~~bbock—fu el — — 1.74 1 (800 aM) - ‘ ‘-“-- ‘

DC—9—10, — d —  — — 1,3 1 1 (300 aM)
DC- 1O-i0, - d’- - - 4 7 (870 mM) 

-‘ ,. .
~~~~ ~
‘) (

~~~) 
Tip vor+ex

More details on the DC—1O modification with the
winglets are given in [~~O j . 

~~
‘
~~~~~

‘ - ~trength reduction
by wingtip blowing

— (Ir~me~an plans to put such winglets on his new \
executive A/C “Culfs tream III” , which permits a 

~\ ~~~~~~~8 1 reduction of the wing area for the same per—

Finally i t Is important to recall that such
wimglets give complementary advantages - 4j

~ 
V.

‘~~~~~ 0”
C,. 0— a better (LID) in cli mb , which is very impor tan t

formance as with the conventional wing. 

~~~~~~~~~~~~~~~~~~~~~~~~ 

.

for one engine— out capabil ity ; in fact , it was

ythe prima ry goal of win gleta installation on -

A/C ; in the take-off configuration , the indu— -

the Israel Industries “ARAVA” , twin—prop STOL

ced drag i. reduced by 20 1 during the cli~~ ,4
which permits to sat isf y the F.A.R rule with I /

~ 
Ii.’“ one .ngine—ou t”at the full T.0 weight , Fig 12 

~~~~~~~~~~~~~~~
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With the tip—mounted eng ine, scheme , the LO(A(.

objec tive is to reduce the win g—tip vorticity, ~tronq 
,

MACH
W~ok

i.e. C 
~~
, by the cancelling effect of high—energy ~~ °~°

exhaus l~ of a tip—mounted fan—jet engine such a ~~ ‘ ° F
concep t have been tested at NASA-langley (,!4and
16]on a semi—span untapered unswept wing (AR 6.4) O?~~

wi th a simulated faa—jet by—pass ratio 8 eng ine I
at the wing—tip (Mach 0.7, fan—je t P.R — 1.5) ; 4

f i gure 12a shows that the powered fan—je t redu— ~~~~~~ 5°

ces the indu ced drag by abou t 30 1 over that for
the basic wing—ti p model , i.e. bel ow the theore— ti,. %* nt -~~~~p1,,. ~~~~
tical minimum 1/i’t AR ; a part of the benefitial 07S
e f fec t is due to the “end—pla te effect ” of the • 

__~~~~~~~~~~ I 
•

fan—engine (about 40 1 of the previous gain is
obtained with a hollow duct having a same diane— CONV tIITIOtIAL ~UPt RCRITICAI.

ter) ; in fact , the jet wake comp letel y destroys MACA AIPFOIL

the concentration of the tip vorticity, and it
migh t be expected that a larger effect ..~“.ld beobtained by prerotating the fan exhaust. 

PPt5~URt DI~ rpIWTIoM~ C p

“Noratlas ”, a French military twin—prop cargo
Such a concept was used on the production

A/C , equippe d with two small id —engines Turbo— ______ re
maca Marbor~ at the tip, mainl y designed to in— Lai~s Cu~ped
crease the take—off and climb performances , wh ich ‘ “ mickar ~~or bowçr

were much improved indeed . ~~~~~~~~~ 
IO0dN1~ OCt

A ~“~~ P sqIler ~ iuc4u,~

Another scheme to conterac t the formation -

~ 
,s,o,~ snt~ rnd +u.I)

of the wing—ti p ‘vortex is a blowing slot along ~UP!RCRITICAL
the tip whose the jet is directed opposite to 

-- 

- T~CI1110L0GV
the vortex ; figure 12 b illustrates a pre limi— TwnO ø,io%o,r4o,I stct,o,,
nary test made on a large aspect—ratio semi—span d.~~~ned b ,  a lio& nuw*btr II ~
wing in the ONFRA/Cannas wind—tunne l to demonstrat 

ond appl’ecl one bW*pt w,n,~ (A’)
e lot- a cr~.,,e Macvt nuinbtr ti0, 11n/cavA’

the comp lete destruction of the ‘vortex core and
also the net gain on net including the small Fig. 13

- o blown jet momentum ; such a device would be vt ry
attractive to reduce a part of the ‘vortex pollu— The main advantage of these advanced air—

tion on large A/C (in fact , this research was foils is a higher drag divergence than a conven—

initiated for reducing the ‘vortex wake int erac — tional section (NACA family) for a given thick—
tion on a helicopter rotor) . ness ; on the ot her hand , this concept can be

utili zed to increase airfoil thickness for a
given drag divergence Mach number ; thus , two

A—1—4) INTRODUCTION OF THE SUPERCRITICAL types of applications are possible
TECHNOLOCY

a) Kee p ing the same cruise Mach nuzubcr , (f igure
Since about fifteen years, the advance in 14 a). The wing thickness can be increased

wing desi gn have followe d an “evo lutionary”
process more than a revolution. [~~1 and ~2) — to reduce the structural wei ght for a gi-

ven p lanform ,

The basic idea wac to desi gn a wing sec tion
able to develop on its upper surface an exten— 

— to increase the aspect—ratio for a given

ded local supersonic flow withou t a too strong wing we igh t (better aerod ynamic efficiency

shock a t the rear , causing boundary—layer sepa— L/D)
ration ; for tha t , a rapid expansion must be
developed around a pronounced curvature near — and to put more internal fuel.
the leading—ed ge ; t hen a quasi —ie entrop ic re—
compression must take p lace to reduce smoothl y Another alternative is to reduce the wing

the supersonic Mach number ahead of a weak shock sweep to have better high lift capability and

(figure 13 ) .  a better L/D at low speed ; in fact , the opti—
mum configurat ion is general y obtained by a coin-

Due to this veloci ty peak near the leading— promise between thickness , aspec t—ratio and sweep

edge , the first advanced airf0 i ls  were named ang le , taking into account the structural weight
“ peaky ” by N. P. L scientists in U. K. the and the global aerody namic performances suitable
supercritical sections are also characterized for a given mission .

by a substa ntial rear loading due to a f t camber ,
a flat upper surface , a large nose and a cusped b) Lnc reasin & the cruise Mach number (figure 1411
lower surface ahead of a thin trailing—edge was the original goal of the supercriticsl tech—

for a given thi ckness ra tio , this shape accoiro— nology , before the fuel crisis ; in fact, a near

da tes a wider spar and more room for the inter— sonic configuration (supercr it ica l F8—U) was
nal fuel. Since about ten years , a large part of fligh t tested by NASA and several transport A/C
the development of these super critical airfoi l . projec ts were studied which have shown Improve—
in U.S.A mus t be credited to Dr. R.T. Thitcomb mea ts on the range factor , and of course on the

at NASA—Langley ( ~‘ 3; in the mean time con— block speed , giving more productivity ; but the
siderable progress on theoretical predic t ions high manufacturing price of such sophis t ica ted

were realised thanks to computerized calcule— aircraft (including a difficult fu selage a rea

tions of the transonic Viscous flow , ruling) and its poor fuel usage more than
o f f se t  its small speed advant~ige.
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Th. state of the art on supercritlcal air— of the drag measured in flight on both confi gu—
(~t i l s ,(rom published 2 Dims-u si on al resu l ts , is rations show. that they have almost exactly the
given on f i gur e IS the upper curves give a sam e  drag diver gence Mach number (M,,~ — 0.7 at
good overvi ew of the progres. on th. drag diver— C — 0.3) ; moreover , th . buffeting is ins—
genre Mach number made in airfoil  desi gn from p~oveci in all the flight domain with this very
the first jet—transports , to pr esent wide—body thick  supercr itica l section and the low speed
j e t s  and to new “sup.rcr itical” current pro jec ts .  max imum lift coefficient in flap—up configur.—
The lowe r diagram g ives the drag divergenc e Mach t l t t i  is improved by 50 1 I
number (for a given C — 0.5) as a function of
airfoi l  re lat ive thickness , respect ively for h) More recently, a Il 1 thick sup erer itica l eec—
conventional and for supercrlt ical sections de— t iors designed by Aerospatia le/Suresnes in 1975
vel opesi recentl y by various laboratories and was f i t t ed  to a T—33 wing equipped with conven—
f irms tional NAC.A 13 I thick sections (French MOD/ONERA

and Civil Avia tion Drogram) : here again the
— for a given thickness , the gain on the lImit flight tes ts  (‘~,4 f have confirmed the wind—tun—

Mach number can reach about ~ M — 0.1 , nel predictions about the same drag divergen-
ce Mach number (H0 ~ 0.76 at C~ ~ 0.3 ), for

— for a given limit Mach number M,5 a supe rcri— both configuration~ , bu t also , ex cellent maxi—
t irat section permits about “C ~~nsor. t hick— mum lift (C ~ 1.65) and handling quali ties
ness than a conventional one this last re— at low spee~f ~~~ good aileron response up
su It is ve ry Impressive when t ran ate rred in to N00 for the superceitical configuration,
wing structural weight paving for  examp le ,
increasing the wing thickness front I.’ I to A typical example of the aerodynamic design of
IS t on a typ ic al tw in—jet/cargo transp ort thick wing for a swept subsonic transport is gi—
Airc ra f t (CW • 75.000 Kg, AR — l0 ,A 25 ) ven(figure I’?) (rote a recen t theore t ical and
redu ce the wing structural weigh t by about experimental study by NLR t bb ]: the main ob—
25 ~~, i .e .  more than I % of the gross we ight. j ec t ive of this design was to obtain an almost

shock f ree superceitical flow on the upper sur—
To validate these impressive gains c’b- face of a AR — 8, 10 swept wing fitted with

ta m ed in wind-- tunnels on very thick sup er cri-- very thick sup erc riti ca l sections (18 1 at the
t i s ’al sections , two experimental unawept “t t ai— root , IS I at the tip) for design Mac h number
ncr ” A/C were f l i ght tested w i th the same tec h— N — 0. 75 a t C — 0.45 ; comparisons between
ni que (existing conventional wing covered by a predicted and~wind—tunnel measured pressures in
plas tic “glove ” wi th new supere ritical shapes) ; 3 dIm, flow are in very close agreement and the
f igure 16 i l lustrates some typ ical res ult . drag divergence obtained in wind—tunnel
obtained on a T—2C trainer in U.S and on a T—33 (Rf — 2.5 x 10 ) is exact ly as predicted (H

00 —t ra iner in Fram e , respect ively 0.75 ’ .

a) in 1 9t* 9, a 17 1 thick sup i r c r *t i ta t section It must be remembered that a typical short
des igned by Roc kwell/colom hus t~’r NASA ( ..1 was haul A/C s t i l l  in service , having abou t the
t i t t s d  to  t he production r - C  wing having con— sam, cru ise Mach number — 0.75, and f i tted wi th
v.nti onai ( 2  1 thick NAC A aect io n . compar is o n a 20 swept wing must hay, much Icas thickness

1
~~~4-’~
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( (2  2 conventional MACA sections) . term transport Aircraft projects (fig. 28—34)
substant ial fuel savings are obtained mainly

We shalt ~ss later (section A—5) an attrac— through a global optimization of wing aspect—
tive application of thick supercr iti ca l sections ratio , sweep and thickness , i.e. be tter aero—
to very large flying wing cargo A/C , the “span— dynamic and structural efficiencies indirectl y
loader ”, and to various more “classical ” near— given by a supercri tical design .
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A—2) PROGRESS ON STRUCTURAL EFFICIENCY AND sary experience under actual service conditions
INTRODUCTION OF COMPOSITE MATERIALS has been ~o begin with secondary — non cr i t i ca l—

st s -uc t ura l components (spoilers , ailerons , f a i—
Sy the use of improved structural airfra me rings , rudde rs , e t c . . . )  or wi th use of c omposite

desi gn (computer programs for structural op— reinforcements applied on metallic primary struc—
timizacion) and new materials (particularly tures (to extend the lif, of military A/C , as on
composi tes), up to 25 2 reduction in airfram e a c — l b  cargo A/C). Such .Iemonstra tions began
emp ty wei ght may be possible , which would trana— about f i ve  years ago in several count r*es , the
la te into fuel savings of (0 to IS I [~~6,b7 ), atm ,nges t technolog ical e ffort being made by
as pictured on figure 18 for the next fifteen the U.S.A.F . Mater ia l  Labora tory and by NASA
years A/C designs . (composite primary A/C structures , a ten-year

A •6A/c ~TRUCTUQAL WtIGHT 
program extented up to a comp lete wing primary
structure , ( I ) ) .

* 100 ---- _ _ _tii~ctlIoneou~ 
-

— bt,.~l In those condit ions , for  the next transport
80 TItO alloy A/C generation of the early 1980’s , the use of

as floor beams , tra iling—edge surfaces or fa i—~~~~~~~~~~~~~~~~~~~~~ 
compos ite will be restricted to second ary parts

~~~ ‘,, rings (also app licable as retrofit items on in60 - coespoelle
service A/C) ; then , the fuel reduction to be

40 - 
achieved on f i rst  phase would be rather modest:
for examp le , on a typical wide—bod y transport

— AIu,ninunt olloy (L—1011 or DC—In) , a 2500 Kg weight reduction
— permits about I 2 fue l savings ; then one needb
- Rst A J  ‘N5Lt)H*QI ,W~A ,53~~ ~~~~ 

about 12500 Kg of composite structure applies—

o * i i 
* 

t ion (with an estimated 20 2 wei ght reduction
1~~O 1%66 Viz. aluminium structure) to have this I I fuel

savi ngs in operation. Consequentl y, the maximum
- ‘I. wEIGHT SAVeD fuel savings for the next A/C generation would

be be tween I and 2 2 ( 5 , but it Is a part
10 — by 4uture mottnob

of a manda tory learning cycle.

In fac t , the real pay—off will be their use
on pr imary structures for example , a c omposite
wing—box structure app lied on a new A/C (of the
5—747 class) migh t save about 7500 Kg — equi—

YfAR va lent to 75 passengers pay load or about 3 2
0 -~~~ savings in block - fue l ; but it Is too early

1~~1~ 19~o 1984 i9bP~ 
for a sound manufacturer to launch now such com-
posite construction iteto a non—re movable pri-

0 10% ZO% AIRC RAFT ~~~~~ W~~IGMT 
mary structure w ith a risk of ageing phenomenn

I ‘ *P1PROVtMf M~T 1 4 ~1.

composite materials into transport A/C projects ,

~~~~nG~ 

n~~w IIATEPIAL5 If we look now to far -te rns introduction of

— 
Qfld it seems Inter eeting to b r i e f l y simmsarlze some

F FLIGt’tT ~FFlCl~f1CY trends from general studies asked by NASA to
Boeing ( 5ô ) : during the course of a parame—

(Wids - bO&~~et tr ic analysis , they have looked at the structu—
on ~OO0 nm) Fig. 18 ral weight penal ty to improve the aerodynamic

eff iciency throug h an increase of aspect —ratio
At f irst , advanced structural conc o pts and for a Mach 0.8 long—range wide—bod y advanced

new manufacturins techniques ( 6 J will make a transport A/C ( 200 passengers ,on a 3000 oH stage

large contribution to reduction of airframe length, where about 80 2 of the block-fuel is

cost and weigh t (less structural components, consumed during cruise) ; the wing shape is gi-

use of integrally machined panels , bonded me— yen : sweep mA 1/4 — 30’, and supercritical air—

tat honeycomb, superplastic forme d diffusion foil thickness from 15.5 2 at t he root to IC 2
bonded titani um , e t c . . . ) .  at t he wing—tip ; figure 19 a gives the w~nf.

weight, respec tively for a conventional alumi—

Furthermore , new advanced “ super—pure ” alu— ni*mt structure and for an advanced composite

minium alloys wil l  permit significan t reduction structure (with — (0 2 and — 25 2 wei ght savings)

on structural wei ghts—as large as 8 to 10 2 as a function of the wing aspect—ratio (from 8.6
(4) —for the 80’s projec ts. 

to 12) ; we have already seen (section A —1— 3)
increasing aspec t—ratio is a very powerful way

Another major technolo gical develop ment of to increase the fuel usage (here 6 2 savings

recen t years is advanced composite materials ma— ftom AR — 8.6 to 12), but a full benefit of cont—

de with graphi te, b0ron or kevlar fibers in an posite materials is also very beneficial : 4 2

epoxy matrix , which offer much superior ratios fue l savings for a 25 ~ advan ced composite struc—

of strength and stifn.ss to density 1 7 ~~~
. ture ; in this later case , f igure (9 b gives

but the principal barrier to an extensive use sons, details on such a long—term transport A/C

of compo site mat erials for the next generation structure

of transpor t A/C is the tack of experience on
their durabi lity and maintenance problems for 

— graphite epoxy honeycomb for the wing, wher e
a 50.000 flight hours life extended on a 20 advanced composite material i~ particularly

years period (we have alread y accumulated more 
advantageous for a high aspect—ratio wing—box

than forty years experience on Aluminium struc— (desi gned for gnat and flutter considerations

tur s s , both in service and in laboratory tests) ; 
ra ther than for maneuver).

t hat is why th. first step to obtain the nec es—

J
-—-~~~~~~~~~~-- ~~~~~~~~~ 

.
~~~~~~~



— graphite epoxy for fuselage and empennage pri— sensible weight reduction for given AR and sweep ,
mary structure, for all control surfaces , and
for propulsive nacelles with integrat.d •coua— — aspect—ratio Increasing AR is very detrinen—
t ic treatment ; all figures in I are given tat to the wing weight if t /c is not increa—
rela t ive to aluminium skin stringer construe— sod ,
tion ( S~3 I

— wing sweep : the structural weigh t increases
To conc lude this section , it seems interes— slowly with the sweep angle.

t ing to point out the structural wing weight
sensitivity to geometric parameters , as shown on Again, It is clear that the introduction of the
a t ypical modern wing design (figure 20) supercr itica l technology i s the solution to ins—

prove both the structural and the aerody namic
— wing thickness : thicker airfoi ls lead to a efficiencies.

a 1~ 14~ Okg
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ACTIVE CONTROL T~CP1I10L0GV
A-)) PR0GR~SS ON ACTIVE CONTROL TECHNOLOCY Oil FUTURE TRANSPORT A/C

In t his secti on w, shall detail s ome active
t * s c t ’wcontrol systems which wi l l  be a small part of .*~qno*~øq T~the integrated di gi tal systers insta lled on

future transports C~ I we have a l r eady some
ideas about the .ivionks technology av** Il** I~ C o k p~t ~tormot ,on ~~~~~~~~~~~~ - 

~~~~ .mi~ qament
in the next ty~~~y ye a r s  t~~ L which probably 

—wi l l  be ,* key to fuci savings , beca use its large
impac t on better operational procedures (see ~~~~~~~~~~~~~~~~ ~f D,~tvibutedsec tion 5—3) ; this integrated d ig ital system sø~oq~o~~eI.r0 -

conor~~ 
~ _ _  ~~~~~~~~~~~

w ill monitor Fost octnq

— fully digita l automatic flight controls , plus Automoh~centra l ait - .d at a sys tems , ~onobIe combsr:I(~ )
~4flNOrt,

FOCt oct nq— ful ly automated t h ree—dimension a! navigational 
~~~~~~~~~~~ 

~~~~~~~
fli ght-path control ,

® Computir ~ trVO votvti.
— attitude/heading reference systems using laser 

~ FU~~CTIO~~5gyros ,

— nuto land capability for category l i t  a l l  yea— I THE NEW 
-
~\J THE ENVIPOfl,1t~1T OUThIOt ~~ ~~ 1

ther landing. 
I AV*ON*C~ ~‘1~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~YSTEN~ _

~~~~~ 

ip,~~a~ co rmo~~A c i - ) 1— optimized prof ile navIgation (4 dix.) for fuel
I •(.)ha& (A.savings , 
I •ff.~4fl(~ ~~~~
• ~~— di gi tal data busses (using also f iber—optic 

~~~~~~~ AND THE A(C nv~Trn ]techno logy, for ln—boa r~3 transm issions),  • Is’.
~Hu *t.purposc d.~p*or

— f l i ght operations controlled from the ground 
~~ na’.~. Fig 21throug h da ta—link conmunications ,

A— 3- I )  RE LAXED STABILITY
• — propulsion control and A/C fuel management ,

Severa l current commercial transport and
— and finall y, ac tive airfr ame control techno lo— mil i tary A/C have already s ine stabi l i ty aug—gy (ACT ) based on a Tly— bv—w~ re insta llatIon . menta tion systems (yaw damper are alread y in ser-

vice on many existing A/C) but , here , the natoFor a transport A/C , the most important objective will be to reduce the tail si -c a. cx—requ irement for a safe app lication of active p lained on figure U—a for a conventionnal A/Ccontrols is an extremely high level of reliabi-- configuration ; thanks to a reduced trim dragl i ty in all the components of the sys tem [ 1 ]‘ In cruise and in flap—down configurations , and
and particularly the computers which must be ca— to a reduced tail wcight ,.a “snowball ef f ec t ”pable of fa ilure detection , identif ication and leads to a smaller A/C , i.e. le~~drag, andrecovery . tj na [ ly to a sensible fue l savings.

