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- PREFACE

The principal concerns in the development of air-breathing
p ropulsion , it is generall y agreed , are fuel availabil ity , eng ine—
airframe—control integration , l ife-cycle rel abflity and environ-
mental problems . In severa l respects inte grat ion presents the most
challenging problems from the po~nt of view of future airplanes ,
especially those in wl-ic h m u t~-m- ss~on capadi!i ty , maneuverabi lity
and special flight characte—irt 4cc are demanded . Within the frame-
work of military aircraft technc i c~y, short-hE.ul carriers with
V/STOL capability constitute one of the lmpo rt :nt classes of air-
planes requiring urgent development. Integratio n problems are
espec i a l l y seve re i n th i s c lass  c~ airp lar .~s , and the solution of
those problems largel y determi nes ~he s~ccess of the airp l a nes to
meet the projected m Iss ion object~ves.

This Workshop was devcted a ~iscuss io uf the curr~nt status,
the scope for developments anc ne needs in c-ea rch in the general
area of integration problems in sno~-t-h-ml , V1 S~OL problems . The
Workshop was attended by about 63 persons who came f ro~n v,~rious
institutions such as universities . i ndustries . government labora-
tories and resea rch funding aoencies.

The Workshop was held under the a~sp~~~~ of project SQbI~ (Office
of Naval Research) wh~ch ~s devo~e~i to basic �~4 applied research of
long range relevance to propu ’s c n  technology . }t.~was cosponsoredby the Air Force Office of Sc~u nt - F i c Research , the’\~av al ~ir SystemsCon~nand and the ONR . This fact I c o considerable si qnificance both
frOm the point of view of commonaiity of interest s and from that of
the close coll aboration that ex i-~ s between the diffe re~~ aoencies.

In organ ’zii~ a Workshop or a subject tha t is as comprehensive
and as variously defined as integration, it ‘.~ s felt important to
secure direct advice f~om those wh~ have been involved i~i research
and development in in~:çration prob1 ems. An advisory co;r~ittee was
formed that included Dr . ~~~. ~i . ~ei ser ~\rn’-~ld Enaineering Development
Cente r), Mr. W. Koven (Nava l A l ’ Sy~~ns Crr~~nd), Dr. H. W. Mark
(then NASA Ames Research Center ’ , ‘ . E . A. Reese (Army Scientific
Adviso ry Panel), Dr. Abe S vern~~~r (National Acad c’~ny of Sciences),

xi 
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Xii PREFACE

and Dr. H. von Oha in (Air Force Aero-Pr cpulsion Laboratory). The
program and the fo rmat of the Wo rkshop we re di scusse d co n t i nuo usly
with the Advisory Committee and it is the greatest pleasure to
acknowledge here our grat itude to them for their valuable guidance.

The Proceed ings have been typed by Miss Cynthia Hoffman and
Mrs. Amanda Niemantsverdriet; the latter has also effectively con-
tributed in a number of ways in the editorial work. Mr. Stanley
Timmons has been responsible for a great part of the art work which
had to be done sk i l l f u l l y . We a pprec iate very much the i r co n tr ib u ti ons
in the final evolution of thi s volume .

Funct ional integration of airplanes is an evolutionary process.
There are many aspects of the problem that need considerable research
and develo pment. Advances in computers and in instrumentation are
hav ing a strong impact in such studies, particularly in the area of
hybrid experimentation which ultimately is the most effective means
of conducting research in aeronautics including integrated control .
It is hoped that this Workshop and its recorded proceedings will
prov ide encouragement for creative activity in this field.

S . N . B .  Murthy
Edi tor an d Wo rkshop Cha i rman 



WELCO MING REMA Pk~S

Fi rst of all, I wish to say how much we appreciate the very
cordial welcome of Admira l Kinnaird Mc Kee to the U.S. Naval Academy .
There are representatives here today from the three Military
services , NASA , othe r government agencies, industry , and from abroad
and I know all of us are impressed w ith the rew buildings and
facilities at the Naval Academy ; th~s lectu ’-e room ard the arrange-
ments seem i deal for a workshop such as tii s . In this connection,
we a pprec i ate the ve ry grea t ass i stance prov id ed by Professor
Andrew Pouring, Department of Engin eering Sciences with arrangements
for the Worksho p .

On behalf of the Office of Naval Research . it is a great
pleasure and a privilege for me to welcom e this grouo today and
espec ia l l y  to see the la rge n umber of peo pi~ wi tri interest in
eng i ne-airframe integration problems . The O~~i ce o~ Nava l  Resea rch
is particularly happy to join with the A irS Force Office of Scientific

— Research and the Nava l Air Systems Command in spon soring this Wcrksho o .