The main goals of active control technology On a transport A /C t he center of grav i tyfor tra nspor t A/c are fLiO,41~ n4 421 range is determined by passenger and fre ight
accommodation figure 22- b explains how the sa-

— relaxed stat ic stabilities , tr.e C.C range can be obta ined with a large hori—
tontal tail surface reduction thanks to stab ili-

- maneuver load con trol , ty augmentat ion ; however the maximum aft  C.C
location, I.e. the amount of controlled instabi—

— ride improvement and gust alleviation, lit)’ is generafly limited by contro l—power and
by nose wheel steering (for an imposed mair un—

— flutter node control , darcarr iage location , generaUy f i t ted  to the
wing) ; in the figure 22bfor examp le , about 7 ~— direct lift and side—force contro l , af t movement of C .C leads to a 25 2 reduction
on th. horizontal tail area , w ith the s ame ye—

— cen ter of gravi ty con trol , quired C.C range .

— variable camber and f l i ght envelop, limitin g. A practical application of relaxed stabi l i-
ty is already planned by Lockheed for its “T n -

Some of these Items are dire ct ly, ~drag red uc— star ” derivative , the L—IOI (— 500, which vill in—
tion) or ind i rectly (weight reduction) attractive corporate both a ti p—e xtension (see next s ect io rfor fue l savings , ei ther for the next transport A—3 —2), and a reduced horizontal tail surface
A/C generation and even derivatives of existing 

~ ~~ f igure  22 c shows that the new ho—
A/C, or more genera ly for longer—term projects. t-izontal tail has a 37.5 2 area reduction , less
Figure 2 1 gives a sketch of such ideali sed sweep , but the paine longitudinal control power
ACT transp ort which hig h lights the import ance the combination of the reduced structural wei ght
of the new av ionics systems . (“720 Kg, i .e. about 0.4 1 of its gross wei ght),,

and of friction and tri m drag reductions leads
to a ) .~~ I fue l savings for the standard m ission
of this wide—bod y A /C.
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Relaxed stability has been successfully The controlled longitudinal instability is
fligh t tested on several military A/c (B—52/CCV , particularly beneficial on a tailless confi gura—
F— 4/CCV, YP—1 6 , etc...) ; during the 3 52/CCV tion , as it will be shown (section A— 7) for the
study , Boeing has calculated that a new bomber French experimental Concorde as I.
having the same long—range mission (6430 mM),
would have a take—off gross weight of 175 tone In principle , the fin size can be reduced
instead of 204 tons for the current production in a similar manner thanks to an active control
5—52 , i.e a (4 2 weight saving . on the yaw mode , the limitation besing often
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the yawing moment power need ed to trim a wing— than 50 2 lateral accelera tion reduction for the
pod— engine failure , af t—cabin passengers) . Since ride improvement

systems are not flight cri t ical , they should
A— 3—2) MANEUVER LOAD CONTROL come very earl y into airline service , mainly on

short—haul A/C flying often in a low alt it ude/
The basic concept of maneuver load reduction bad weather ; but such comfort improvement has

is illus trated on figure 23-  a : the spanvise no direct pay—off on the energy efficien~y.
aerodynamic loadi ng of an efficient wing is us-
ually near—elliptical , as shown on the left—side A—3—4) GUST LOAD ALLEVIATION
of the first sketch ; to reduc. the wing root—
bending moment duri ng a maneuver , active ailerons The most spetacular app li cation of a load
are sy et rica ily up—deflected , proportionally to alleviation and mode suppression system was made
the angle of attack increase , in view to obtain on the entire 5—52—C fleet , in order to reduce
less load on the wing—tip, i.e. a smeller root— the A/C acceleration response to turbulence at
bending moment for the same global load (right - its prima ry bending mode frequencies , i. e. redu—
side upper sketch). cing fatigue damage during low altitud e hi gh

speed penetration missions (increased service
The pay—off of this concept was demonstrated life by a factor of eleven I) (40 to 42 )

in flight ( 
L,1 ] on the U.S.A.! experimental

5—52/CC! (40 2 reduction in wing root—bending Another app lica tion is the yaw damper installed
moment p.r g for a&n — Ig maneuver), and on the on the Lockheed L—10 11 to reduce ver t ical tail
U.S.A.! cargo C—5A (30 to 30 I bending moment loads by about 20 2.
reduc tion throughout the flight envelope ) .

However a full app lica tion of gus t load
These gains can be used alleviation for structural weight savings is dif-

ficul t because fli gh t critical 8 (very hi gh system
— either to reduce the wing structural weigh t reliability is manda tory,and in some cases a

(— 5 2 in desi gn gross weight of a large boat— gust alleviation system can induce more load
b .n/B—52 class) than wi thout ACT system).

— or to improve airframe life (as proposed for •A— 3—5) FLUTTER MODE C(R’lTROL
the C—5A)

Since flutter phenomena is an exp loaive ty—
— or to increase the nominal design wei ght pe of ins tability (i,e. can cause catastrophic
without wing structural modifications for an structural damage in seconds) , a fl utter mode

• existing production A/C. control sys tem (typical’ flight cniticsl~ would
be applicable on transport confi gura tions only

But , because of fuel crisis , a cleverer approach for off—design cond i t ions , such as “overspeed”
is a t ip—ex tension (figure 23—b) in an amount ( 41 :1.
wbich j ust restores th. bending moment at the
original design value ; Lockheed plans for 1980’s However , f l utt er con t rol sys tems ar e very
a modified version of its L—1Ol I Tristar with attractive on some milita ry A/C , for examp le to
such an active aileron system which permits a prevent wing/store flutter (the external load
9 ft tip-extension (about 6 2 of the orig inal can be jettIs oned in case of ACT system failure).
span) without structural modification at the
wing—root £ 5 ); a larger aspect—ratio improves A— 3--6) DIRECT LIFT ~m SIDE FORCE CCE~TROL
the aerodynami c efficiency and leads to a pre-
dic ted 3 2 fuel savings ; positive and negative Such capabilities oust improve the maneu-
syimoetrical ac tive aileron deflection is also vrability of large transport A/C , mainl y in ter—
used to damp out the first elastic wing bending minal area ; thus , such sys tems will be help fu l
response for reducing wing gust loads (better for improved take—off and approach trajectories
passenger comfort) ; we have seen previously (noise and delays reduction , increas e of Airport
that this same project will be fitted later with Traffic , see section 5—3) . Direct lift can be
an active horizontal tail to insure relaxed Ion— developed by dedica ted secondary flaps or by
gitudinal stability and longitudinal gust alle— spoiler, ; direct side—force can be induced by
viation ; then , the global fue l savings would be differ ential deflection of canard surfaces (fi—
— 6.5 2. gure 21- a ).

A—3—3) RIDE CONTROL A—3—7) CENTER OF GRAVITY CONTROL

Pligh t through turbulence , giving an uncon— An appropriate transfer of fuel  mass , through
for table ride , resul ts both from an automatic pumping system between various tank s

is a very simp le means ofaâjusting the A/C static
— the rig id response of the airplane (usually the margin to optimize its aerodynamic eff iciency .

case for general-avia tion with low wing—loading)
On a tailless configura t ion like Concorde

— and the excitation of the airplane ’s structu— SST , this C.C control is vital to cop . with the
ral modes (usually the ca pe for large flexible large rear shift of the aerodynamic center from
transport A/C) . subsonic to supersonic reg ime (see sec t io~ A-7

and figure 43 ).
Various active control systems have been

successfull y flight tested in both cases on ex— Even for a subsonic transport A/C ,euch a
p.riaenta l A/C (B—52/CCV , B—I Bomber ,.,.) and progra~~~dC. C adjustment might be used to reduce
even cer tificated on t ransport A/C on the B— the trim drag due to a too large static margin
747 , a system was app lied to improve the lateral this technique is panticul ar I~ attractive for
ride quali ties in the aft—fuselage , which opera— long—rang e mili tary A/C ( IS J , l ike  the borèer
tee the rudder to suppress the structural modes 1—52 (2 1 fue l savings), and the U .S.A.? airlift
and to reduce the lateral acceleration (more fleet C—5A (— (.6 1 PS), C—141 C— 2 5 FS) ,and
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C— 130 C— 0.9 2 73) ; on the civil transp ort side such a case , active control tschnolo~~ would
Lockh..d estimate, that I 2 aft C.G movement have a decisive impact on the development of
would lower fue l burn by 0.2 2, and about the new projects over the next 20 years .
same leve l is given for the Airbus A—300 (I I
fuel savings for 3 2 aft C.C shift) . A good example of such impact was recently

given by an USM/FDL sponsored desi gn exercise
A-3—8) VARIABLE CANEER CONTROL AND FLIQIT ENVE with Boeing C’.j 3LIMITING Two pre liminary designs were conduc ted around a

large tanker Aircraft project , able to off—load -

The main objective of an automatic control a 153 tons payload on a prescribe d refueling
of the wing flaps deflection is to optimize the mission (figure 24 ) ; the first desi gn, using
aerodynamic efficiency L/D (fuel savings) during normal procedures , gave a very conventiona l con—
all flight regimes without p ilot workload ; figuration , with a gross weight of 450 tons
for each regime (take—off , climb , cruise , loiter , the other project , in which five active control
approach...) there are optimal combinations of concepts were introduced simoltaneoualy, was
leading—ed ge flap (or slat) and of trailing-ed— very differen t indeed
ge flap deflection. which give the best L/D;
they are easy to control with the on—board com— — thanks to relaxed stabilities control on
puter. pitch and yaw modes , the horizontal tail was

removed and the fin surface was reduced ; the
For fligh t envelope—limiting , the active wing size and weight were also reduced thanks

control system is used to prevent Aircraft from to active load-control ; and the thrust of the
entering some dangerous portions of its fli ght four fan—engines was also reduced (less drag) .
envelope (in terms of angle of attack , normal
acceleration , Mach number . etc..,) ; safety is The main benefits due to ACT app lication are
more involved than economy for such a task. impressive

A—3 9) I1~ ACT OF ACTIVE CONTROL TECHNOLOGY - 25 2 reduction on empty wei ght and 16 2 on the
ON TRANSPORT AIRCRAFI gross wei ght ,(G.W — 380 tons),

To conclude on the ACT pay-off in perfor— — about 25 2 fuel savings
mance and economy for transport A/C , it is im-
portant to recall that such a conce pt must be — a reduction of 20 2 on the first cost for  a
introduced and evaluated at the preliminary fleet of 100 A/C ,
design stage of a project , t aking into account

• the various interferences on the other discip li— — a reduction of (1,5 2 on the yearl y operating
nes (aerodyna mics , structures , propu lsion) ; in cost.

RELAXED STA$ILITIES
AIPUCATION OF ACTIVE CONTROL TECHNOLOGIES Ion pma s.d ~sw(

TO A LARGE TANKER A/C MANEUVER LOAD COSITWOI.
PRELIMINARY DESIGN } OUST LOAD ALLEVIATiON

Il-ens .s.~~ .iIud s~p inluPon • FLUTTER MOOS CONTROI.
m sN- lisP SE toni.. ps~Icsd)

AND COMPARISON WITH A CONVENTIONAL CONFIGURATION
CONVENTIONAL
PROJECT A/C SHAPE E - NO MORE HORIZONTAL TAIL

MODIFICATIONS — SMALLER WING AREA

- SMALLER FIN AREA

- SMALLER FAN-ENGINES

DUE
TO ACTIVE ~ 

REDUCTION ON EMPTY WEIGHT I-. 10%)

5ENEFIi

~ LESS FUEL CONSUMPTION I— SE

• REDUCTION ON GROSS WEIGHT I- 15%)CONTROLS
• - - tw ill .

• LESS FIRST COST. I— 10%, ii , ISO A/C)me • 310 liens \J M~~~~l5i55 
• LESS OPERATING COST I— tI.S%~,ss,)

IIIPACT OF ACT.  / C.C.V.
OM FUTUPt A/C D~SIGM AI1D ~COflOf1Y

Fig. 24

— ~~~~~~ -, ~~~~~~~~~~~~ 
.,__, • •_ .. . _  - - ., -‘
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A—4)PROGRESS ON AIRFRAME/ENGINE INTEGRATION entrainment effect induces a larger CL increment;
this induced “supercirculation ” effect vould be

In this section , we shall review two way, even larger by deflecti ng the jet onto the fla~-for improving the propulsion system of some down, as proposed by NASA—Langley f 44).subsonic transport A/C, thanka to
In cruise condition, the velocity ratio is

— a bitter design of the turbo—fan nacelle moun— much smaller (.~
. ~.6 at N — 0.7) and, t hese gain ,

ted on a wing, on CL and CD ac: much smaller (about 3 2 on total
CD). Theoretical approach of this concept has

— a new approach for an efficient use of a pro— been already develop.d by NASA and Boeing (44,~4J
peller up to high cruise speed (M. — 0.8) . which can help the optimization of each particular

configuration ; this includes the design of satis—
A—4—1 )WING/NACKI.IIS OPTIMIZATION factory contoured nacelle. and py lon. ; transonxc

tests made by Boeing have shown that installation
We have seen previously (Section A—l— 3 ,c) of symetric nacelle s and pylons caused a large

that a turbo—fan location at the wing—tip can reduction of the drag divergence Mach number and
reduce , by approxima te ly one— third , the A/C a drag increase at cruise lift (figure2sb) ; on
induced drag ; but this tip location has Se— the contrary , the configuration with contoured
ver*l drawbacks (large yawing moment associated nacelles and pylon. shows a better limit MaCh nun—
with tip—mounted engine failure , possible wing ber that the wing—body alone , and even no extra—
flutter problems , etc.,.) drag at transonic speeds.
But for wing mounted engine at intermediate
spanwise locations , recent researches have All these results are very encouraging and
shown that both underwing and above the wing must be further studied because such concept can
nacelles/pylons locations can also lead to favo— open the way to very attractive transport A/C
rabi. interference effects, configuration., taking advantage of the shielding

effect of the wing to re~iuce the fly—over noise
A— 4—1 ,a) Inboard — underwinged Engine installa— level and of the jet—flap effect to reduce take—

tion off and landing dis tances ; finally, this over—
the-wi ng location of th . propulsive nacelles per—

Some pre l iminary research at NASA—Langley mite low-wing configurat ions with large turbo—fans
(24lhave been devoted to the elimination of without ground clearance problems as on convention—
adverse interference with poded engines ; in nal underwinged installation (see the “span—loader”
f act , it was demonstrated that it is possible concept in section A—5) .
to induce a favourable interference , which in— OILcreases with lift : the reduct ion of the drag C ,. 0~ 4c

ole,.flow below the wing (we have scan the same ef— ~ . 4-4
fect with a vinglet at the tip) ; such favours— 06 10 10 4 •

~ 
-

due to lift is due to a less outward spanwise 1~

and nacelle shapes to design the specific shape 0~ ~ 
-

~~~ 14~

- C 0~ 110 CAbis effect must be studied for each particular =A /C configuration , taking into account the wing

001 ~~~~~~~~~~~of the pylon ; some theoretical approaches are - 

~-~ o M i t
0 ~ 10 IC 0 oi A .15

now available for such ontimizat ion, ~~ - c.

A—4--l ,b) Over — the - wing nacelle (~) 
Low sp..d piriormonc. -

improvtmsnl with ovsr.th..winq \JI0~CW&
The upper -surface blowing (U.S.B) concept , py~on.mountid sn~un e~where the fan—engine flow scru bs the wing upper—

* •Lanle AC,.dnd A Vosurface is well known by its convincing app lica— 
~~~tion on STOL A/C (Amatol Boeing YC—1 4 , NASA/QSRA) : _.-~~ ~~~~~~~~~~~~~~very high lif t is obtained by “aupercirculation”

effect generated by turning—jet effect around * Y~~” 
no~e

the deflected flap for take—off and landing : rsduction •
this concept is also very attractive by its
f l y— over noise reduction for a given propulsion
level ; but this scrubbhog actio n at cruise speed 

® Ni~~ ~pssd oerformonct improvsmei*
produces both more friction drag and unfavorable prop..rry conioured noce.U..~t ransonic interferences Eh-~

). ond pyIon~ er-th.-wTnq .

A C~ ~~~~~~~~~~~~~~~~~~~~~~~An eng ine—nacelle location that is promi— 
~~~~~~~~~~ 

~~~~
A AC.0

effect is to locate the engine mounted relativel y 
~~~ 

_-\_~ — _____high and forward above the wins(44243; such a

sing as a solution for avoiding this scrubinr I ~~~~~~~~~~ 
~~ ~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

twin—jet A/C configuration was test~d for the os~i
first t ime by V.F.W in Germany (4SJand typical 

\ \ °°~
Mm ~~ N5resul ts are shown on figure 25a;the.e lift and O Z 1 1 1  I

drag variations with the jet velocity ratio are 0% ~% 070 050 O0P oi 06 
- -relative to the wing and fuselage only, (the

propulsive nacelles being non—me tric) : the velo— Fig. 25

ci ty ratio Vj /V5 • 4.4 is representative of
turbo—fan engine — FPR • 1.6 — operation at the A—4— 2 TRANSONIC PROPELLERS FOR FUEL ECONOMY
star t of climb the jet exhaust induces a signi-
ficant increase of lift and gives a reduction In the past , propellers were used very effi—
in drag due to lift which leads to a 6 2 increase ciently at cruise speeds up to about Mach 0.60

~~~ off and landing conditions , with flap—down this due to increased transonic drag on the blades
in lift/drag ratio in climb condition ; at take— above this speed , the efficiency falls rap idly
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to overcome this drag divergence at higher cruise spinner/nacelle arrangemen t ; both analytical and
Mach number, there are two well known solutions experimental research are still needed to op—
using thinner and/or supercrit ical blade sections timize a complete A/C configurations . Another
and sweeping the blade leadi ng—edge ; and now, critical at-es is the fuselage , located in the
wi th the use of composite materials and advanced noise field of the transonic propeller (propeller
constructions techniques , it is possible to build tip speed — 240 m/sec , i.es slightly supersonic
such blades [4~ ,47]. at N — 0.8 cruise),which gives an overall near—

field sound—pressure level of about 146 48
A. a part of ~ts Aircraft Energy Efficiency then , a very effective acoustic treatment of the

progr~~~ 1 1 1, NASA has asked the Hamilton Stan— fuselage around the wing—mounted prop—fan is
dard division of United Technologies to desi gn and mandatory (very difficult to cure because this - -

test in wind—tunnel a family of transonic propel- noise is mainly at low frequency , which needs a
lers , or “prop—fans ” ; these tests have shown that quite large structural weight penalty, i.e. some
a full—scale propulsive efficiency of about 80 1 degradation in the fue l efficiency) .
can be obtained at a cruise Mach number of 0.8 ,
i.e. about 20 2 higher than that of the best advan— Finall y, the mechanical maintenance costs
ced Turbo—fan (fig.26) ; such a propeller rsquires must be much lover than with the old turbo—prop
a power loading about three times higher than that A/C (mainly on the gas-turbine , on Its gearbox
of convent ionnal prop ellers (i.e. abou t 3OO!~W/m2 ) and on the prop -fan itself) ; bt~ , again , advan—
with eight blades , having very thin (2 1) and ced technology can be app lied (better modularity ,
swept (30’) tip sections , and advanced supercriti— increased mean—time between failure).
cal airf0ils all along the blad e ; finally the
prop—fan diameter is about cne—half tha t of a con— To evaluate the future of new pcope ller -dri—
vention .1 prope ller (no installation problems yen Transport A/C , it is interesting to analyse
wi th a low—wing confi guration) . the results of prelimina ry design projects made

by three U.S. airframe manufacturers for NASA
The above mentioned ga in on propulsive eff  i- [47 Ito point out the fuel and operating costs

cien cy over the conventionnal turbo—fan come, main— savings potential when compared with convent ion-
ly ft-os much lower momentum losses with the lowe r nd Turbo—fan A/C (figure2 l) ; for all these
pressure ratio of the prop—fan, but also from the studies , the ground rule was a cruise Mach number
elimination of the turbo—fan shroud drag ; the 0.8 and the use of a prop—fan family alread y
gains are even better at low—speed/off—desi gn con— developped by Hamilton Standard from their trans—
ditions thanks to its variable pitch, leading to onic wind— tunnel tests
shorter field lengths and better rate of climb
(the best final saving would be for short—haul a) In the Hoein. de’~i~n study (figure 27a), two
prop—fan A/C). prop—fan powered transport configurations were

compared with an equivalent technology. level
P(LAIIVt FUtL COF1~4JPiPTIOFI turbo—fan configuration , having the same mission

~ T,.~~ ,r (ISO pax,on 3300Km at N — 0.8) : all three co nfi—

~~ b 
- gurations are twin—engine/wide—body A/C, usin~‘

1 1  1 976 airframe and 1980 engine technologies [4bJ.
Ob~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~ - 

AC a~~ S~~. One pro—fan desig n has the engines mounted on the
- ~~~~~~~~~~~~~ - - -  

wing, the other on struts at the fusel age after-
body ; both designs have higher empty weights

I I I I * than the turbo—fan configura tion , due to the ex—
1~ SO 40 10 ôO ~O ~(EA R~ tra—we ight of prop—fan Systena , but also to the

weight penalty for cabin noise suppression
(2670 Kg) with the wing—mounted prop—fans ; the

i~ In~TaLLtD 00000Inuvc aft—bod y prop—fan was studied to avoid this pen—
~~~ 

“ fFFIcIErICV alty but , in this case add it ionnal structure is

I I00~~~~~ l~9tW required for engine struts . and larger tails ,and
to cope with more severe acoustic fati gue due to

~ _~ _~ _
_L~~~ the propeller/fuselage proximity.

I 1 1 • 
~~~~ ~~~~~~~ The fuel savings for a 500 n.M stage length•~~~ IK~ ~~~ 0’~ 05 0.1 00 0~ ~~~~~~~~~~~~~~~•i.en~

, ~~~~~~~~ .t”o.. u~~.e ... is around IS ~ for both configurations and dtrectCRUt~I ‘lAtH NUPIMP .enieen,*~~~~~,In. ~ oper ating cost savi ngs are between 4 and 6 2 , de-
pending upon the fuel price.

_
_ k) The Lockeed—California study [4~ u s based on 

fuur engines configura tions for 200 passengers on
U  maximum range of 2780 Km at N • 0.8, with a 1985 

~~~~~ service introduction taking account of new tech—
/ ‘t

~
-\ 

~, 
nologies (supercritical wing , A& — 10, active
controls for relaxed stability , compos ite secon—

- - - “ ~‘~~~~ -
. dary structure and advanced engines) ; figure 27b 

. , ,•-_ --—.- shows that the gross-weights of the two candidates

MA?A ADVA!IC(D TUR~ O•PPOP °~~~~“ :~ 
about equal (ccetp:nsatlon between 1;~ s fuel

Fig. 26 s.lution). The fuel saving s for the prop—fan con—
Capt is about 20 2 for a typical 475 n.M stage
length with 58 2 load factor. (The specifi c fue l

However , the integrat ion of the prop—fans consumption is reduced by 19 1 at cruise and by
to the airframe (figure 26) is still quite cr1— 26 2 during climb , the later figure beeing very
tical , due mainly to the interaction between attractive for short—haul mission.).
propeller slipstream and the wing in a transonic
enviromu.nt (supervelocities, plus flow rotation,) The D.0.C. savings are between 6 and 8.5 2
but also between the propeller itself and the depending upon the fuel price .
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c) In the Douglas study[50 3, the DC—9—3 0 was noise and cab in noise/vibration level, airframe!
used as a basis of comparison with a modified engine integration, mechanical turbo—prop mainte—
version equipped with two wing—mounted prop—fans : nance).
here , the gross take—off weight and payload (92
paz) were held constant ; on the propeller-drivm

A - 5) FUTURE APPLICATIONS OF NEW TECRNOLOGIES
ne—out control) again the prop—fan empty-weight TO SUBSONIC TRANSPORT A/C
is a little larger than that for the turbo—fan
configuration. The fuel savings for the prop—fan A—S—I) SOME NEAR—TERN FUEL EFFICIENT SUBSONIC
concept are much larger than those jf the two TRANSPORT CONFIGURATIONS
previous studies because the reference A/C
DC—9—30 uses old low BPR/JT 8—D turbo—fans ; on We have seen , in the previous sections,
the other hand , the prop—fan design was based on various attractive means of fuel savings in a
advanced core engine technology (JT— IO—D) and short term period by minor Aircraft modifications
on a 8 bladed propelled with 244 ‘s/s . tip—speed , and improvements (on aerodynamics , structure.,
giving a propeller efficiency of 0.8 and inatal— and propulsion system) ; but, in some cases,
led T.S.F.C of 0.6 I~g/h/daN (0.53 lb/lb/br) ; such modifications are not cost/effective for
in these condi tiona ,the prop—fan derivative uses the operator : for example , although the fuel
33 2 less fuel than the DC—9—3O for the 290n.M savings with a reengined Aircraft is very subs—
stage length ; and for the same 1.0. weight , its tantial (i.e. new CPM—56 on a old 8—707, see
range is increased by 73 1.(figure 27c) figure 32 ) ,  the cost of the engines and the

airframe modifications could have such impact on
The D.O.C. savings for a hi gher TSFC (0.65 D.O.C increase that negates this type of fuel

lb/lb/br) are still between 5.5 and 10 1, depen— savings option ; on the contrary , a more modest
ding upon the fuel price, energy saving given by an aerod ynamic improve-

ment (i.e, wing—tip extension , etc...) is cost/
To conclude on the future of the pro—fan , effective due to its very small negative impact

it is fair to say that this concept is again on the D.O.C.
attractive , not only for its large fuel savings
potential , but also by its propulsive efficiency A second way which offers greater potential
superiority over the turbo—fan at off—design re— fuel savings is the development of derivative
gises, i.e. take—off and climb , cruise at lower Aircraft to increase the payload/range characte—
altitude and Mach number (very interesting for ristics of the basic design. Such operation gene—
civil short—haul and military Cargo A/C). rely requires a substantial development effort ;

for example fu.elage stretch, introduc tion of
More research.developpsent are still necessa - composite secondary structure , general drag re—

ry , including demonstrator AIC,to solve various duction program , and even, a complete redesign
technical problems (transonic propeller fly—over of the wing : thi. last option was taken recent—

~ 

~~~~~~~
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ly by Airbua—Induatrie for the Airbus A—300 1—10 thicker supercritical airf0il sections .
der ivative which incor poratea( fi gure 28 )

This new lighter configuration has a better ener—
— a shorter fuselage (232 seats instead of 269 gy efficiency than the previous configuration

for the 1—2/4) (about + 6 2 on the seat x Km/Kg fuel rstio), and

1-
the same level as predicted by Lockheed

— a smaller wing surface but with a larger aspect for a near-term project of about the same pay—
ratio (10.16 inatsad of 8.57),and fit ted with load/rang, class raE ~~~
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This Lockheed confi guration is a part of a is a too low cruise Mach number : II - 0.76 only,
NASA parametr ic s tudy (REC#iT program) around a and a too large span (b - 56.9 m) for the exis—

— third way for fue l savings the development of t~ng Airports handling capacity . The same trends
new near—ter m Airc raft ,  using 1980 ’ leve l of are confirmed by the Lockheed opttmzation to
teihoology in all areas : miniuuuzr block-fue l (figure 29 ).

— aerodynamics (supercrit ical wing with optimized it is important to point out that , general ly,
geome t ry) 3 a conf iguration optimized for fuel savi ngs is

not the most economi c one for the operator ,~~ e—
— advanced propulsion , cause its larger empty weight (more manufacturing

cost) and its smaller productivity (lower cruise
-: — advanced structure (new metallic structural speed) this statement appears clearly in a

concepts *nd compos ite secondary St uctures) , SNIAS study [ 51 3 on a medium-range twin—turbo—
fan transport optimization ; furthermore , the

— active controls • same conclusions are shown by Boeing from a pars—
metr ic desi gn study o f large advanced military

The main objective of this program was to transport [5~~) using ,dern computing techni—
analyse the impact of the fuel pr ice (15 ,30 and ~~~~~wTi~~ten independant variables , the main
bO ( /gallon) on a new Aircraft configurat ion, object ive was to optimize a cargo A/C project
optimized either for the minimum D.O.C or for the alternately for minimum gross we~g~t and for ml—
minimum block-fuel on a given mission ( 200 pax nimum block fuel on a prescribed mission -

on a 3000 nN stage length).
— fixed payload 181 tons

The major trends of the Lockheefl&6 2and
Douglas C.~Q ~ studi,~s are given on f igures 29 and — f i x ed range 5500 nI l
30 • respectively the major impacts of fuel

cost escala tion are : — T.O field length : 8000 ft ~~~~ m)

— a reduction of cruise Mach nt~~ er, Cruise Speed : N 0.78

— an increase of the wing aspect—ratio . Fi nal ly the technology level (on aerodynamics ,
structures , propulsion and active control systems)

— a decrease of the wi-ng—*weep , was taker appropriate to a 1985 delivery.

— an increase of the .~ crit~~al wing thickness. The table on figure 31 shows that two
opposite requirements give very different confi—

All these trends are accentuated when the air— gurations ; the “minimlmi fuel” projec t has
plane is optiz’ized ~or minimum block-fue l ins-
tead of minimum D.0?: in the case of the Dou— — a large r gross weigh t ,
glas study for example , optimization to minimum
block-fuel leads to an unsvept wing of very lar— — a larger wing surface ,with a much larger aspect-
ge aspect—ratio : AR — 15.5 (not shown on the ratio (AR — 12 instead of 8 for the minimum
figure 30 ) ; this configuration needs a lit— veigbt ’ projec t )
tIe smaller block-fuel (26.340 Lg),bu t has a
larger gross-weight (126260 Kg) than the previous — and a 14 1 reduction on the mission fuel weight.
minimum D.O.C/60 ( project : but more oertubina

( • RANGE 6600 ‘in’ 110000 kin)F MILITARY CARGO SiC 1 
~ 

FIXEO PAYLOAD 151 ton.,..
[ PARAMETRIC STUDY S TO. FIcL. D LENGTH som it 12400 ml
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0 0
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1 ~~~~~~~~~~~ 
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Fig. 32

Bot h projects are much more fuel -eff icient than f i t ted with supercr itica l airfoils and by the
a current 8—7 4 7 freighter (+ 43 2 and + 75 1 for introduction of a graphite/epoxy wing structure .
mini—weight and mini—fue l , respect ively) ; redu-
cing by 25 2 the structure weigh t fraction
(thanks to far-tern advsinced technology ) give s
a cumulative g~tn of about + 120 2 I A— 5 2) LARGE 1INC0NVRNT!!!~ .L__.c~~GQ~~L~

To concl ude on the poten t ial gains en fue l Alnto~ t all the new technologies disc ussed
consump t ion during th. next two decades or so , previously can be applied to a very attractive
the figure 32 gives a last picture of * p05— concept , the “spanloader ” A/C , (figure 33 )
.ible •volution of a subsonic transpor t ref~~.u for a future worldwide air-frei ght transport .—
to the first generation/turbo—jet A/C (8—7L ~1 or tion system ; both the military and the Airlines
DC—B) the Introduction of new high—by—pass— would derive cost savings from joint development
ratio turbo—fans (CFM—56 , JT—IOD, etc...) wi l l  of such a cargo system , in the 1990’s t5,54).
give the possibility of about 30 2 more energy
efficiency.. and much less noise I Th. basic requirement , for an e f f i c i ent

air cargo system , is to be able to carry the
A s l i ghtly larger gain in energy efficiency was standard intertnodal container (8’ x 8’ x 20’)
calcu lated by Daseault/Breguet on a derivative currently transported by trucks and ships
of their Mercur. equipped with NO CFM—56 fan— the basic new idea (due to NASA scientists) is
eng ines , when compared with the current 8—727— to distribute these containers along the span
200, on a typical 600 nil mission (66]: (“ span loader”) of a huge wing to save structu-

ral weight (large reduction of the hi.nding—mo—
3— 727—200 Msrcur. 200 Went) ; furthermore, a constant chord along the

span is very favourab l, to reduce the wing ma—
* Three JT 8D—15 *Two CFW56 nufac turing cost.
(3 x 15500 lb) (2 x 2500 Ib)

We have seen that the sup.rcritical tech—
* G.W — 86. 4 tons * C.W — 76 tons nology is the way to efficient very thick air—

(153 pax/2100 nil) (174 pax/2300 nil) f o i l  ( 17 2 to about 22 2 or more) and their
shape is well suited to accoamoda te two rows of

* Block fuel such containers .
on 600 nil — 7065 Kg 5266 Kg

Rut landin g losds will have to be distribu—
N Resultant fuel efficiency : ted over the span as well , and another good

idea is to use an air—cushion landing system
seat x Km
________ — 24 — 36.7 c. 52 ~) 

( ~7 ]~ the sir—cushion technology has been
~g fuel alread y flig ht tested on a C-B “Buffalo ” (USA7

______________________ _____________________ 

“A.C.L .S” program) and this concept allows to
operate fr’. unprepar ed terrain and water , a
very attr-ctlv e capability for a woridvid.

Th. other advanced technologies introduced trans~~rt cyst...by NASA/Ame s In their transport synthesis com-
puter program optimia ation t5~] confirm the
pay—off given by larger aspect—ratio wings
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The aerodynamic effici.ncy of such concept A 6) TOWARDS MORE ECONONICAL VTOL AND STOL
will be very high for “all-wing” configuration: CONCEPTS

a) th. wetted area , i.e. friction drag, is low, For twenty years , considerable Research and
D.v.lopment have been directed towards Aircraft

b) a swept—back untapered wing fitted with tip— configura tions able
fins has a large “effec tive ” asp ect—ratio ,
[ 55 :i , — to take—off from , and to land on~very smallpla tform (VTOL concept),

c) an active control system will permit relaxed
stabilities on pitch and yaw , giving a large — to operate from or into a small unpreapnred
triamed L/D. airfield , about 2000 foot length or less (STOL

concept).
Finall y,  a”spanloader ’confi guration wi l l

have about twice the energy efficLency of a cur— Both concepts will be always more fuel consuming
rent B—747 freighter (figure 33 ) thanks to than a conventional transport Aircraft (CTOL)
a pay load fraction of about 0.5 G.W (instead of and more expensive to operate t 57 3; but their
0.22) , an operating empty~weight of about 0,23 uniqu. operational flexibility is increasingly
C.W. (instead of 0.45 for a current Air—car go) , apprec iated both by civil and military opera—
and a better aerodynamic efficiency (L/D ~ 22 tors ; furthermore, their fuel  e f f i c i ency can be
ins tead of 17) relatively more improved than future “conven tio-

nal”  transpor t A/C previ ously discussed.
A parametr ic study of large freighter.

desi gns have been made by LockMetl for NASA (56). A— 6—I ) HOVERING CAPABILITY NROUQ1 ROTOR CON
Figure 34 g ives an overview of the main CEPTS AND FUTURE ROTORCRJPT

performances of four configurations having
For a machine able to lift a g iven load off

— the same gross—wei ght (544 tons), the ground by means of its engine thrust , the
f irst objective is to calculate the power re—

— the same payload (50 1 0.11.) quired, to estimate the price to pay ; the basic
equations of the mechanics indicate that from a

— the same structural 1990’ s technology (60 2 hovering efficiency stand po int , it is advan—
composite materials) tageoup to accelera te slowly a large mass of air ,

as it is the case for a helicopter rotor T/ P —
— and 1990’ s advanced turbo—fans . 2/Vs~V. being the slipstream velocity behind the

actutor,requiring a power P to develop a thrust
A conventional cargo A/C configuration was T) ; for a high speed—jet exhausting from a

calculated as a reference , which have a current turbo—jet engine or from a rocket , Vs is about
cruise Mach nw~~er (N — 0.80) but a very poor 600 and 2500 rn /sec. respective l y ,  instead of
range (R — 1300 nil) ; at the opposite , two span— V s ’  25 rn/s.c . for a helicopter rotor ; this cx-
loader ’ configura tions have about the same attrac— plains the very large fuel consumption during
tive range (R ~. 4000 mId), but swept configurat ion the hover phase of a jet—VTOL or a space—laun—
(40 , AR — 6.1) has a higher cruise speed (N — cher fi gure 35 g ives an overv iew of the
0.75) than the straight wing configuration (N thrust/power ratio of various VTOL candidates
0.6), i.e. a much be tter productivity ; finally, as a function of the disc-loadin g, and also the
the del ta (53’) configura tion has the highest fuel consumption for a hypo thetical 5 tons VIOL
cruise speed (N 0.87) but a lower fuel effi— (one order of magnitude between rotors and ro—
ciency than the spanloaders. cket).
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For s~~ military app li catioms , the hovering — rotor hover efficiency irnprcv .m.nt (figure of
tim. can b. very short and th. transition to Merit up to 0.82), through about 10 1 reduction
high speed cruise regime takes less than one mi— of the induced power.
nut. : in such case, turbo—fan engimsa are well
adapted , as demons t ra ted by the VIOL Combat A/C — advanced structures , giving about 12 1 empty
‘Harrier ” (th. only concept that reached a icr— weight savings , through an extensive use of
ge development) , composite materials.

But when a long hovering tim. is ~..andatory Combined effects of these improvements could
(rescue , etc...) and a high noise te~ei proh i— save up to 38 1 of fue l when compared to curr ent
bited (inter—city service , etc...), the best helicopters still in operation ; the same f i gure
concept is the rotorcraft because its good hove— 37.. b shows that “super—emergency” power eng4r-
ring efficiency and its low sli pstream velocity nes , giving 200 1 power to satisfy hovsr’one—
(low noise , low ground erosion , etc...) ; the englne—inoperative would allow installat ion of
major drawbacks of conventional helicopters were two instead of three engines on this project ,
their poor cruise speed , their maintenanc , pro— wit h $0 I G.W savings and about 23 I fuel econo—
blems and th .ir high level of vibrations ; but my.
since few year., the manufacturers and Research
laboratories have considerably improved the he— Now, it is interesting to estimate the ener—
licopter performances thanks to a large drag re— gy efficiency of current and future helicopters
duc t ion C 56, 59 and 60 ~ ; figur. 36 shows as co mpared with other Air and Ground Transpor—
that the parasitic drag still takes more than tation systems , on the same short—haul mission
40 1 of the power required at cruise conditions (i.e. 200 nil, like New—York to Washington) ; the—
for a recent helicopter (8* 330 “Puaa”,tSb)), is comparisons , calaculat .d by W.Z.  Stepnewski
but much more for previous “dirty ” desi gns ; in ( 61 3, are g iven on fi gure 31- a , in kg fu.l/
fact , large gains ar. still possibl. on future passenger x Em (or gallon/pa x x nil); taking into
desi gns . account realistic load factors for each mode of

transportation : it is clear that current heli—
As for the futur. conventional airplanes , copter stilt in service on New—York Airways (Si—

the potential energy savings al.o depend upon korski S— 6I—L , 28 seats , with 60 1 load factor)
other technologies i.proweamls (Rotor Aerodyna— uses much more enet-gy per passenger than bus ,
mics efficiency, structural weight reduction via train or standard automobile. But , more interes—
composite material. , improved gas—turbine SFC, ting is a 1983 ’. advanced technology $00 pas.en—
etc...) ; thus , figure 37— b illustrates the gers helicopter , the Th—100, studied by Ver tol/
main conclusions fro. a NASA/Vertol study based Boeing ( 6Z 3, which gives about 32 1 fuel sa—
on a $00 passengers transport helicopter design wings as compared with the 8—6 1 , and becomes
~ 60 3 using some advanced technologies avai— competitiv. with regular jet or prop A/C service
lable in the 1990’. : (with certainly lees delays) ; the longer term

helicopter projects previous ly described on fi—
— regenerative—turbine engines , giving SFC ~~ gur. 37- b ar. even more fusi efficient.

low as 0.35 lb/hp/br,

— rotor cruise efficiency improvement ,~(*~
:.2o1, By definition , the cruise speed of a conven—

through the reduction of profil. power , tional helicopter is limited by the development
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of transonic troubles appearing on the blades An inter .sting comparison between the pre—
(increased required power , vibrations , etc...), vious 100 pas..ngers tandem—rotor helicopter
to about 1 30— 170 Ets ; to fl y faster , the TILT and a twin —ti l t -rotor project performing the
ROTOR CONCEPT is very attractive because ir~~ m— earn. mission (200 nil) has been made by Boeing-
bines the hover and low speed effic .ncy of the Vertol 162. J ; the two concepts (using 1980’,
helico 1~ter with the cruise capability of a con— technology) are pictured on figure 36a and b
ventional turbo—prop Aircraf t : the rotors tilt for about the same gross-we ight and the same
to provije vertical lift in hover , and then installed power , the tilt—rotor concept has
swing forward to produce thrust in cruising fli ght , more than twic, the cruise speed of the helicop—
the necessary lift being given by the wi ng :this ter , whi ch translato si n a much better fus i ef—
concep t is currentl y flight—tested by NASA and fici.ncy and block-tic’, for this 200 nil stage
US. Army on two experimental Bell XV—13 A Tilt— length
rotor A/C.
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the fue l efficiency versus range , on figure 38 , oveum~~wossdemonstrates other important trends : flISSIOlI ‘WO%AI~ICAI PI,AP

FUEL . h s~o.. c~’ct~-t 5104, C0,,CEPT

— the advanced large transport helicopter shows ~000 
~ V

a marked improvement over the ~..t current 0r41r,s.. .d fo.
A thu 0.~~helicopters in service,

I Plod, .O7~— the tilt—rotor transport concept is abov, the •,,
•,_ 

Cr

win~sd ’-v .hic le- band for such short stag. I ~~~~~~~~~~~

4000 ~~~~~~~~ ~~~~ ni.— — .~Finally, the perceived—noise levels at 500 I I ~ft sideline in hover are quite low (92 and 98 ~ooo ~ooo 4000 .4
PndB respectivel y for the helicopter and the
tilt—rotor) , the later being quieter In cruise 

~~~~~~~~~ ~~ (DPhiisi i*d for Fu.)
node . ,!oI—

To conclude on the Rotorcraft configura— ~~~~~~~ I
t ions , it seems they have a bright future for I I i 

~passengers and freight transportation when ver— r
t ical f l i ght i, mandatory ; the most demanding 1~~j
VTOL capability is now for offshore oil p1st— I I I I
form traffic (North Sea , Gulf of Msxico,etc. . ), zooo ~ooo ~ooo
where sufficent range and speed are needed ; PA P.  FIELD LENGTH .4.t
also good navigation/equi pments and dc—icing,
and easy maintenance are mandatory for such
nil—weather missions . Fig. 39

A—6-2) SHORT TAkE-OFT AND LANDING CONCEPTS
Finall y, bor~h concepts have about the same gross—

We have alread y seen that short-field length weight (t.56.5 too.) and the same thrust/weight
for take—off and landing are obtained through ratio (~~O.4) .
high lift systems and/or low wing loading
these high lift performances can be obtained The fuel efficiency of the ON/tB ! concept
either with sophisticated mechanical flaps or for 3000 ft field 1ength~~ 31 .15 seat x Km has
wi th “powered lif t” using the deflected slip— Kg fue l
stream of propellers or turbo—fans (jet—flap been p lotted on figure 38c to show that such
effect) ; all these concepts are now well proven STOL transport A/C has about the same energy ef—
and operational ; but , here again , the question ficiency than the best current short—haul A/C ,
is “what price to pay for STOL performances ?“ , but with much better field performances (half
or , more precisel y, the amount of mission fuel runway length , less noise).
as a func tion of the field isngth 7

To conclude this section , figure 40 gives
A parametric stud y hg~ been made by Lock— two aspect. of operational procedures (see 5,c—

heed for NASA t 65 3 on the design of a short— tion 3—2) used on helicopter s to reduce the fuel
haul A/C for fuel conservation ; a typical mis— consumption
sion 148 paz on 500 nil stage length was taken
with the earns level of technology (advanced NASA — optimal cruise speed and altitude for fuel Ia—
QCSEE fan—engine project with FPR — 1.35, i.e. vi ngs ,
very low noise ; hi gh aspect—ratio wing with su—
percritical sections , etc...) ; two concepts cruise on two—turbines for a 3—turbines confi—
have been compared for the same optimum cruise guration.
Mach number H,,, — 0.75

— a four turbo—fan—ove r-the-wi ng scheme with in-
terna ll y blown flap (ON/tB!) , AR — 12 , A — los ,
(this concept is currentl y flight—tested by
NASA on the experimental QSRA/loeing A/C) ,

— a more convertional twin—turbo—fan A/C with
sophisticated mechanical flaps on a wing of
AR — 10, A — 10 ; the figure 39 shows that
the best choice for STOL performance. (2000-
3000 ft) is the four over-the—wing—engines A/C
if longer runway is available (3000—4000 f t )
the RTOL fan— .ngines A/C with conventional
flaps 1. more .n.rgy efficient . For the same
3000 ft field length , they have about the sane
direct operating cost but the fuel consumption
is much lower for the ON/STOL concept.

L

4-

- - -.-- .
~ 

- _ _ _ _
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Fig. 40
____________________________________________ 

— on the aerodynamic side (figure 42 ) ,  a small
increase of the wing—tip surface and droop—

A—7) T~ 1ARDS MORE ECONOMICAL SUPERSONIC leading—edge installation along the span lead
TRANSPORT t.. sensible L/D improvements both at low speed

(which reduce the noise) and at cruise condi—
As a resul t of over a decade of intensive tions (N — 0.93 and N — 2) ; furthermore, some

Anglo—French effort on both the airframe and minor changes in leading—edges and radome shape
the powerplant , the Concorde Supersonic Trans— must also improve the supersonic wave drag ;snd
port has convincingly desmonstrated its abi— structural weight savings are qui te easy
lity to cross the Atlantic (3200 nil) at Mach 2 thanks to the introduction of composite mate—
with full payload (100 paz) and required reser— rials (Kevlar , Carbone) ;
yes ; such achievement has proved to be very
difficult and exponsive , usia ; the best techno— — on the engine side , an increase of the mass
logy available in the 1960’ s i64 ,65 ]. flow of the Olympus permits to improve the

SFC and to reduce the noise around airports.
When compared with the “fuel efficiency ” In those conditions a 12 2 fuel savings on the

of existing or planned subsonic Transport A/C , Paris/New—York mission was estimated.
the Concorde value appears very low, as shown
on figure 2 , but it must be remembered that PPOPOSAL - —~oo~e: ~~~~~~

ted in half the time taken by his subsonic corn— ACPOOYI’$A)IIC EFFICIEnCY :
pet itor. • 1nc~ os.d 5 and ~ i~~~.

the Paris to New—York Journey is now conple— TO IflCPEAbE COIICORDE

. Leoding sdg. flop in.tolIohon - 4-
As for the subsonic Transport alread y di,— C4, ~ ~~cussed , the future improvements in the SST ef— ci ~~~~

‘

~~~
‘

~~~~~
“ paccuCt os,

ficiency depend s upon the same technological l~ ‘U’d ( 5*5 •u~ ~~~~

ciplines : propulsion , aerodynamics , stuctures/ 
- 

- 
c~~ c0sc~~-A

- •‘d I .n4.Madvances (figure 41 ) on the various dis— ci
•L3~ I.... ‘a..

materials and systems ; but , another vital pro— °~ —

blem will be the noise leve l reduction around ~~~~~~~~~~~~~~~ 
•44 (t40h’.~~05O454)

• 5% ~~~~~~ r~..00 —
airports, which needs further progress on

both the engine desi gn and the subsonic 0
aerodynamic efficiency L/D (during take—off 0 3 

~.~,t/0R G cs-no
climb , approach ) ; finally the subsonic L/D P.4- 6. CO5nER~ . 3141A5must also be improved to reduce the fuel con— Fig. 42
sumpt ion during holding, and for imposed subso-
nic cruise above populated countries to avoid
son ic boom . Another powerfu l way to improve the subso-

nic aerodynamic efficiency is the installation
As a filet step, proposals have been made of a relaxed stability control system (.c.c.’r),

by airframe LSNIAS, 66 ‘
~~ and engine (Roll.— which is particularl y rewarding on the long itu—

Royce , G~ 3 manufacturers for an improved “B” dinal mode of such a tailless A/C ; thanks to
version of Concorde : the installation of a fully redondant fly—by—
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.wir~ sys tem with three digital computers on the
experimental Concorde n’ I , Aerospatiale was variable cycle engine (V.C.E), aamagic pro~
recently able to fl y unstable in a large subsonic ptol~i~n system which performs as a straigh t
domain ( f i gure 43 ) and to demonstrate a 14 2 turbo—Jet cycle at supersonic cruise regime
in crease of the trimsed L/D for a 3 2 C C  back— as a turbo—fan cycle during subsonic operaS-
ward shift ; this improvement can be translated tions ; such attractive concept& need years
in a large increase of the permissible take—off of basic and applied research bet~~re a poss i—
gross weight (about 14 2) and/or an impor tant ble service in the 1990’s.
thrust (and noise) reduction for a future SST
configuration (67 and 423 ; in fact , all — About structural weight , new structural concepts

new U.S 2~~ genera tion SST project are designe d 
manufac turing methods , ex tensive use of

advanced composite materials and active control
w ith such relaxed Stability Control . systems promise significan t empty .weight reduc—

tion, up to about 10 2.

~~X,CA COIICOQOC
- 4—s. 

~~~~~~~~~~~~~~~~ All in all ,this second generat ion SST can
“~°‘ ‘~~~“ ~‘° “°“ ‘~~~~ perform about tw ice the 6 2 payload fraction of

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
a Concorde , and st i l l  sa t isf y some f utu re FAR 36
noise regulations ; such new SST, a logic follow—- — - —- ~~ C 0 .se*’a~ eI.t.d* 4Io*.~ on of the unique Concorde experience , w i l l  be

_______ 
“ “ ‘  ~~~~ used on long-range routes where high product ivi-

ty is cost—effective (6C~ 3
IIIPROVEIlEflT ~p TI

mc ACRODY!1Afl%C A L/C C .. 0~*
CFFI CICflCV

Th ROUGh RELAXE D 
_____  

SUPE RSOn IC CRUISE AIRCRAFT and 5.5.1.
~T LOW SPEED ______________ _______

(TO Ond Londing)
- 
L/ D 

CPu,~~ LIFT 1 OPA C, PATIO
‘~A..*; *00GM’

_____________________ A91-IOQ
STAbILITY COrflROL ( CCV) - 

~~ ~~~0
• 10

on o CQ~CO Dt ~
- . 4  ‘ ‘.* ~~~~ F concoao~ 0OUG~A9 

~~~~ I e‘0 6 
0 L0(UMPCD

Fig. 43 ‘~ . ::- - • ., 09

9VP t QCRU~MQ ( t e t i )  ~
I b~ 6 PIGPITCR

0 CPuI~t PIACPI riuribEp
About this second generation SST, it is o L~~~~

_ 
- ______

interesting to sumuarize some of the trends al— 00 0 0  0.. 2~ 
~‘ M

• ready published 44,0 ~~~ 
DE~~’GN

ALl rr l r ,uM AtL QV~’ - TITA r,I,jI1 ALLOY9 ~~ TEMPERATU RE
POLYIr1IDt CO1lPO9I1t5~~)( Z”~ (,t,IEPATIOFI— on the aerody namic side , cons iderable progress 

~~
- 

~~~~~ C,R0 5 W EIGHT 
~~Than been obtained since few years through no— ‘.oo

re and more elaborate aerod ynamic computer 0 8 
~~~~~~~

programs, coup led with structural analysis , (173) (ok) “-which permits a comp le te optimization of pro— ~~~~ M.~~~~ ‘a.
jec ts taking into account all design cons — (lso) 4 (n) p.so.nq.rs
traints ; a large part of these projects are 000 COPICOROC

o o IUPOLEV 441.asked by NASA to the major U.S manufacturers (100) (lao)
as a part of the Supersonic Cruise Aircraft
Research (SCAR) program 168) ; their predic— 

M

ted supersonic aerodynamic efficiencies are 00 0 0  e .  i l5l!~ .7 ~ocu,octo _ _—.4~
’n•as~

illus trated on figure 44 , as a function of ~.
the cruise Mach nt~~~ere chosen by the various - o 

-

‘.000airframe manufacturers ; improvement in L/D 8 
M454

to a value larger than 9 (instead of 7.3 for °
0

4, __________________________Concorde) seems technically possible in ten year. o ~ NAOA SCA R
or so for slender shapes with a well designed 3000 c~ 4 , ’~~ MACH ~propulsive nacel les *nd fuselag, integration . - — - —~~

~~
— for the size , all the projects have a much

larger capacity , around 280 passengers instead Fig. 44
of 100 for Concorde ,

— and finally their range is sufficien t for a 3) NEW OPERATIONAL PROCEDURES
Trans—Pacific service (4000 nil or more)

— but the best cruise Mach number is still con— B—I ) INTRODUCTION
troversial — between N — 2.2 (where aluminium
alloy s are used for a large part of the .tn~c— When looking for ways of improving fuel
ture) and N — 2.6 (where mainly titanium alloys efficiency, me must consider the total air crams—
must be used ) . port sy5 t em, ~fld we sh*ll see that ,at the mu—

mint , a large part of the wasted fue l is due to
— About the best propulsion syste m for such pro— the present air trafic control (ATC) constraints ,

J.cts , the airport environmental regulations tO th. imposition to follow special routes (to
will impose lower jet velocities than on rehea— avoid noise sensitive area , etc...), and mainly
ted Concorde i.zale and perhaps the use of .f to the delays arisi ng fro. congestion ; figure
fic ient noise suppressors ; several solutio ns 45 give, their typical effects on block fuel
are proposed for a 500 riM stag. length C 10 ] a penalty ~~27 2 in block fue l i. given by these very fr.—
— a derivative of the Concords—Olympus engine quent constraints (5 m m .  hold before take—off ,

L 

with a fan of BPR between I and 1.7 (9,G53 , non opti~~~ cruise altitude , extra -distance for

~~~~~~~~~-
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airways and nois. routing., and at last , 10 m m .  A large if fort has been successful in every
hold before landing) ; such .ner~~ waste is ac— country since the 1973’s fuel crisis to reduce
compantad by penalties of 25 2 in block- time and the must evident fuel wasting, and long-term I—
about 15 2 increase in D.O.C ; these problems plans have been prepared between regulatory agen—
are unlikely to arise on every flight ,and affect cu e, airport. management , aircraft operators
short-range flights much more than longer ones. and aviation industries to analys . future gains
However it appeared vital, at the beginning of on fuel efficiency — and the pric , to pay , ta
th. fuel crisis , to study the various ways to king into account the key factors affecting the
improve the operational procedures , the pay—off various options technical , socio—political ,
being of the same order of asinitude that from economic, regulatory and operational .
the ~.ost sophisticated technical improvements
applied on the airplane itself. At this stage , it seems interesting to sum-

marize the impressive work done in U.S.A by the

_____ IOfl ported to U.S congress (2,863 :~ Tokeoc++Acc.~~ t 

- significant increase, in aviation fuel efficien-

7ç— d~~$Ort.uptT0Ai-out Federal Aviation Administration (F.A.A) , as re—

cy have already been made jus t after the fuel
crisis , examplified by the large improvement

Climb of the revenu .—ton—miles—per-—gallon (Em/C)

+ D~~cen~ more than 16 2 improvement on this fue l elf i—

on U.S domestic civil Air Carrier , between 1972
(RIM/C — 1.90) and 1974 (RIM/C — 2.21), i.e.

~~~~~ ci.ncy index (which take into account the pas-
senger load factor and the air freight) ;

_____ 
4Approoch+Lond~ng — on the following tables are listed the various

options recoenanded by F.A.A respectively in
______ 

______ 
short term (2 years), intermediate term (3

~ IifOI%~O years) and long term (4—10 years) programs ;
___________ some of these options have been already analy-

• ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~J 
sed in the previous sections ; some others ,

lO rnn hold b~ oe~ 
relative to operationa l procedures , are discus—

ond~ng aid in this chapter and are indicated on thue

+L7 % ~n bLOCK FUEL tables with a mark (0).

+ Z5~. ~fl bLOCK TIP1~. A first overview of potential fuel savings

on D.o.c. with some of these options on operational proce—

fo. o typic& ~I,ort houI .~.t ~~~~~~~ 
dures is given on figure 46 , from a Lockheed
study [I~6 3for the RASA/RECAT program C 71 );

on a ~OO nm ‘btO~~. fh%~~~ the block-fuel consumptions are given as a func-
Lo~ eb du~ opsrotionol don r’~ the stage length for a typical tn —jet

con~trointb for (Lockheed lOll or DC—b ) ; the near-tern fuel
savings can be obtained with the existing Air—

conttmporary tronbport AIC Traffic—Control (— 3.4 2) but a larger gain
(— 5.3 2) will be obtained after the long-term

Fig. 45 A.T.C management .
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8—2) FLIGHT MAMCD~ENT Ssvs ral current transport A/c of th. 70 ’.
wore d.s igu.d fo r high cm i.. Hich rn ber —about

In this section , vs shall .xa~in. the )~ O.~7 — and cruise ups.4 reduction up to
various options to save snurgy around the cruise N • 0.80 (fisure 47 — b) is very beneficial to
regiME (opti~~~ cruise sp.ed and al titude , cli~~ tRe energy efficiency (+ JO Z) for a typical
and descent opti.isation , influence of the fuel short—haul A/c ~ ‘72 ] ; on the sanu f i gure is
~-.serv•s and tinkering , Sb route navigation and ~Lven a new advanced 1980’. proJect , d.sign.d
control , etc...). for various cruise Mach n~~~ers (wi th adequate

propulsion and aerodyn~~ic optisitations) , to
The most iigni~icant pay—off in fligh t pro— illustrate that advanced technology allows

file .anag~~ nt occurs durtug the airplane
cruise ; for a lonS-range aircraft, cruise con- to cruise at H — 0.95 with the •a~~ fu.l con—
st~~ tion reaches about 80—85 2 of total block— su~ption (but it is no sore attractive since
fuel ; for fuel savinj~s airp lanes need to be the crisis),
operated at optia spied and altitude : a de-
crease in cruis, speed and/or an increase in — or to cruise at the same — 0.80 with about
cruise altitude will reduce fue l conit~~ tion, as 18 2 more energy efficiency .
illustrated on figure 47.a,,for the Boeing 727
case r Z ]; a reduction in speed f r om N — 0.82 — or even to optimize the A/C at Mo — 0.70 with
to 0.78 decreases the fuel usage by 3 2 on a • a much large r gain on fuel, but with a poor
standard mission,and flying at FL 350 (35000 ft) productivity due to low block-speed.
instead of fligh t level 310 reduces the fuel
constaption by 2.6 2 ; the two effects are appro— In fact , this time penalty and the cov~ eti—
zimately additive ( — 5.6 2 fuel consumption). tive disMyantage of low cruise speed is only

significant for long—range missions : for example ,
For an Airbus A—300-B4 , on the same 1000 nM 5t8 reducing the cruise Mach nu~~er from 0.9 to 0.~ge length (block—fue ’ : 13.9 tons), the economi— induces a significant 40 minutes penalty on the
cal cruise speed is M — 0.78 and higher speeds block-time of a North Atlantic crossing, but a
are much fuel consuming for negligeable t ime sa— very small 6 minutes penalty for a short 2000 km
wings : journey .

N • 0.80,A fuel - +400 Kg,6t - — 2mm .
instead of~~ Concerning the optimum flight profile, it
N — 0.78 must be rememberea that most of the fuel (about

N a 0.82,A fuel +1200 Kg ,A t —5 utin. 90—95 2) is burnt durin the climb and cruise
portion of the flizht, indicating that it is

$ In the case of a Lockheed l O l l , on a 2000 oN rou— mandato ry to maximize aerodynamic (L/D) and pro—
te , the cruise speed reduced from N — 0.85 to pulsive (V/Sit ) efficiencies ; a continuous
0.82 lead . to about 2.2 2 fuel savings . cruise—c li~~ procedure (altitude increasing un-

verasly proportiona l to the decrease of A/C
In fact , almost all airlines have alread y weight) is the most econonical one , but the abi-

instituted these procedures since several years ; lit7 to fly such a cruise—climb is limited by
but safety considerations have a bearing on how the current ATC:sinc. the end of the 50’s, sepa—
slowly a jet can be flown at high cruise alti— rations rules lead the airplanes to fly at fi
tude (because increased CL values , near the trios— xed flight levels;above the altitude of ~‘..9000ft
onic buffe t placard ; and because increased (flight level FL 290),a 4000—foot altitude in—
A.T.C workload with mixed fleet at different crui- crement is required (cx : FL 310 — 350.. .in one
se speeds.) direction and FL 290 — 330 — 370 in the opposite

0’~ o.eo o.az CRUI~ t MACH ® D~~.qn ~pud sffecf~I I I I l~~~ 
P1~ fOr o~~~~t houl A/ CMCCC 35000 35000
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direc tion). The actua l traffic is concentra ted reduction of the reçuired fue l reserves , as ex
on four main levels between FL 310 and FL 3~O ; .~,lifLed by the following table , taken from a
their utilization reaches 32 2 of the total traf— NASA—T.A.C/Boeing study (200 pax/3000 nM/N 0.8):
fic (8 2 each). These limitations lead also to required potential savings with
congestion and “en—route ’ delays due to the ap— Stag’ reserves , 50 2 reduction on required
plication of horizontal separations rules . length Zblock—fuel reserves :

_________ 
(2 B.F) ________________________

Future advanced Air—Traffic —Control would
allow at first a reduced vertical separation 3000 oN 25 2 S.F savings : — 6 2 of B..F
(only 2000 foot steçs) and later a continuous 1000 nM 70 2 B..P — d —  — 7 2 of B.F
cruise-climb procedure : figure 47—c , rela tive
to the Lnckheed lO ll , shows that such operatio-
nal improvements lead to fuel savings of 0.3 2 Note) The required reserves are function of the

mission landing-wei ght and include 45 sin. atand 0.7 2 reapectively .~~~6]. long range cruise 2 and N, a missed approach,
OPTIMIZED CLIMB SPEED plus a 200 oN diversion, ( f i gure 48).

A reduction of the climb speed induces In the case of an Airbus A—300—B4 on a
significant fuel, savings ; for example , in the 1000 nIl stage length, the usual fuel reserves
case of a NASA/Boeing study (200 pax/3000 n14/ are estimated at 5—6 tons, which cos t abou t 400-
N — 0.9/AR — 9 project), climb speed reduced 300 Kg extra—fuel to carry ; better traffic con—
from 375 to 300 Kts gives a 2 1 and a 5.2 2 block - trol regulations would remove for examp le I ton
fuel savi nas for a staee-length of 3000 nIl and of these required reserves , and would save 145t
1000 oN respectively ; it is concluded that this fuel per Aircraft/year 1! ~1
slower climb is most attractive for this short
stage length ‘there the climb lag consumption re— FUEL TANICERINC
presents 1/3w of the block—fuel . In the case of
an Airbus A—300—B2 on a 1000 oN route,the low 

~~ the other hand , if extra-fuel is takenspeed climb procedure (300 Kts) instead of 340 aboard, for example 50 2~~~ e than the requiredKts saves about 155 Kg fuel (1.1 2). reserves, there is a severe + 6.5 1 block-fuel
penalty to pay ; finally if the 3000 nIl mission

PROFILE DESCENT is performed with 2 intermediate stops (1000 oN)
each), with no refueling at each stop to spend

The amount of fuel used during the descent less time on the ground, the f uel penal ty in—
from cruise altitude to the ground is a low ~~~~ creases to abou t + 19 % of the block-fuel.
centage of the block—fuel , even for a short ran-
ge A/C (about 5 2 B.F for a 1000 oN mission , and This “TANKERING” procedure is sometimes
less for a long range mission) ; however, the used by Aircraft operators because of differing
intent of the procedure is to keep Aircraft at prices and availability of fuel at various air’-
cruise altitude to a point where they can ports ; tankering is unefficient because of the
descend to the final approach path with the en— fuel burnt to carry this surplus fuel ; for cx—
gina. at idle ; we shall see la ter , in the Ter— ample 900 Kg of tinkered fuel require an addi—
minal Area procedures , that quite large fuel tional 55 Kg in fuel consumption which represents
savings and noise reductions are possible during about I 2 of the block-fuel on a 500 n}~jB—727the final approach . nission. In the following table, are listed the

impact of tankered fuel on consumption
FUEL RESERVES

Another fuel saving potential would be a
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— Inertial Navigation Sys tem (INS )A/C type 8-727 A-300 1-747

— c*~ c* radio—navi gation system (74 ,75);range , mM 1000 2000 3000

these two concepts are full y opera tional today ;xtra fuel, NAVSTAR (NAVigation System with Time And Raaging) /Kg, for 130 200 265 C.P.S (Global Positioning System)E76,77,153, on:ankering the contrary, is a new sophisticated conceptI T  
_ _ _ _  _ _ _ _ _  _ _ _ _ _

—~~~ using 24 satellites ~n non stationa ry orbits
(12—hour orbit) to achieve global—high accuracy2 block - 1.5 2 0.75 2 0.50 1 position finding ; being presently developedfue l 

______ ________ ________ for U.S military A/C, this sys tem could become
the basis for the 4t0 genera tion ATC (supposed to

For a long range A/c, the fuel efficiency be fully operational at the end of the 80’s)
(seats x Km/Kg fuel) reaches a maximum and then it requires installation of new — and etill expen—
decreases slightly for very long stage lengths ; aive — electronic equipment.
this explains why in this case , a mid—point stop
for refueling is advantageous for fuel savings, The paroffs of very precise navigation sys—
but not for the Airline ’s D.0.C and productivity, tens are important for the long—range flight eco—
because of the flight time increase ; the folio— nomy (fuel savings on direct routes, reduc tion
wing table gives these fuel savings as a func— of the prescribed separation between airplanes ,
tion of the trip length with a mid—point stop etc...)
instead of a non—stop flight C 6 3.
____________________ ___________________ AIR TRAFFIC CONTROL (ATC)
Total trip length ,nM 2 fue l saved with

mid—point stop The current system needs to be improved
first , primary surveillance radar has permitted

4000 4.6 1 block fuel A/C location to reduce separation to 5 oN for “en
5000 8.3 1 block fuel route” flight and 3 nIl in terminal area ; introdu—
6000 10.7 2 block fuel cing a secondary surveillance radar (SSR) ha. gi—

____________________ van new informations to the controller (A/ C identj—
ty and altitude) ; but due to the increased t raff ic
densi ty, the “garbling” phenomena (loss of informs—LOAD TO ATE CENTER OF GRAVITY
tion f rom tvo planes) has appeared. New systems
for Airpapace surveillance are now developed inAircraft trim drag is minimized when the 
U.S.A (Discret Address Beacon System : DABS), inA/C C.G. is at the aft lirnit,specified “safe” 
U.K (ADSEL s ADdress SELective) and in France (SRSSRfor aerodynamic stability on a current configu 

Stochastic Response Secondary Surveillanceration ; we have seen previously (section A—3— Radar) L7~.
’
~3 -7) that, for a civil transport A/C, a 5 2 aft C, The DABS concept (Discret Address Beacon Sys—C. shift leads to about I I fuel savin g ; larger

tern) will provide the basis for the Intermittentgains are ~.st imated on military cargo and bom 
Positive ContEol function through a ground—to—ber 

~~~~~~~ air data—link for rapid transmission of control
messages ; such system will permit improved sur—AREA NAVI GATION (RNAV) veillance of future close—spaced air navigation
routes in dense terminal areas and parallelUse of RNAV permits establishment of direc t approaches.routes between preselected points rather than

having to fly along prescribed airways or requl— Fuel savings results from more direct rou—ring radar vectoring by controllers to achieve tings,thanka to increased flexibility of thedirec t routing .(Th1. A.T.C ( ~ )~ 
and improved safety will come from

its collision—avoidance function, which will beIn a current controlled airspace, the Air— a par t of an integrated system including also
plane navigates along segmented trajectories be— the three main functions : surveillance, naviga—
sed on use of VOR/D1IE eye tern ; above each VOR 

tion and comsunication.station the traffic is concentrated up to a risk
of conge.tion,and such navigation become. a pe-
nalty larger route lengths, increasedflight
time and fuel consumption. 1—3) TERMINAL AREA OPERATIONS
On the contrary,with the RNAV concept, from V0R/
ONE stations (or other groundbased equipement) The traffic densi ty in terminal ares has
the aircraft receives radio signals which are decreased a little at the introduction of wide—
treated by an on—board calculator (integrated in body Je ts , but now increases again , up to a
the cockpit) giving its position in 2 dimensions, comp lete “congestion” during peak hours traffic
or with vertical guidance (3D—RNAV) , and fur ther— then,important fuel penalties occur duringmore with time for scheduling location (4D—RNAV)
this concept will be progressively introduced in — holding on the ground before take—off ,
the 1980’s, at first in the U.S airspace and
then in Europe ; the predicted gain on fuel sa— — holding at low altitude before landing.
vings will be important (up to 10 2)

The airport capacity can be improved by a shor—
OVERSEA S FLICRT ter runway occupancy, a reduc tion of the sepa-

ration between two aircraft , and various new
Various systems have been developed for over— procedures during take-off and landing ; figure

seas fligh t, which give a much better precision 49 sums up the improvemen ts which are olanned
to follow a prescribed (shortest and quickest) in a future high capacity terminal C79~environ—route without ground surveillance : ment.
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In the short—term FAA project , landing ca— these procedures are difficult to apply because
pacity could be increased by reducing IFR spa— of the airlines gate departures schedule , or ~e—
cing or runway occup~ncy—time thanks to parallel cause the gate is attributed to another Aircraft
runways, rapid deceleration and high—speed turn— on arrival.
off.
Later on, a large pay—off on fuel consumption Airborne Delay : usually,holds were performed
due to a reduction on separation intervals bet— following special patterns called 5racetrack pat.
ween two A/C will occur by using wz~ke v ortex terns” at low altitude (3000— 7000 it). Fuel pe—
detection : a Wake Vortex Avoidance Sys tem (WV AS ) nal ty is impor tan t and enp li f ied by maneuvers

may provide the basis for increased capacity (4 2 consumption increase). Holds performed at
and improved safety. 15000 feet in a clean configurat ion rather than
The arrival to the final approach glide—path will at 5000 feet with extended flaps (2 —5 to re—
be improved by use of new systems like 4D-RNAV duce the Aircraft speed) can save approximatively
and data—link , Vicrowave Landing System (MLS) 4 2 of the wasted fuel. When terminal delays are
and curved approach paths for noise avoidance expected at the destination airport> the linear
over populated areas , cockpit displays interfaces hold technique can be used with the control Pu-
to permit all-weather operations , and the use of thorisation.
steep/delayed—flap approach to save fuel and re-
duce nois~ . A new procedure : Fuel Adv~*ury Peparture

(P.A.D) has been studied by FAA to improve the
HOLDING curren t si tuation and would provide a more ef-

ficient distribution of delay to users by en—
Certai nl y, one of the primary causes of couraging ground instead of airborne delays

fue l wasting is holding delays . It is interee— (a B—727 consumes 58 Kg fuel/minute in cruise
ting to give the level of thoae delays for the instead of about 25 K~ on the ground, and much
P.S civi l Ai r Tr~naport in 1975f2Jb y source : less if holding at the gate) ; such redistribu—

hou rs~~~X tion of delay can be handled by computer techni—
— Ground delay (taxi—in + taxi—out) 251290 49.7 ques ; one P.A.D exercise , made by F.A.A ~ ~ 3

in 1976 at the Chicago O’Hare — the most crowded
— Aitborn . delay 237090 46.9 airport in the world — hase shown an encourag ing

saving : 490000 Kg fuel in a 6—hour test I On
— Cate o.r tav figure 50 ,180 ) ex pected reduced terminal delays
(ATC clearance , wea ther , appear as a large part of the benefits çossible
snow...) 16925 3.6 with the future Air—Traffic—Control , mainly for

—3 short range Aircraft (2.5 2 for a DC—9—
Total: 505305 100 %I because a large part of the fli ght tine is spent

in Terminal areas ; by the same time, less “en
Notice that delay is almost equally divided route” delay will be necessary (1.6 2 for DC 9—
amongst ground and air. 30) ; notice also that shorter delays may lead

to reduce the required reserves, i.e. a “snow—
Ground delay is due to extended ground circuits ball effect” on fuel savings .
and traffic congestion which obli ges Aircraft
to queue in line, before take—off. An improve-
ment can be achieved by keep ing the Aircraft at
the gate (engines shut down) ; the clearance for
taxiing will be given by the control when the
ground delay I. minimum (5 am 8cr example). But
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WAXE—VORTEX AVOIDANCE saved upon the reference ILS approach ; and a
reduction is obtained on the npise area to 1/3

Separation standards between aircraft have the size of that generated by the 1—727 with a
increased in 1970 to 4—5 nIl (in USA) for landing current “reduced flap” procedure.
(instead of 3 nIl) and up to 6 nfl in the most strin—
gent case (U.K, 1974 : when a small aircraft ~ 7~7.aOO . APPROACH PQOCEDURE5
follows a heavy one) . ( I1A~ AfAms~ - boeing sfudy)
This increase is due to the presence of strong ® R~F~PtI1Ct 1L~
wing— tip vortices generated by large aircraft 5
Intervals may be safely reduced by using a wake— ~°P~~

’ F%OpaIS’
050’- des,,, lSdkfi

vortex detection system to know the presence and btabil~’md
areas of vortices. Such a detection system can be ~~~~~~~ I ~~~~~ I I ~%‘/%~installed before the runway threshold but also

0 0’~ u,,m Ion—board the aircraft ; then increased landing 
~~~~ FLAP Icapacity would also be obtained by a proper A/C I

size sequencing ; finally, flight and wind—tunnel F . ~~ 3 $ c ~~~~5 E~~ctresearch are in progress to reduce the far-field Giar up) (Oswd,ri oi~~i&t~noct)Icvorticity behind large A/C by an appropriate 

~ _____

distribution of flaps and/or spoilers deflections
along the wing span [81 .1 - o a.,. o’~ io,,i
FINAL APPROACH PROCEDURES (

~
) Tw0-~~~Gt1tr1T

~Iep. ~0’Usual jet—transport stabilized landing ap— G,ordo*,,
proach is performed with the “classic” ILS (Ins—
trument Landing System), with a glide capture at
approximately 15 Kin from the runway threshold s~oP! 5’ 

-(fi gure 51_a))a conventional descent is flown ~ ~~~~
with extended flaps and gear—down inducing a lar— ® OtLAVED FLAP
ge drag, i.e. quite high thrust level is needed . Untrsots d
Such a configuration is fuel consuming and noisy. v.ZL0k4.

In the last few years, improved procedures
were developed , at first to reduce noise around 1j’ 

I
RtLATIVI - 

-

50 EP~idb~ G4Ø~Airports and more recently to save energy. Figure 
~~~~~~~~~~~~~~~~~~~~~ ~

‘

~~

“ - - FUlL U~tO CO,m?OURs
51 illustrates the compared fuel consumption and 0 ~oow~ o Os 10
noise contours results from a Boeing—NASA study jn~tial cond,hon ,
about different B—727—200 approaches [82. J; Fig. 51 oltih*da s000ct - 

-

(tests were also performed at NASA—ARC with a
CV-990,lob)). The glide capture is operated closer to

A first improvmnant was the “reduced flap” the runway threshold than for the other proce—
-lure s. The two—segment approach proposition hasapproach (figure 51-b) developed and instituted 
been rejected by FAA in november 1976 (Federalby Air Transport Association (ATA) members air— Register Docket n 15030 — amendement 91—134)lines ; but a major gain—both on fuel consump-

tion and on noise level— can be obtained with a The most economically interesting approachtwo—segment approach procedure:— 44 2 of fuel is seems to be the decelerated one , or delayed f lap
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appeoach , already app lied by various Airlines i n up to 385 x 106 gallons (1187 a io6 Kg) for the
agreement with ATC authorities ; figure 51 -d U .S Air carri ers in 1984.
ill us tra te s this approach which beg ins at idle Another advantage of RNAV will be to provide ap-
reg ime and clean configura tion ; then the p ilo t proach .s to non—instrumented runways .

deflec tion (5’— 15 —30 ) and put ting gear—down The mCR (~AVE LANDING SYSTEM (MLS), st i l l
decel erates progressive ly by sequencing flap

at prescribed speeds ,the delayed approach allows under developmen t, is based on a time-referen ce
abou t the same noise relief but more fuel saving scanning beam technique ; MLS will provide a( 
~ 

23 2)than two—segment approach . greater degree of operationa l flexibility and
precision then existing 11$ for approach (and

Such sequencing is a good case for intro - departure) paths of civil and mi litary A/C ; MLS
duction of a mini—computer in the loop to opti— installation will be possible at sites not now
nice this procedure and save p ilo t workload : serviceable with IIS~ due to terrain conditions
such a Decelerated Approach System (DAS) Is al— furthermore , PILE will make possibl e steeper ap—
ready flown on the Airbus , where the computer proach paths , to meet V/STOL requirements for cx—

t takes care of the autothrottle and gives Yiaual. smp le ; its greeter precision wilt also make pos—
indica tions to the p ilo t for succcssi~-e flap sible curved trajectories and then close—spaced

se ttings and gear—down orders : such pro cedure , paral le l  approaches , i.e. increased capacity (and
app lied on the A—300—112 gives a 120 Kg fuel as— fuel savings) for congested Ai rport ..
vings when compared with a conventional L3 V.1
flap—down/gear—down approach from 2500 ft to
the ground (fuel economy represents wore than GROUND OPERATIONS
1.5 2 of the 500 nIl stage length block—fuel.)

To improve the Airport Surface Traffic Con-
TAKE—OFF AND CLIMB PROCEDURES trol (ASTC), new ground surveillance radars are

~~t~g ~~~~ loped to achieve automatic A/C tracking
Take—off portion of the baseline fli ght pro— and en sure safe and ef f i c ien t  movement ~~ thefile (up to 1500 ft) is too short to estimate ground even with poor visibili ty (reduced delays ,

some po tential fue l savings ; usually take—off avoidance of collisions between A/C and other
is concerned with the noise abatement procedures : vehicules , etc ...).
thrus t settings are hi gh to permit the A/C to
fl y over populated area at better altitude ; Another important aspec t of ground operations
then the pilot reduces the thrust level for a is the large amount of fuel consumed (increasing
while these thrust change. are not fuel effi— Airport pollution) for this A/C ground traffic
d ent , several improvements are possible : taxi on fever

engines and powered landing gear.
Anot her procedure consist s in making a GROUn D OPEPATIOrl~turn as soon as possible to fly over wa ter ~ex

Los Angeles) Departure trajectories are leng
the~ed and more fue l consumed . Ta*~ on f.wer enojns~SOt L CorisuMPliOti .

If noise abatement is not a limitation fac— 1600 - durinq U mn
for , then take—off with reduced flap settings - 

foi- o b~~4.~~(JT ~~O,)

and power setting. isay save some fuel (taking —

into account field length and gross weight Ii— -

mit~tions). ¶~OO -

Curren t A.T .C restrict climb speed to 250 1000 -

tion can be eliminated in terminal control areas , 
800 - I 

~S~M~TALLtD THRUST
rts below 10000 ft *ltltude ; if such a l imsita—

the jet airp lanes would save si gnifican t fuel I L___ _L I I

by climbing at their optimum speed which gene— 0 ~ ~. . 8 10
rally exceeds 250 Ets. TVPcoI VOk*fo oPtHfl9

~b) Powered IOndInQ qeorLANDING SM~A5 NC projsc~ / Medium i-on~e/ ~ tv’ i~sr, enains.________ 1

~~

.W -
During the landing phase , the fuel penalty ~~~~~~~~~ ~~~~

occurs when a missed approach must be deci ded , __________ ~~~~ ‘~~~‘ P0Wt5l0~iS~tt5
I TA5~ our 

- _______ ____________

We ather conditions are u .ually the basis of such 
~~ ~
,decision and a diversion is necessary : mor e

fuel is consumed and time is spent to reach the tim,_ -~ - 
lam,

diversion airport where safe landing ii possible. TAkI 51

It is for safety reasons that operational minima ~~~~~~~~~~

_ _ _  
h4ihs~(minimum weather condition.) must be app l ied ; °°~ 1~’~e 

- - 
‘imI~

large energy and time ssvtn~s have restttt.d from 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~the introduction of vat-iou . automatic landing lS mn

systems . ‘o operate under category III conditions 
~~~~~~~~~~~~~ ,,m, -

(on Air—Inter Airb ua,the decision heigh t is 7.6
em and the runway visual range only 125 em.). ~,owev~tjwt~esIs ’ -flu ,5

~w~4ti iOh p.neM~ del ti. the ~y~ts.s wsi5ht)
C,AII1, - A a ’6 pi oc,~ FUlL Oil SOO nm ~TAC,1 itilOThThRMINAL .-‘.“t,A NAVIGATION AND Gt’IDANCE

Fig 52
The impact of ?~F~ NAVIGATION will be he-

portant In terminal area because of significant 8y taxii ng to — and from — the iste on fewer
red uctions on hoi .~ing delay. , on t ime and distance enginee cons [derable fuel can be saved most
flown and on p i lot  workload , operators have alread y adopted this pra ctice ,

since the fuel crisii , on their three and four
Aim FAA estimate C’~ 3 give, a fuel saving engine A/C ; fi gure 52-a shows the large emsoun t
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of fuel saved on a 8—747 when one or two of its tor : in fact , this load factor slowly increases
eng ines are inoperative for ground maneuvers : since the fue l crisis but is still very low
about 450 kg fuel saving for 2 eng ines , i.e. 30 2 abou t 55 2 for the U.S Iirlines in 1976 , and ‘sot
economy for a typ ical 22 minu tes taxi-cyc le.lan— so different for other countries .
ding/take—off ;si gnificant fuel savings are also
obtained on three—engine , (15 2). A better adjus tement of A/C capac ity and

frequency to each market is the evident — but
Al ternative far—term taxiing methods are not so easy — solution to in~~~ase Airlines load—

under study : powered landing gear , cable tow, factor.
articulated tractors , etc . . . ; the most attrac—
tive because autonomous, is the powered landing Even a small gain on this index can save .~

~~~ concept , studied by variou s manufacturers ; large an’ount of fuel~as shown by the following
igure 52-b gives some results from an Aerospa— estimates : taking as a bea u the 55.8 2 load

‘ tiale study [si] based on a medium—haul , 76 tons~ fac tor obtained by the U.S domestic Trurck Airli
twin—jet (CFM 56) project : on each mean-gear is nes in 1976 , the amount of fuel saved by higher
ins talled a hydraulic motor which drive the wheels L.F was estimated (86]
through tire friction—rollers ; the hydraulic
power is supplied by the Auxilary Power Unit Load Factor Fuel savings
(A.P.U.) ; the extra weight of the system is
about 240 kg (eq uivalent 10 kg f uel penalty) ; instead of
the calculated fuel saving is impressive : about a curren t
200 kg (i.e. 4.6 2 block—fuel on a 500 nIl stage L.F — 55.82 L.F — 602 — 479.106 Gallons

(1.480.000 tOUS)length) ; the design ground speed : 25 km/h, is in 1976 for
a lit tle lower than usual (current mean value : U.S domestic
35 km/h). Airlines L.P — 70% — 1387.106 Gallons ~

_______________________ (4.278.000 tons)

* Note that the U.S domestic Air carriers have
3—4) A/C OPERATORS MANACENENT consumed 8233 x 106 Gall ons in 1977[70 3.
USE OF A/C SIMULATORS To conclude , a v 14 2 increase of the mean

load factor represent. a much larger energy
Air carriers are now utilizing more and no— sav~kig (u. - IT I) than the best technologicalre simula tors for f l ight crews training and improvement.

che~king , to reduce the cost of ac tual f l ight 
~ 15 a very frustrating conclusion for a

operations and save fuel (about 25000 gallons/ technician . . . except when a Concorde, with aper yair/per A/C for wide—body) ; FAA estimates 100 2 load fac tor , appears more fuel efficient
that 177000 take—offs and landings are avoided than an old B—707 A with a load factor less thanannually,  enabling U.S Airlines to save about 47 2 on a Paris—to—New—York tri p (ss].
170 million gallons ; the French Organization
“Aero—f o rmac ion”C& 4 3 $ connected with Aeroapa —
tiale and Airbus Indua trie in Toulouse , has de— 8—5) EFFECTS OF ENVIRONMENTAL NOISE CONSTRAINTS

~ 4 Al C CONCEPT AND FUEL ECONONTveloped a very successful training system for
Concorde and Airbus crew s ; in the case of the In mos t coun tries , Regula tory Agencies haveA—300-B,15 f l igh t hours for  a crew formation are 

agreed on Air Traffic and Airspace managementnormally required , bu t only 3 f l ight hours , if
crew is previously trained on the simulator opera tional procedures to control noise at — and

these 12 Iflight hours saved correspond to about around — airports . Some of these procedures are

66 tons fuel saved/per crew). fuel consuming, for instance when they obli ge
to increase f l i gh t dis tance — and time — to

BETTER MAINTENANCE avoid residential neig hbo rhood s durint ta l
~i.—offand landing.

Eng ines accoun t for nearl y half the total
A/C maintenance coats ; investing advanced tech— Some other procedures , like climb over re—

nology to improve engine reliability and smaintal— siden t isi area. wi th reduced power, or optimum
nabili ty has also a pay—off on fuel consumption descent and approach trajectories with low drag/

( tO J,(see previou s lectures ’. clean A/C confi guration — i.e. low thrust — , n~t
only abate noise but conserve fuel.

On the airframe side , the “sgeing ” phenomena
of A/C fleet leads to a continuous increase of the In the first case some too severe A.T.Cempty_weight and to a progressiv , deterioration noise abatement may produce a large fuel was—of the ai r f rame skin surface ; of course , bot h t ing ( in  the case of Sea tt le Airpor t , in U.’ .trend s are fue l consuming ; (or examp le , A ir Fran- such FAA rules resulted in an estimated additic ’—
cc has established las) that the empty weight ~‘t nal 2.2 million gallons (6800 tons) of fuel year—
most A/C of its fleet has increased by ibout 2 Ly, t Nt) ,  and increased the average flight t i—
tons along the A/C life each supp l ementar y ton me by S to 9 vnin’mtes for each Aircraft )
increases the hourly fuel consumption by about
33 kg on a 8—747 and by ISO kg on a Corn-ord.

W i th regard to the noise regulations , an
agreement was reached in 1969 between the coun-

On the other hand , we have seen (pect ~ n A- I- tries of the International Civil Aviation Orga—
2) how large is the pay—off  of per iodic “clean—up ” nizatton (l.C A.O.) : this agreement recomands
operation. to reduce aIrfra me p ara stt (c drag - and pre cised noise level l imits (measured in Effec
fuel waste l ive Perceived No ise Level in decib’la, EPNd B)

at three locations near the runway : take-off ,
BETTER LOAD FACTOR side line and approach.

In the previous sections , we hay, always The., levels were a fui~c~ ion of the A/C
quan tified fue l savings with an “ideal ” index : take—off gross—weig ht onl y . but * new prn osal
seat/Xm/Rg fue l whi ch supposes a 100 1 load fac— for an “annexe IS” amendement (to be app licable

- - - -
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from August 1978 if agreed) ask for a little posits materials to desi gn the nace lle , in
lowe r no ise levels , now a functi on of A/C gross t oth acoustic and ron acoustic reg ions . with
weight and also of the number of engines ; figu— no more economic ,r fuel penalty (87.16].
cc 53-b illustrates , in the take—off case , th
evolution of these noise limits with years ; the - propulsive nacelle located above the win to
results of the noise measurements for most of take advantage of the shielding effect of the
curren t subsonic transport show a continuous wing to reduce the fl~’—over noise ; we have
noise leve l decrease , at first with the introduc— seen previously that such a concept has also
ti on of low BPR and then large aPR engines. potential pa ’offs for drag reduction and for

hi gh lift generation (section A—4—I ).
Is it rcasonable to push farther the noise

~ 0 - ~ fltrQy implication of no~ c reduction abatement limits ?
It seems not , because we shall reich such a low

- noise lev rfrom the engines tha t the aerody nami c
- 

~~~~~~~~~~~~~~ noise bectins to intrude ; fly—over acoustic ned
surewents have been made in flight during approach
of several wide—body type A/C . showing that the

A ~‘-~~~ ~~~~ aerodynamic noise generated by f laps and gears—
-s - ~~~~~~~~~~~~~~ down have abou t the sane level than an hypothetic

- ,, ; ~ -
~~~~~~~~~~~

“
~~~~

‘ (FAR 36 — 10 EPN’.a) regulation I And it seems7,,, ~~~~~~ very difficul t :0 avoid this aerodynamic noise...

To conclude with the impact of noise abate—
• ment regulations on A/C ~n.r*v conservat ion , it ap—A5’~ I. pears that very large noise reductions have been

~ ~—D obtained with the current wide—body A/C equipped
R.4 ilA~A ~~~~~~~~ ,, “, 

,, with high by-pass ratio engines, accompanied by c
much better -nergy efficiency ; it will be again
improved on the next genera tion of transpor ts

- using CFM—56/JT— t OD engines to rep lace the f i r s t(b More btrIIlgtflP flOI~~ rL9U~otmOnB generation turbo-jet A/C.
Before  imposing more stringent noise regulations ,

-- le~f .\”~~’’ it seems wise to evaluate trade—off. between
~~~LI~ L \ •

~~

‘

~~~~ 
noise abatement and fuel conservation/Aviation
economy objectives .
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Generale de l’Aviation Civile (DGAC), Airbus
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With the development of the third genera— guet Avia tion ,
tion high by—pass ratio engines , fuel economy
was ob tained in addition to a much quieter en— — and to Melle Michaut and M. Comeelin , from
vironment (see th e A—34X1 B on figure 53-b~~, 0NERA~who helped me In the preparation of this
compared wi th older jets which are still in ser— paper.
vice (turbo—jets and low by—p eas ratio engines);
for these later Aircraft categories , some a-
coustic treatraint of the engine nacelle walls
have been necessa ry to cope with the first pbs-
.e of nois e regulations ; such treatment have
a small weight penalty.

More stringent rules will probably be in~
troduced into service in the mnid—1980 ’s , to so-
me 10 EFNdB below the existing one ’s ; achieve-
ment of such goal will be much more costly with
our current technology : fi gure ~3-a illustra-
tes the corresponding increase in block-Juel
for a typical advanced wide—bod y transport [67):
4 2 increase in fuel for a noise abatement of
about it EPNdB 1 This penalty originate , from
the extra—we igh t 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 atructu raly integrated c~~—
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(Winter 1976) . NA SA CR-132 608, (May 1975)

[28 1 - HEYSON , H.H., RIE BE , G.D. and FULTON CL. [39 1 - KURZHALS, P.
Theoretical Parametric Study of the New Directions in Civil Avionics (NASA).
Rela t ive Advantages of W ing lets and ALA ?., Astronautics and Aeronautic.,
Wing-Ti p Extensions . (March 1978).
NASA , ThX 74 003, (January 1977)

(40 1 
- SiMPSON, A. and HITCH, H.P.

[291 - ISHIMITSU , K.K . st at. Act ive Control Technology .
Des ign and Analys is of Wing le ts for R.Ae.S. , Aeronautical Journa l , (June
M ilitary Aircra ft (Boeing). 1977)
AF-FDL, TR-76-6, (February l97 ”~

[41 ] - REDIESS , H.?.. and SZA LAI, K.J.
[30 1 - Anon. Status and Trends in Active Control

Cost /Benefit Trade Offs for Reducing Technology (NASA/Dryden).
the Energy Consumption of the Conmierc ta t MSA-SP 372, (October 1974)
Air Transportation System (Douglas).

NASA -CR-l37 923, (June 1976) (.42 1 
- POISSON-QU INTON, Ph. and WANNER , J.C.

Evolution de Ia Conception des Avione

[31 ) - MINES, A ,B. 
grice sux Cou~~~ndes Automstiques Gdné-
r-alisêes (Evolution of A/C DesignAer odynamics.

R.Ae.S. l’ 76 Convention on “Seeds f or through the CCV Concept).
AAAF, L’AJronautkque et l’A .troneutlqueSuccess in Civil A/C Design in the n° 71 , (1978-4)next Two Decades ”

R.Ae.S. Aeronautical Journal, (July [43 1 
- RYLE, D.M. et al.1976) U pper-Surface Blowing Aerodynamic and
Ac oustic Characteristics (Lockheed-

[32 1 - OBERT, K . Georg ia) .The Supercritical Airfoil - An Evolu- PTOJect SQUID, Engine - Airframe Integra-tion or a Revolution ‘ t ion for Short-Haul A/C , Anna po’is ,DCLR Symposium on Transonic Configura- (May 1977) -edited 1w SNB Murt~iy, Purduetions , Bad Harzburg, (June 1978) tlniversity

[33 1 
- WHITC (t~B, R.T. 

~4 ] - PUTNAM L.E. et a1Review of NASA Sup.rcritical Airfoils. Effects of Over-the-Wing Pylon-Mounted9th ICAS, Haffa/Isra~ l, (August 1974) Eng ines on Tran spor t A irp lane Per for-ICA S Preprint n° 74-10 mence.

(36 ] - MORISSET, J 
Projec t SQUID, Engine - Airframe lntegt-a-
t ion, Annapo l is , (May 1977)

es rdsultats de l’opération “PECASE”
Ic T-33 ~ profil supercrit ique 145 ) - EWALD, B.épais de Ia SNIAS . Airframe-Engine Interact ion for EngineAir et Cosmos n°727 (July 1978) Config uration s Mounted Above the Wing

(35 ) - SLOOF’F, J.W. and VOOCT, N. 
part. II Engine-Jet Si it s t ton Pr o-
b lems in Wind-Tunnel Teats.Aerodynamic Design of Thick Supercr i- AGA RD CP- 150, ( 1974)

t ica l Wings Through the Concept of
Equivalent Subsonic Pressure Diatri- ( 46 ) - HOLBROOK , G.E. and ROSEN , C.bution (NLR , HP 78011 U) 

Evolut ion of the Turboprop for Hig hDGLR/GART!UR 6 Sympos ium on “Transonic Speed Air Transportation.Configura t ions ” , Bad Hsrzburg, CE , A SNE Paper n 78-CT-201, (AprIl 1978).
(June 1978) 
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• DUGAN , J.F., BENCZE , D.P. and (59] - KEYs, ~h N. and WIESN ER , R.

WILL IAMS, L.J. Guidelines for Reducing Helicopter
Advanced Turboprop Technology Develop- Parasite Drag.
ment . J. of the Am. Helico. Soc., (January
A l?.?. Paper n 77-1223, (August 1977) 1975)

[48 ) 
- Anon. [60) - WIESNER, W and SNYDER , W .J.

Energy Consumption Characteristics of Efficient Civil Helicopters : the Pay-
Transports Using Prop-Fan Concept Off of Directed Research.
(Boeing). J. of the Am. Helico. Soc., (January
NASA CR-137 937, (October 1976) 1978)

[49 ) 
- FOSS, R.L. and HOPKINS, J.P. [61) - STEPNIEWSKI, W.Z.

Fuel Conservative Potentia l for the Energy Aspects of Helicopters in Co.pa-
Use of Turbo-prop Powerplants (Lockheed) rison With Other Air and Ground Vehicles .
SAE Preprint 760-537 , (Na y 1976) J. of the Am. Helico. Soc., (January

1978)
(50 ) - STERN, J,A.

Aircraft Propulsion, a Key to Fuel [62) - MACEE , J.P., CLARK, R.D. and GIULIANETI’I ,D.
Conservation ; an A/C Manufacturer ’s Rotary-Wing A/C Systems for the Short-
View . Haul Market.
SAE Preprint n° 760—538 , (Ma y 1976) A IAA Paper n° 75-275 , (February 1975)

[51] - LECI*(TE , P. (63) - SWEET , H.S., RENSHAW , J.H. and BONDEN , )4.K.
Adaptat ion pour l’économie ou adapta- Evaluation of Advanced Lift Concepts and
tion pour I’économie d’énergie. Potential Fuel Conservation for Short-
AAA F, l3eme Congres International Haul A/C.
Adronautique , Par is (J une 1977) , NASA-CR- 2502 , (February 1975)
l’Aéronautique et l’Astronautique n°SS
1977-6 [64 1 

- POISSON-QUINTON , Ph.
First Generation Supersonic Transports.

[52] - VERGINIA , F.J., BARBER , E.A . and . Proc. Princeton University Conf. on
RETTIE, I.H. the Future of Aeronautical Transpor-
Parametric Design and Analysis of Large tation , (Nov . 1975)
Advanced Military Transports (Boeing). - ONERA TP n° 1976-113
A IAA Paper n 76-924 , (September 1976)

[65 ] - CA LDER , P.H.  and GU PTA, P.C.
1~3)  - ARD EMA , M.D., HARPER , M., WATERS, N.H. Future SST Engines With Particular

and W ILLIAMS, L.J. Reference to Olympus 593 Evolution and
Conceptual Design of Reduced Energy Concorde Experience.
Transports (NASA/RET Study). SAE Paper no 751 056, (November 1975)
A lA?., J. of Aircraft , (August 1976).

[66] - CORMERY, C.
(54 ) - KAITEN, G.C. Le transport aérien face aux economies

A View of the Future ; Conatraints and d’Cnergie.
Opportunities . AAA F, l3ème Congrea Internationa l ACro-
R.Ae.S, Ang lo-American Conf, London, nautique , Paris , (June 1977) .
(June 1977). l’Aeronautique et l’Astronauti que n 69 ,

(1978—2)
55 ] - Anon.

Technical and Economic Assessment of  [6 7  ] 
- CAZENAVE , A . and IRVGAS , J.

Span-Loaded Cargo A/C Concepts Etude expdrimnentale cur simulateur et
(Doug las A/C). en vol d’un système de conunandes Clec -
NASA-CR-l44 962 , (January 1976) tri quec utilisC pour l’instabilitC con-

tr~ 1de appliquC e A Concorde.
56 - LANGE , R.H. ACARD/F l ight Mechanics Panel Meeting,

Des ign Concepts for Future Cargo A/C Ottawa , (Sep tember 1978)
(Lockheed Geor gia)
A l?.?. Paper 75-306 (February 1975) (68 1 

- AIKEN , W.S.
(see also NASA TMX-72 796 (Nov. 1975 Supersonic Cruise Aircraft Research -

an Outlook for Cargo A/C of the Future Significant Progress .
(NASA/Lang ley) As tronaut ice and Aeronautics , (May 1976)

(see also Proceedings of the SCAR Conf .,
[5 7  } 

- POISSON-QUINTON, Ph. NA SA/Langley, November 1976 - NASA CP-
Introduction to V/STOL Aircraft Con- 001, ( 1976)
cepts and Categories .
AGARD Von Karma n Institute Lecture (69] - FERRI, A .
Series n 63 , (April 1973) Possibilities and Goals for the Future

SST.
(se  

~ 
- PETIT , C. A t?.?. Dryden Lecture. J. of A i rc ra f t ,

Les hClicoptères at lea dconomies (December 1975).
• d’Cnergie (SNIA S/Marignane).

AAA F, l3èae Congres Intern. ACron.,
Paris , (June 1977) - 1’Adronautique
at l’Astronautique n °66 , (1977-5)
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[io] - ZOOK, C.T. [83) - EDWARDS , F.C. et a l.
Aviation Energy Conservation. De layed Flap Approach Procedures for
FM - Office of Aviation Policy, Noise Abatement and Fuel Conservation

- 
-
~ (5 May 1978) (NASA /Ames)

A ircraft Safety and Operating Problems
[71) - WILLIAMS, L.J. NASA SP-4l6, (October 1976)

A ir Transportation Energy Eff ic iency -

Al terna t ives and Imp lica tions (NASA l [84 ] - PINE T , J.
Ames). Lea simulateurs et l’approche “syst ème”
Soc . of All. Weight Eng . Paper n 1124, de l’inatruc t ion.
(May 1976) AAA F, I’ACronautique at I’Astronautique

n° 69, (1978)
[72] - WHITBY, R.H. and POPE, E.J.

The Fuel Scene and it5 Impact on the [85) - KLEITZ, P.
Economics of Airline Operations. La point de vue d’un exploitant com-
A Z?.?. Paper n° 75-953, (August 1975) ment rCduire Ia consonination de carbu-

rant dane l’entretien aCronaut ique
173 1 - Anon. (A ir Fra nce)

Implementation of Area Navigation in AAAF, l3rd Intern. Congress of Aeronau-
the Nationa l Airspace System an Assess- tics , Paris , ‘June 1977)
ment of RNA V Task Force Concepts and
Pay-Offa . 186) - Anon.
FAA-RD-76-l96, Final Report (December Effective Fuel Conservation Programs
1976) could Save Million. of Gallons of

Aviation Fuel.
[74 1 

- Anon. Report the Congress by the Controller
Plans and Developments for Air Traffic General of the United States, (15 Au-
System.. gust 1977)
AGARD CP-l88, (May 1975)

[87] - BRASLfIJ, A.L. and WHITEHEAD, A.H.
r i s ]  - Anon. Aeronautical Fuel Conservation Possibi-

International Conference on Electronic lities for Advanced Subsonic Transports.
Systems and Navigation Aids. NASA TMX- 7l 927 , (December 1973)
Paris, (14-18 November 1977)

[88 ] - AMBLARD , P.
[76) - ALBERTS, R.D. and RUEDGER, W.H. Lee Cconomies d’Cnergie point de

Preliminary Study of NAVSTAR/GPS for d’un avionneur (AND/Brdguet).
General Av iation. AAA F, I’Aéronautique et l’Astronaut ique
NASA CR-145 059, (November 1976) no 65, (1977).

[77 ] - SMITH , D. and ciuss, w. [89 ] Anon .
GPS/NAVSTAR Global Positioning System. The Outlook for Aeronautics 1980-2000
AIM, Astronautics and Aeronautics , (NASA)
(A pril 1976) Pub. NASA Hq., (Marc h 1976)

(781 - I.ASSITER, E.M. and PARIIINSON, B. [90 ] - Anon.
Etat de ddveloppement du eystène de Aviation Futures , to the Year 2000 (FAA).
positionnement global NAVSTAR/GPS. Pub. U.S. Dep. ot  Transportation , FAA
Navigation, (January 1977) (February 1977).

[791 - REEDER , J., TAYLOR , R. and WA LSH, T.
New Design and Operating Techniques for
Improved Termina l Area Compatibility
(NA SA).
SAE Paper n° 740 454 , (1974)

(801 - GOBETZ , F.W. and DUBIN, A .P.
Cost/Benefit Trade-Of fs for Reduc ing
the Ene rgy Consumption of Comeercial
A ir Transportation (NASA /RECAT).
United Technologies Research Center ,
NASA CR-137 877, (June 1976)

(.81 ] - DUNHAM, Jr , EARL , R.
Sununsry of NASA Wake-Vortex Minimisat ion
Researc h, (NASA/Langley).
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CATEGORY I — ENERGY CONSERVATION IN AIRCRAFT PROPULSION

SAW EPape r 1124 76/05/00 77A I2 192
AIR TRANSPORTATION ENERGY EFFICIENCY -- ALTERNATIVES AND IMPLICATIONS
Williams , U .
(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

~ imp licat ions of these alternatives. The fuel-saving alternatives considered include aircra ft operation , aircraft modification.
derivative aircraft , and new aircra ft . In the near-term , energy efficiency improvements should be possible through smal l
improvements in fuel-saving fligh t procedures , higher density seating, and higher load factors . Additional small near-term

~ 
improvements could be obtained through aircraft modifications , such as the relative ly 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 o fa  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 76/0 5/00 76A36606
• A IRCRAFT PROPULSION - A KEY TO FUEL CONSERVATION: AN AIRCRAFT MANUFACTURER’S VIEW

Stem, J.A.
- (Douglas Aircraft Co., Long Beach , Calif.)

Society of Automotive Engineers , Air Transportation Meeting, New York , N.Y. . May I 8 20, I 976 , 1 8 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 aircra ft 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 (supercr itica l airfoils , optimized wing geometry ,
longitudinal stability augmentation , composites, new metallic structures) on fuel conservation is examined. ABA R.D.V.

SAE Pape r 760537 76/05/00 76A36605
FUEL CONSERVATIVE POTENTIAL FOR THE USE OF TURBOPROP POWERPLANTS
Foss, R.L. ; Hopkins. J.P.
( Lockheed.{’alifornia Co.. Burbank . Calif.)
Society of Automotive Engineers , Air Transportation Meeting, New York , N.Y., May 18 20. 1976 . I S p.
The turbopro p propulsion system may offer the air transportation industry one of the most significan t means of achieving
reduced operating costs through large reductions in fuel consumption. The prop-fan h igh speed propeller concept allows
the supenor 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
inst allation 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 , .1 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 , I l  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 te~hnology . 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 74A3 8898
AIRCRAFT FUEL CONSERVATION : AN AIAA VIEW : PROCEEDINGS OF A WORKSHOP CONFERENCE,
RESTON , VA., M A R C H 1 3  IS , 1974
Grey, .1.

k New York , American Institute of Aeronautics and Astronautics , Inc. . 1974. 43 p.

Technical aspects of aircra ft fuel conservation are reviewed and discussed , and measure s to he 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
ofaircra ft operations. design , propulsion systems, and fuels. Some of the principal measures identified includ ed
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 advance d onhoard avionics which will give the
pilot sufficient information for him to make real-time selection of fuel-optimum fligh t profiles and airspeeds: drag reduc- L
t ion by the use of a properly designed small vertical ‘winglet ’ located j ust inboard of each wingtip ; the implementation of
supeic ritical aerodynamic wing designs; increase in frequency and t ightening the standards of regular engine maintenance
procedures ; and modificatio n ofhydrocarbon fuels currently used by relaxation of frecze point and (lash point specitica-
tions and by use of wider fractions and more aromatics. ABA P.T.H.

NASA.CP-2033 E-9457 78/00/00 78Nl9325
JET AIRCRAFT HYDROCARBON FUELS TECHNOLOGY
Longwell , J.P.
Nationa l Aeronautics and Space Administration. Lewis Research Center , Cleveland , Ohio. Workshop held at Cleveland ,
Ohio , 7 -.9 June 1977.

A broad specification , referee fuel was proposed for research and development. This fuel has a lower , closely specified
hydrogen content and h igher 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 trad eoffs among fuel refining.
distribution , and aircraft ope rating costs; combustor liner temperature and emissions studies; and practica l 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 78N 17060
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. , 10- I I  Oct. 1977; sponsored by Western Michigan Univ.

The major thrust of NASA ’S nonturbine general aviation engine programs is directed toward ( I )  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 , advance d 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 78N 1 1074
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- l 1063 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 d isadvantages 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 77N3026 1
THE POTENTIAL ROLE OF TECHNOLGICAL MODIFICATIONS AND ALTERNATIVE FUELS IN ALLEVIATING
AIR FORCE ENERGY PROBLEMS
Gebman , J.R .; Stanley, W.L. ; Weyant , J.P.; Mikolo wsky, 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; howeve r ,
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 he 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).
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NASA-CR-I35 136 R7bAECS97 76/I 2/00 77N 1 5043
STUDY OF UNCONV ENTIONAL AIRCRAFT ENGINES DESIGNED FOR LOW ENERGY CONSUMPTION
Neitzel , R E.; Hirschkro n , R. ; Johnston . R.P.
General Electric Co., Cincint iati , Ohio.
(Aircraft x~ngine Group.)

A study of unconventional engine cycle concepts , which may offer significantly lower energy consumption than conven-
tional subsonic transport turhofans , is described herein. A number of unconventional engine concepts were identified
and parametrica lly studied to determine their relative fuel-saving potential . Based on results from these stud ics . regenera-
tive , geared, and variable-boost turhofans, and combinations thereof , we re selected alo ng wit h advanced turbopr cp cyck %
for further evaluation and refinement. Pre liminary aerodynamic and mechanical designs of these unconventional engine
configurations were conducted and mission performance was compared to a conventional , direct -drive turbofan re ferenec
engine. Consideration is given to the unconve ’ntional concepts . and their state of readiness for application. Areas of
needed technology advancement are identified . ABA author.

NASA.CR- I 35053 R7oAEG43 2 76/08/00 76N302 I 8
STUDY OF TURBOFAN ENGINES DESIGNED FOR LOW ENERGY CONSUMPTION
Neitze l , 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 airc raft energy
consumption are described. Task I addressed the selection and evaluation of features for the CF(~ family of engines in
current aircraft , and growth models of these aircraft. Task II involved cycle studies and the evaluation o technology
features for advanced technology turbofans , consistent with initia l service in 1985. Task I ll  pursued th~ refined analysis
ofa  specific design of an advanced technology turbofan engine selected as the result of task II stud ies ..  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 he necessary to achieve the improvements in energy consumption
identified. ABA author.

NASA-CR-135065 PWA-5434 76/06/00 76N29233
STUDY OF UNCONVENT IONAL AIRCRAFT ENGINES DESIGNED FOR LOW ENER G\ 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 cor,sumpti ’n 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-l34972 R76AEG268 76/0 1/00 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 tes t fuels simulat ing
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
degree sector combustor rig. Carhoniitg and flashback characteristics at simulated takeoff conditions were evaluated in
a 12 degree sector combustor rig. For the five fuels tested, effects were moderate , hut well defined. ABA author.

NASA-CR135002 PWA-53l8 76/04/00 76N22 197
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 JT9I) , JTSD, and JT3 I) turb o fans
in commercial fleet operation through the l980’s are identif ied. 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 75N3 l074
FUEL-CONSERVATIVE ENGINE TECHNOLOGY
Dugan , J.F. , J r ;  MeAu lay. J .E ; Reynolds , 1W. ; Shack , W .C.
Nationa l Aeronautics and Space Administration. Lewis Research Center , Cleveland , Ohio. In its Aeron. Propulsion
p. l 57- l QO (see N75-31068 22-07).

Aircraft 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-7 I 785 E-8450 75/08/00 75N30 I 78
PRELIMINARY STUDY OF THE FUEL SAVING POTENTIAL OF REGENERATIVE TURBOFANS FOR
COMMERCIAL SUBSONIC TRANSPORTS
Kraft , G A .
National Aeronaut ics and Space Administration. Lewis Research Center , Cleveland , Ohio.

The fuel savings potent ial of regenerative turhof an s 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
I ~O0 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 ‘.aried fro m 8 to 10. The heat exchange r design parameters such as pressure drop and effectiveness varied from 4
to 8 per cent and from 0.80 to 0.90 respectively. Results indicate a fuel savings due to regeneration of 4. I percent and no
change in t akeoffgross weight. ABA author.

75/00/00 7 5N290 l2
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. i83-2 l0( see N75-2900 l 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 ofa ltern ative 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 accom2lished within expected environmental constraints such as noise and pollution 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.

NASA-TM-X-7 1 740 E-837I 75/05/00 75N24739
PRELIMINARY STUDY OF ADVANCED TURBOPROPS FOR LOW ENERGY CONSUMPTION
Kraft . GA. ;  Strack . W. C.
National Aeronautics and Space Ad m inistration. Lewis Researc h Center , Cleveland, Ohio.
The fuel savings potential of advanced turhoprops (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 anti Macti 0.80.
turbine-inlet temperature was fixed at 1 590 K while overall pressure ratio was varied from 25 to 50. The regenerative
turboprop had a pressure ratio of only 10 and an 85 percent effective rotary heat exchanger. Variable ca mbe r propellers
were used with an efficiency of 85 percent. The study indicated a fuel savings of 33 percent . a ta keo f f gross weight
reduction of I S percent . and a direct operating cost reduction of 18 percent was possible when turb o props were used
instead of the reference turbofa n at a range of 10 to 200 km. These reductions were 28. I I , and 14 perce nt . respectively.
at a range of 5500 km increasing overall pressure ratio fro m 25 to 50 saved little fuel and slightl y increased takeoff gross
weight. ABA author.

NA SA-TM -X-7 lt -~63 E-824 I 75/02/00 7 5N 1824 1
P R E L I M I N A R Y  STUDY OF ADVANCEL ) TURBOFANS FOR LOW ENERGY CONSUMPTION
Knip, G.
National Aeronautics and Space Administrat ion.  Lewis Research Center , (‘Ievelaiid, Ohio.

This analysis determines the effect of higher overall engine pre ssu re ratios (OPR’s), bypass ratios (RP R’ s), and tur bi ne
rotor-inlet temp erature on a Mach 0.85 transport having a range of 5556 km (3000 nnii )  and carrying a payload of
18144 kg (40,000 lbs 200 passengers). Sideline noises (jet plus fan) of between 91 and l0t~ EPN dB (FAR 3(~) are
considered. Takeoff gross weight (T(X W). fuel consumption (kg/pass. km )  and direct operating cost (I)(X ’) are used
at the figures of merit. Based on predicted 1985 levels of engine technology and a noise goal of Q(~ ! PNdH. The hig her~
OPR engine results in an airplane that  is 18 percent lighter in terms of TOG W . uses 22.3 percent less fuel , and has a
perc ent lower l)(X ’ than a com parable airp lant powt retl by a current turbofan. (‘onling th~ com pressor bleed ai r an d
lowering the cruise Mach number appear at t ract ive in terms of fur ther  improving the figures of m erit .  \B.\ author.
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- AD-763097 AFAPL-TR-72-I03 73/05/00 73N29804
- , - HYDROGEN cONTENT AS A MEASURE OF THE COMBUSTION PERFORMANCE OF HYDROCA RBON FUELS

- . Martel, C.R; Angello, L.C.
a Air Force Aero Propulsion Lab., Wright-Patterso n AFB, Ohio.
-
~ Previous work by various investigators has shown that the hyd .ogen content of a hydrocarbon jet fuel is the primary

variable a ffecting the combustion performance of the fuel; i.e. the amount of heat radiated during the comhust1on of the
fuel within the j et 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 hydroge n content 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-I , and jet-B) a minimum allowable hydrogen content of I 3.5~ by
weigh t is recommended . ABA author (GRA). 
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CATEGORY 2 - ENERGY CONSERVATION IN AIRCRAFT DESIGN

76/08/00 76A39843
CONCEPTUAL DES IGN OF REDUCED ENERGY TRANSPO RTS
Ardema , M.D. ; Harper, M.; Smith , C.L. ; Waters, M.H. ; William s, L i .
(NASA , Ames Research Center , Mof fett  Field , Calif.)
National Aeronautics and Space Administration. Ames Research Center, Moffett Field , Calif. Journal of Aircraft ,
Vol.13 , Aug. l976 ,p.54 5-SSO.

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 . Supe rcritical 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 76AIO39 1
THE 1974 ENERGY CRISIS A PERSPECTIVE ~ THE EFFECT ON COMMERCIAL AIRCRAFT I)ESIGN
Steiner , i.E.
(Boeing (‘onimercial Ai rplane Co., Renton , Wash.)
In International Air Transportation; Proceedings of the Confe rence . San Francisco , Calif., March 24 26 , 1975.
(A76-l 0389 0 1 -03) San Francisco , American Society of Civil Engineers , I 975 , p. I 9-3 I .

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 ofcruise speed yielded much greater savings on fuel than the increase in such items
as cre w pay account. Rescheduling was done to achieve h igher 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 aircra ft . 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 , 1975 , 25 p.

the contribution to reductions in fuel consumption by potential weight characteristics of advanced aircraft are
considered , and trades hetwecn 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 incre ased aerodynamic efficiency. Results of studies of an M = 0.80, 200 passenger , 5556 km design
incorporating advanced structure , airfoils , and propulsion show 2 1 .b”~ reductions in operational empty weight and take-
~ If groaa weight as compare ti to a conventional design. Features for reduction of congestion and emissions offer fuel
‘~~t u ~.iK~n potential , noise reduction devices carry weight and fuel-use penalties. Implementation of the described fuel
- t . ,~ t i . u ,  j p~!r , .Itht ’s will yield an estimated ~~~ reduction in fucl consumption. ABA C.K.I) .

— i’ ,~’.- r  ‘ 5  II) tt~ 7 %ft)M/(X) 75 A4 1698
~~ ~ l l 4 m % p ( J S . S l H l t l I l I S F O R TERMlNA L ~~REA çOMp4TlBLE TRANSpØRT AIRCRAfl ’

~ 4 , ,o % ~ Jr
,~ ~irp4a.w ( u  . Seatlk . Wash 1. NASA . l angley Research (‘enter , Hampton . Va.)

~# r ’ ’f l aUlk ~n,f ~ ‘,Iii)flju4tcs . ,%ir..ra!I Systems and Fcchn ,slogy Meeting . Los Angeles . Calif. ,

- - ,~.,,‘r I ad . ‘n sump tl () n and impr ove terminal—area operations for advance d - -

- ,H - ‘ ~~~~~~ t~ ~I ~rusqe speed. wing geom etry , propuls ion cycle , ope ratio n al
- , ,,,,I ii ilg~~j  to .srnse at a conceptua l con figur ati ot i which  offers

- •. ii i, t.- t s ~tii ~ in it , ,  te r m n m n , i l  art ’.. I echn ical  .i utl e ’c ,inonij c rvalua -
- ,nts i ’ , i , . . , ,  s~ith m r ansp s.rf s refl ect ing th~ curr ent leve l of

- , ‘ . i ,, t~ .i1 ‘t~t W f i I s  irs ,Ie’.,. nI’e,I klI \ a u t h o r t
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S.’~l- Paper ‘50587 7 c/ ()5 ,’O() 75A40 502
l)l~SlGN OF SH ORT h AUl .  A 1R ’RAFr FOR FUl l ( ‘ONSE RVAT ION
Bowden, \1-K~; Sweet , lI.S .; Waters . M II .
( Lockheed-Ge orgia ( t s _ . Mari ett a , Ga .) . (N A SA , Am es Research (‘enter. Motl ’ett  Field , (‘alif. )
St~c ie t ~ ol~ Aut~s il4 ~i ti% e F:igincers , Aim I’ransportati on Meeting, h art ford , (‘omi n . .  May 6 8, I 97S . .  I 6 p.

~ ~ 
Current Jet t (k ’l prices o t’ twice the I 972 le~el bas e signi fi cantly changed the characteristics ot a irplane design for best

~ 
;. ecoiioniv Iuie re~ i lts  ot a contr act w i t h  t lte NASA Atiics advanced concepts amitl mn is.sio ns division comit ’irnied the

ecoiiomiiic desirability ot los~er design cruise speeds and high er aspect-rati o wings compared to tlesigii~ developed i n ( t ie
by-gone era of ltsw fue l pnee. l s a i i a t i omi  of potent ial fuel conservat ion for short-haul aircraft sh owed that  an inter a ct ion
t~ t J i l  t o i l  technolog y and desirable engine ch ara cte r i st  ics is in ipo rta nt ~ tI m e supercr itical airfoil perni its higher aspect i
wings wi th lower sweep; these , in turn , lower the cnhisc thrust re quiren ients so that engines w ith hi gher ts~’p ass rati os 1fl’

b etter iii atclietl in t e r mn ~ of lapse rate . lowe r cruise speeds ( ss-liich arc also be tter (or (‘nd and operati ng cost ccouioiny 1
L~isIi the desired t~. pass rat i o up further.  Th us, it t’uel prices te tnain high , or rise further , striking reducti ons in
coinniun i tv  noise level can be achieved as a fallout in development of a I QSOs airpl an e and engine. Analyses are presented
it t  .It ’velopmnen ta l t m t ’n t a iii ( lie desig n of short-haul ;iircrat ’t wi th lower cruise speeds and higher aspect -rat io wings , and the
et t e . t s  ,.-it i  fuel con sum pt ion of design t’ield length , t~iwered Ii t ’t con cepts . ami d turbop rop as well as turbofa n propuls ion
are discussed. .\H - ’. ( author ) .

_
~4 12/U t ) 7~ AI434 6
R .~i’IN( . A I R C R A F t  ON l - N L RGY
!t.ta t dalon . l) .\~ -
( N -\SA . Langley Research ( ‘en ter . Ae ronautical Sy st enis l) i s .. I lanip t on .  Va .)

~~
tr onau t i

~
’s an tI Aer onautics , Vol. I 2 , Dcc. I ‘)~4 , p . 2~ —43.

Questions concerning the energy efficiency of aircra t ’t com pared to gr..nind transport .ire considere d . taking iii~o account
.15 e nerg% in t ensit ~ t h e  e, icrg% cons um ed per passenger statute mile. It is found that today ’s transport aircraft have an
energy in te n si ty pot ential  comnp ar al sl e to that  ot gnsunt l iii~~les. l5o~~i f ~i l i t ies  t’or l mn p ros-ing t h e ene rg~ den sit ~ a re also
inudi better in the case of a i rcr a ft  than in the case of ground tr ansp orat ion . Approach es for p otential reductions
in air crat ’t energy con sum ption are exan im ne d , giving att eii ( ioii to steps for increa sing the el ’t’icie ,ic~ , t t  p resent ai i ¼ ’rat ’t and
to reductions in energy intensity obtain able by the in tr odu ction (if new air cr a t i u t i l iz ing an ads anced tc ch iiology . I lae
use of s~ipe rcr it,caI aei-od~-n aniacs is discussed along with the employment ot ’ ct mposite structure s, advances in propulsion

~~~~ and the in rod u tlion of s-cry large aircraft . Other improvements in fuel economy can be obtained f s~ a reducti on
of skin-friction drag and a use ot ’ hydrogen fuel. A13A G.R.

‘4 00 Of) ‘4 ~l6
A REVII W OF PRECIOUS RESOVRCFS ANI) 1111-1K FFFI-(’T ON AIR IRANSPOR1’; PROCI FDIN . ;s  OF l I l t

cONVENTION. LONI)ON, ENGLAND . MAV IS. 16.
Convention Sponsored by the Royal Aeronautical Society. London . R~~-aI Aeronautical Societ~ . I Q ‘4. 2S 2 p.
Papers on air tr ansport resources are given, covering nuclear contribut ion to futur e energy supplies , al te rnative energ
sou rces , metallic and other mater ial resources, noise reduction goals , effects of fuel and materials shortag es omi air crat ’t
development and ope ration, future propulsion technology t~ar ground transp ort, and economic resources u t i l iz a t ion  in
ava itio n . The pricing policies of oil producing nations , hydroge n energy systems , man as a liri~~ous resource , and th e
qual i ty  of life vs aeronautics are also dealt with.  Indi v idu a l  i tem s are announced in this issue. ABA V ./.

AI ) -A0 23 765 ~o O4/00 78N 724 19
RI :lk)R 1 TO fl)N ;RL sS BY F l i t  FE D E R A L  AVIATION Al ) M IN I STRA TIO N ON PROP ) SEI ) I’RO ;RAMS FOR
AVIATION EN E R G Y  SAV INGS: FE1)FRAL A\’ IATION AI)MINJSIRAflON. WASIIINGI’ON. I) ( ‘ .

ORNt.~N SF.l :P .6Q ~4~O5 00 7 7N8592 I
A I R P L A N E  FN E R (; V t I SI  AND CONSERVATION ST R A t l : G I E S
Pilati . I) . A.
Oak Ridge National I .it~.. Tenn.

77/ 12/00 7SNl $40
AIR rRANs P0RTA TION I N I RGY t~ FF1CII
Willia m s. L i .
Nati onal Aeronautics and Space Administ r ation . Ames Research Ceiitcr . Mo ffet t Field. ( ‘a l i t .  In Union t oll . l - t k c t s
of Energ y Constraints on Transportati on Sy stems. i . 2  1 5-239 (see N78- 1 S~ 29 09-44).

the energy efficiency of air trat isp ortatto n , results of the recent l~- completed Rl ’( ’AT stu dies on improve m ent al t emna -
f i v es , and the NASA aircraft energy efficienc y research program to develop the technology for s i gn i t uc a n t  improvemilents
in future air cr al ’t were reveiwed . AB A author.
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PlI-27l249/5 CFD-77.98 77/08/IS 78Nl25S1
E FFLt( ’ l I V E  F U E L  (‘t )NS I RVA TI ()N PR~x ;RAMS ( OULI )  SAV I MILLIONS OF GALLONS OF AVIATION F~FE L
GE N F RAL ACCOUNTING O1:l:l(’I:. WASHINGTO N , I) f.’

(ConimnunOy aiid Lcon on i ic l)evelopinemat I)is .1
F etj er al actions to ~‘()liserve fuel used by the airl ines are discussed and additional t’ucl saving method s are suggested .
ABA GRA,

AGARD- R~t,S4 ISBN 92-835- 1 247 -2 77/06/00 71N3209 l
SPU’IAL (‘OURSE (IN (‘ON(’Et’TS 1:0K I)RAG R EI ) U ( ’ I IO N AI )V I SORV (;Rot ;P FOR AEROSPA CE RESEARC h
AN I ) DE V I LOP MEN 1’, PAR I S(F RAN CI ).
Presented at an AGAR I) Special (‘ourse at the Von Kilrm n áii Inst. , Rhotle-St.Genese , Belgium . 28 Mar. I Apr. 1Q 77.

NASA- CR- I 3 1924 MI)( ’-J 7340-Vol’1 16/06/00 77N2 307 3
( ‘OST/BE N EF lI~ l ’RADI OFFS FOR REI )U ( ’IN G i l l E  ENER GY (‘ONSLIMI ’TION OF ‘‘ I I I1~ (A ) M M LR ( ’IAL AIR
TRANS P()RTA I’lON SYSl ’EM. VOLUM E 2 : MARKI -  I’ ANt ) EC()NOMI( ’ ANALYSES.
Vanahkoizde , ) .( ‘.

L)ouglas Aircraft Co.. Inc., Long Beach , Calif.
The inipac t oh ’ the uiaost promising fuel conserving opt iomis on fuel consuniption , passe nge r demsiand , ope r at ing costs. anti
airline profits when imp lemne nt etl into the US doniestic and international airline t1~ets is assessed . The pot en t ia l fu el
savings achievable in the US scheduled air transportation system over the forecast period , 1973 1Q90 , are estimated.
ABA au t h or .

NASA-CR- I 3792,) M lX’-J 7340.VoI- I 76/06/00 7 7N2307 2
(‘OST/BI NEFI I’ TRAI)EOFFS F O R  RE l)U(’ING Til l ENERGY CONSUMPtION OF TUE Co MMERCIAL AIR
TRANSPORTATION SYSTEM. VOLUME I :  TECHNI(’AL A NALYSIS
Krau s, E.F
Douglas Aircraft Co., Inc. . Long Beach , ( ‘alif .
The effectiven ess and associated costs of operational and technic al options for reduced fuel consumption by L)ouglas
Aircraft in the domestic airline tleet are assessed. Areas explored include alternative procedures for airline and flight

• ope rations , advanced and state of the art technology, mo dilacation and derivative configurations , new near -ter m aircraft ,
turbopro p configuration studies , and optimum aircraft geomnet ry. l)ata for each aircraft studied is presented in tables and
graphs. ABA A.R. II .

GPO-78-544 76/00/00 7 7 N 1 5 2 1 2
ALTERNATIV E FUELS FOR AVIATION: COMMI TtE E ON AERONAUTICAL AND SPACE S(’IENCF S
(US SENATE ) .
h earing before Suhcomm. on Aerospace Technol. and NatI . needs of (‘omuni , on Aeronaut. and Space Sd ., 94th ( ‘ongr. ,
21) Seas., 27 - 28 Sep. 1976.

Research and progress in the development of alternative fuels for aviation are discussed . The impact of using non-
op tim nu ni  synthetic hydrocarbon based fuels on aeronautical structures and the cost of commercial airfares is explored.
ABA An .

NASA-( ’~ - l3 7Q 2 7 LK-27769- I 76/08/00 77Nl5008
S rUDY OF TI lE (‘OST/BENEFI I’ 1’RAIThOFFS FOR REI)U(’ING TilE ENERGY CONSUMPTION OF TI lE
(‘0MM F R(’IA L AIR TRANSPORTA TION SYSTEM
Hopkins , J .P.; Wharton , Il .E .
Lockl.ced’(’aliforn ia (‘o., Burbank.
For abstract , see preceding accession.

AD-A023527 TAS( ’-TR-545-I AFFI)L .TR-75-I56 76/02/00 76N32333
ENER GY MANAGEMENT TECHNIQUES FOR FUEL CONSERVATION IN MILITARY TRANSPORT AIRCRAFT
Stenge l , K.F.; Marcus , F.!.
Analytic Sciences (‘orp., Reading, Mass.
This report presents the results of an investigation of energy mn amiag en ien t techniques for fuel conservation in a large trans -
port aircraft , the USAF C- 141 A. Using the method s of optimal contro l theory and nu m erical simulation , fuel-optimal
flight paths are computed and compared with conventional ver ? -cal pro fIles for typical mission scenarios. Algorithmns for
on-hoard 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.
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N ASA-CR- I 37$9 I 76/06/Of.) 7tiN3 I 079
sruu ~ OF (‘OS l / K I NFFI l FRA IH OFFS I-”O R R h - l ) t f ( ’ING l ’IIE h -~N URG’t’ ( ‘ONS LIMI ’lIO N 01” I ’ IIh -  ( ‘OMMF R ( iA I .
AIR I ’RANSPO R l’A I’lON S Y S I I - M
(‘oy ke iitlall , K F . (‘urry . J K ~ . ikimii k e . .-t I- , Mad sen . S I
L fn i t et t  Air t i n e s , Im ic . . Sami I” rancisto , ( ‘al i t .
I-cononiic stutl ic~ wer e coiiducled for  th ree gem ier al fuel conserving opti om is ( I ) imu p ro v i mi g f uel co i isumnpt i om i ch ar acteristi cs
ot’esisting . im rcr at ’ t ~ ma re t rofit  iti tmtlm t’icatioi is . ( 2 1 introducing tut ’l t’tt i t i ent der ivatu ) ,is of e’sisti ng prt )dth’fiOIi air~r~i t t
and/ or m ntr iducing fuel et ’ti ci emit . cu rm t ’nt  state-o f ’the ’art mi ew aircraft ; amid (3) introducing an advanced state-o f the ’arl
turbopr o p ai rplane. Iliese studies were designed to produce an opt imn u ni  ai r l im i e Ileet ink fur (lie year s 1980 . 1955 a nd
I 990. Die fleet selected aecommuoslated a nornia l gr owth m arket by i ntr o duci n g som ewhat larger aircr aft while solv imi g
(or mnasimn u mn departure fre quencies and a mumn i mn u ni  load (act or corresponding to a I 5 ins - esi mne m i t h urdle r ate.  Fuel
burnt  per as ailahle-st’at -u nile t iown would drop 2 2’ - f ro nt I t )$ ()  to I 990 due t o  t h e  use of mnore (‘oct et ’t ’icient air cr at ’t
desigiis , larger average air cra ft size , am i d i micreased seatimig d e m is i t y  . Am i im itli glit survey was tak en to determi n e air t raveler
att i tudes towards a new generat ion ot advanced turbopr ops. ABA aut h or.

NASA- FM -X-7 3~ 21 76/07/00 ‘ts N 2822 4
sruuy OF OPE RA I ’IONAL PARA M t rI~ KS IMPACTING IIh ~t l( ’OP’fl R FU I I. CONSUMPTION
(‘ross. J. L.; Stevens . t).l).
National Aeronautics and Space A dm ui n is tr a t i omi .  Langley Research ( ‘enter , Lang ley Statiom i , Va.
A coniputerizetl study (if operati onal parameters at ’fecting h elicopter fuel consum pti on was conducted as an imitegra l part
01’ the NASA civil h elicopter technology prograii i. l’Iie study utilized the helicopt er si / lu g ami l p ert ormm ’ance coniputer
programsi ( I IE S(’OMP) develope d by the B o e iu ig -VF R IO L com pany and NASA Am ime s Research (‘enter. An introduction
to hlE S(’OMP is imicorpor atc d in this report. I’he resu lts presenteti were calculated using the NASA (‘11-53 ci v il helicopter
research aircraft specifications. Plots fro m which op t i m um fl igh t com itl it iomis I’or mui n i niu m fuel use that cami tie ob taimie d
are presented for this airc ra ft . The results of the study are considered to be gemier all y imi d icative of trends (‘or alt
helicopters . ABA author.

NASA-( ’R-l3787 8 U I’ R( ’-R-76-~ l 2036-l7 76/06/00 7tsN2 520 4
(‘OST/I EN EFIT I RAI)E4)FF S F o R  Rl :Du( ’lN( ; 1’IIL EN E RGY ( ‘ONSUM PTION 01 (‘OMMI R ( ’ I A I  AIR
TRANSPORTATION (RECAll
Gohetz , F.W.; Leshane, A.A.
United Tech nologies Research (‘enter, Fast Hartfo rd , (‘onn.
The RE(’AT stud y evaluated (he opportunities t’or rt ’duc imig the energy requirements of the US domestic air passenger
transport systemil through imnpn )ved operati onal te chni ques , i ll ()tfif ied in—s erv ice aircra ft . derivatives of current production
models, or new aircra ft using either curremit or advanced technology. L acli ot ’ these fuel-comiserv ing alternativ e s was
investigated imidivitlua lly to test its potential for fuel conservation relativ e to a h ypothetical baseline case in which current ,
in-pr oduction aircra t’t types are assum ed to oper ate . without muotl ificut ion and with current operational teehii i ques , int o
the future out to the year 20()0. Comisequently , while the RE(’AT results lend insight into the directions in which techmio -
logy can best be pursued for imupr ovetl air transport fuel economy, mio single option studied in the RE(’AT program is
imid icative of a realistic futur e scenario. ABA author.

NASA-CR- l44~49 LG7ÔEROO76-Vol-2 76/05/00 76N 24 14 5
STUDY OF Ti lE APPLICATION OF ADVANCED TECh NOLOGIES TO LAMINAR-FLOW (‘ONTROL SYSTEMS FOR
SUBSONI(’ TRANSPORTS. VOLUME 2: ANALYSES
Sturgeon , R.F .; Bennett . l .A.; Etchher ge r , FR.; Ferritl, R.S.; Meade, L.E.
Lockheed-Georgia Co., Mari etta.

For abstract , see N76-24 144.

NASA- ( ’R- 144975 LG76ER0076-Vol- I 76/05/00 76N24 144
S l ’(J DY 01-’ rIO -. APPLICATION OF ADVANCED TECUNOL (x;IES TO LAMINAR FLOW CONTROL SYS tEMS FOR
SUBSONI(’ TRANSPORTS. VOLUME I : SUMMARY
Sturgeon , R E . ,  Bennett , J .A. ; Etehb erge r , E R . ;  Ferril l , K S . ;  Meade. L.E.
Lockheed-Georgia (‘o.. Marietta.

A study was conducted to evaluate the technical and economic feasibility of applyim ig lan iina r flow control to the wings
and crnpennage of long-range subsonic transport airc ra ft conipat ihi e with init ia l  operation in 1985. For a design mission
range of 10, 186 km (5500 mi mi) , advanced technology laminar-t iow-control (LEd and turbulent-flow (IF) aircraft were
deve loped (‘or both 200 and 400-passenger payloads, and coiiiparetl on the basis of production costs , direct operating
costs, am i d fuel efficiency. Para m etric amialys es were conducted to establish the optimum geometry for I F(’ and 1’F
airc ra ft , advanced LF(’ system concepts amid arr amig eniem its were evaluated , and configuratiomi variations mnu. ~imiz. ing
the effectiveness of LF(’ were developed. For the fimui l LFC aircraft , analyses were conduneted to define mn aimue nan ce
costs and procedure s, manufacturing co’ ts and procedures , and operational considerations peculiar to LFC aircraft .
(‘ompareil to the corresponding advanced te chnology TI: 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
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Cttici ency , in sam /lb of fuel , up to 39 .4’ -~. Compared to current comnmercia l transports at the design range . the LFC
study aircr aft denion strate imnpro vements in fuel et ’ticiency up to 13 1 . Research and technology requ iremn ents requis ite
to the development of the LFC transport aircraft were identi fied. ABA author.

NASA -CR-l4 8148 REPT-75- 163-I 75/ 10/06 76N23249
AN ASSESSMENT OF t H E  BENEFITS OF THE USE OF NASA DEVELOPED FUEL ( ‘ONSERVATIV E
TECHNOLOG Y IN THE US (‘OMMERC IAL AIRCRAFT FLEET
E CON, 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 ii : (a) engine compon ent iniprov emnent (h) composite structures
(c) turboprops (d) laminar flow control (e) fuel conservative engine amid (0 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 repres entatives of the niaj or commercial airframe manufacturers were held to estimate the comb imiati ons of the
technology ek mn ents most likely to be implemented , the potential fuel savings from each com u hination , am id reasonable
dates for incorporation of these new aircraft into the fleet. ABA author.

AD-A0 l5927 AFOSR-75-1337TR 75/04/00 76N20886
PERIO[)IC CONTROL OF VEHICLE CRUISE: IMPROVED FUEL E(’ONOMY BY h IGH ANI) LOW FREQUENCY
SWITCh ING
Gilbert , E.G.
Michigan Univ., Anmi Arbor. (Dept. of Aerospace Engineering)
It is shown that time-d ependent periodic control can improve the fuel economy ofvehic les in cruise. The time-dependent
controls considered are relaxed stead y-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 funct ions (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.

4 PB -24 6271 /I FEA/B-75/588-Vol-l 75/06/00 76N 1 8089
TIlE ECONOMIC IMPA CTOF ENERGY SHORTAGES ON COMMERC IAL AIR TRANSPORTATION ANI)
AVIATION MANUFACTURE. VOLUME I : IMPACT ANALYSIS
Gorham , J.E. ; Gross, D.; Snipes, iC .
Stanf ord Research Inst., Arlington, Va.
The impact is evaluated of the energy shortage on commercial air transportation and its related manufa cturing 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 efticiency or ine~1Icie ncy in the
use of fuel , the impact of continued fuel price increases , and the ability of the industry to use the most fuel-e fficient
aircraft presently or prospectivel y available. The cumuIat~ve 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 man u facturing industries. ABA GRA.

NASA-TM-X-7 1744 75/00/00 75N25 298
CHALLENGE TO AVIATION: HATCHING A LEANER PTEROSAU ER
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 discusse d as effective
means of reducing aviation fuel consumption. The modifications outlined include ( I )  use of the supe rcriti cal wing .
(2) generation of the winglet ; (3) production amid flight testing of composite materials; and (4) implementation of fly-by-
wire contro l 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-C R-l32608 D6-2242 l 75/05/00 7 SNl 92 24
FUEL CONSERVATION POSSIBILITIES FOR 1ERM INAL 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 he 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 necessa ry 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 I S ,
140-kg (40 ,000-Ri ) payload , 55S6-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-i’M-x-72659 75/02/00 75Nl7339
FUtU RE LONG-KAN(;E TRANSPORTS: PROSPECTS FOR IMPROVED FUEL EFFICIENCY
Nagel , A .L.; Al ford , W.J ., it: Dugan , J. F., Jr
N ation al Aeronautic s 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
alternate fuels. Topics reviewed are : ( I ) historical trends in airplane efficiency ; (2) technological opportunities inc luditig
supercritical aerodynamics, (3) vortex diffusers , (4) com posite itiater ials , (5) propulsion systems , (6) active controls, and
terminal-area operations ; (7) unconventional design concepts , and (8) hydrogen-fueled airplane. ABA author.

74/ 1 2/00 75N 16982
IMPA(1 ON AERODYNAMIC DESIGN
Hafer , X.
Technisehe Hochschule , Darmstadt (West Germany).
(Inst. fOr Flugteclinik. ) in AGARD the 1974 AGARD Ann. Meeting. p .47-55 (set’ N75 -16977 08-441.

; The impact of fossil fuel consum pt ion and anticipated shortages on aircraft design for improved efficiency is ex amined.
: Aerodynamic possibilities for itisproved efficiency are as follows: ( I ) aerodynamic configuration optimi zation ,

(2 )  boundary layer suction , (3) the oblique wing, and (4) supercritical airfoils. Aerodynamic improvements using active
controls are as follows: ( I )  relaxed static stability, (2 ) maneuver load control , (3) active flutter control , amid (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 75N 16979
ENERGY -RELATED RESEARCH AND DEVEL OPMENT IN THE UNITED STATES AIR FORCE
Yarymovych , M l .
Department of the Air Force, Washington , D.C. In AGARI) the 1974 Ann. Meeting . p .2 1-30 (see N7 5-l6977 08-44).
The requirements for petroleum based energy sou rces by the department of defense of the United States are analyzed.
In addition to the requiremuents of the military forces , the logistic requirements are also examined. The impact of the
energy crisis on mi l itary research and development programs to develop new energy sources for military use is examined .
Methods of reducim ig fuel consumption by aircraft design and structural modification are proposed. The effectiveness of a
camnpa ign to reduce energy requirements and expenditures is documented. ABA author.

74/ 12/00 7SN l69 77
THE 1974 AGARD ANNUAL MEETING: THE ENERGY PROBLEM IMPACTS ON MILITARY RESEARCH AND
DEVELOPMENT.
Advisory Group for Aerospace Research and Development , Pari s (France).
Meeting held at Paris, 26 Sep. 1974.

NA SA-CR-2 502 75/02/00 75N 16557
EVALUATION OF ADVANCED LIFT CONCEPTS AND POTENTIAL FUEL CONSERVATiON FOR SHORT-HAUL
AIRCRAFT
Sweet, H.S.; Renshaw , J .H. ; Bowden , M.K.
Lockheed Aircra ft Corp., Burbank , Calif.

The effect of different field lengths, cruise requirements, noise level , and emigine cycle characteristics on minimizing fuel
consumption and minimizing operating costs at high fuel prices were evaluated for sonic 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 EPN dB at
152 m (500 ft) sideline. ABA author.

NASA-TM-X-7 1Q27 73/ 12/20 74N20654
AERONAUTICAL FUEL CONSERVATION POSSIBILITIES FOR ADVANCEI) 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 imicreased prices and imisecur e source s
of petroleum-based fuel. Fuel-conservation possibilities attainable through the application of advance s in aeronautical
technology to aircraft design are identified with the intent of stimulating NASA R and land 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-l360-NSF 73/ 10/00 74Nl8606
THE POTENTIAL FOR ENERG Y 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 camera. 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 quan tified 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 - ENERGY RESOURCES FORECASTS

77/00/00 77A460Q3
ENERGY SUPPLY TO THE YEAR 2000 : GLOBAL AND NATIONAL STUDIES
Martin , W.F.
Camhridge , Mass., MlT Press, l977. 41 8p.

The book reports the results of energy supply studies, conducted as an international project and involving over seventy-
five people fro,i~ 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 mnajor conclusions of the supply studies.
Individual global overviews are included for oil , natural gas, coal , nuclear energy , other fossil fuels , and renewahies such as
hydroelectricity and geothermal and solar energy. Individual miational supply studies are discussed , giving attention to
Canada, Denmark , Finland , France , The German Federal Republic , Italy, Japan , Mexico , The Netherlands , Norway ,
Sweden , The United Kingdom , and The United States. ABA G.R.

AD-A0 16433 SAI-74-630-WA RADC-TR-75- l99 75/07/00 76N72630
ANALYSIS OF THE ENERGY RESOURCES AND DEMAND OF WESTERN EUROP E
Schneider , J.F.; Dance, K.D. : Lind , R.C.; Ryan , RB. ;  Williams , A R .
Science Applications , Inc., Mclean , Va.

P8-25535 1/9 FEA/D-76/026 FEA/D-C P-48 76/07/00 77Nl0o90
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 I 990 were developed to evaluate the impact of fuel
conse rvation strateg ies. Ai~ernat ive policy options to reduce fuel consuniption were identified amid analyzed for three
base line levels of aviation activity within the framework of ati aviation activity / energy consumption model. By
combining the identified policy options , a strategy was developed to provide incentives for airline fuel conservation.
Strategies amid 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-A02208 I TETRAT-A-642-75-I 58 75/0 I /2 7 76N29736
SUMMARY OF N ATO SYNTHETIC FUEL ALTERNATIVES
Tomlinso n , 6.
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 ~he 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 plentifu l , exceeding the NATO oil reserves amid oil shale and tar sands
resources by almost a factor of ten. NATO Naval Forces are a ffected by the fuel shortage and cost since most NATO
Naval ships and all its aircraft use liquid hydrocarbon fuels; the requir ememit for large quantities of liquid fossil fuels will
continue for at least the next 25 years . Consequently, the military forces of NATO are particularl y interested in the
development of other sources and production method s 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 amid development programs are being conducted to improve the conversiomi 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 heg~ operation by 1980 and commercial coal liquefaction
plants should begin operation by 1985. ABA GRA.

AD-A0l0 7l2 CERL-TR-E-58 75/05/00 76Nl0562
PROJECTIONS OF ENERGY AVAILABILITY, COST, AND AGGREGATE DEMAND FOR 1975, 1Q80, 1985, 1Q90
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 , 1Q85 . 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.

13-I 74/06/00 7 SN 13690
TRANSPORTATION VEHICLE ENERGY INTENSITIES. A JOINT DOT/NASA REFERENCE PAPER
M ascy, A.C.; Paul lin , R.L.
( DOT, Washington )
National Aeronautics and Space Administration. Ammie s Research (‘enter , 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 produci ng seat-mile or ton-mile productivity. Data is presented on passenger and fre igh t 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 75N 10039
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 197 1) amounts to 6’~ of direct fuel use for all domestic transportation , 1 .6% of the total national
energy budget. Indir~’ct energy requirem - nts are one-third as great as the direct fue l use. Thus, total energy demand for
domestic commercia* aviation in 197 1 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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AIRCRAFT ENGINE FUTURE FUELS AND
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on 16 17 October 1978 in Munich , FRG , and 19—20 October 1978
in London , UK.

8. Author(s) 9. Date
Various September 1978
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14 . Abstract
This AGARD Lecture Series No. 96 is sponsored by the Propulsion and Energetics Panel of AGARD and is
implemented by the Consultant and Exchange Programme.

~
‘Future fuel supplies for aviation is an mmportant matter. If the world continues to consum e its petroleum
resources at its current rate of consumption , it will essentially run out of these resources by the turn Qf the
century . The need for aircraft fuel conservation is most urgent , if not mandatory , because the future of
aviatio n 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
opportu nity 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 kn 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, aircra ft designs and operational procedures to help conserve fuel
resources.

The material in this publicat ion was assembled to support a Lecture Series under the sponsorship of the
Propulsion and Energet ics 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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