We have planned this Workshop, as well as another one to be
held this year in September on the subject of ‘Al ternative Hydro-
carbon Fuels—Combustion and Chemical Kinetics , as part of a series
of workshops initiated in 1969 to emphasize prcblern area s in selected
sub jects re la t i n g to ~ir breathing eng ines for aircra ft and missile
applications. Due to increas i’iç demands ~or higher performance,
smaller and lighter weight power plants , and f~~r operation ever a
wider range of operating conditions, there is a need to develop
deeper , fundamenta l under standing of the physica l phenomena invol ’rd
i n a l l  as pec ts of eng i ne des i gn and development. These workshops
have been hel d to da te :

Resea rch Gas Dynamics of Jet E~~J nes, G\R/Chicago , December
4-5, 1969. R. Goulard and M. L’Ecuyer . eds. Project SQUID
Report.

Flu id DyDamics of U n s t e a~ , -D Sepa ra ted Flows , Georgia Institute
of Tech noTh~y, June T0- H , 1971 . F. U . Mars~ill , ed. NTIS
A0736248.
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x i v JAMES R. PATTON , JR.

The Use of the La ser Doppler Velocimeter for Flow Measurements ,
Pu rdue University , Ma rch 9-10, 1 972; W. H. Stevenson and H. D.
Thom pson , eds. NTIS AD753243.

Aeroelasticity in Turboniachines , Detroit Diesel Allison , June
1-2 , 1 972; S. Fleeter , ed. NTIS AD749680.

Laser Rama n Diagnostics , Genera l Electric Research & Develop-
ment Center , May 1 0-li , 1973; M. Lapp and C. M. Penney , eds.
1974. Laser Rama n Gas Diagnostics , New York Plenum Press.
Al so NTIS AD782652.

Second International Workshop on Laser Velocimetry, Purdue
Univers i ty , March 27-29, 1 974; H. D. Thompson and W. H. Steven-
son , eds . NTIS ADO1O223.

Turbulent Mixing : Nonreactive and Reactive Flows, May 20-21 ,
1974; S.N.B. Murthy , ed. 1975. Tu rb u l e n t  M i x in g i n Non react i ve
an d Reactive Flows. New York Plenum Press. Also NTIS AD006322.

Uns teady Flows in Jet Engines, United Aircraft Research
Laboratory , (UARL) now (UTRC) July 11- 12 , 1 974; F. 0. Carta ,
ed. NTIS A0003853.

Combust ion Measurements in Jet Propulsion Systems, Purdue
University , May 22-23, 1975 ; R. Goulard , ed. Combustion Measure-
ments: Modern Techniques and Instrumentation , 1976. Washington,
D.C. Hemisphere Publishing Corporation.

Transon ic Flow Problems in Turbon’achinery, Naval Postgraduate
School , Februa ry 11 - 13 , 1976 ; I. C. Adamson , Jr ., and M. F.
Platze r , eds. 1977. Transcnic Flow Problems 4n Tu rbomachinery.
Wash i n gto n , D.C. Hemisphere Publishing Corporation. Also
NTIS ADA 043317.

Tu rbulence i n Inte rnal Flows , A i r l i e House , Warrenton , VA , June
14—15 , 1 976. S.N.B. Murthy , ed. 1977. Turbulence in Internal
Flows , Turbomachinery and other Applications. 1977 , Washington ,
D.C. Hemisphere Publishing Corporation. Also NTIS ADA040966.

It is not necessary to explain tc th i s group the importance of
Engine—Airframe Integration. Suffice it In say that the U.S. Navy
has plans to utilize V/STOL airc raft and that we recognize integration
of the vehicle wi th the powe r source is a very important aspect of
the development of such systems . The subject is obviousl y more
appl ied in nature than covered in other SQUID workshops. However ,
the technology is of particular concern to the Navy and we recognize
there i s a nee d to be co nce rned w i th researc h a reas tha t wo u l d be
helpful in advancing one of the key areas in this technology , namel y
integration. 
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WELCOMING REMAR KS xv

On behalf of the sponsors , I wish to thank the organ izer , Dr.
S.N.B. Murthy , for arrang i ng and p lann ing the Wo rksho p .

We look forward to participating in the Workshop with all of
you and I wish to say that we are deepl y appreciative for the con-
tributions of the group and the time and energies of each of you,
so essential to a successful workshop .

James R. Patton, J r.
Power Program

Off ice  of Naval  Resea rch
U.S. Department of the Navy
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V/STOL AIRCRA FT DESIGN CONSIDERATIONS

Raymond F. Siewert

Naval Air Systems Command

Washington , D.C.

ABSTRACT

The major technical considerations in the conceptual desi gn of
V/STOI.. aircraft are discussed. Areas of concern are hover and low
speed, transition , cruise and high speed flight, and the environment
of V/STOL aircraft operations. A wide range of V/STOL concepts from
helicopters to supersonic designs are included. The technical
compromi ses necessary to achieve vertical fl ight and efficient
forward fli ght are stressed.

INTRO DUCT ION

The design of any airc raft to do a particular job or mission
represents a compromise between the conflicting demands of the
various technologies striving fo’~ maximum performance , reducedweight and enhanced capabi l ity These conflicting demands become
even greater for V/STOL aircraft because of added complexity and
increased wei ght sensit ivity . It is the intent of this paper to
examine some of the basic characteristics of V/STOL aircraft and
their influence on an emerging aircra 4’t conceptual design.

The term V/STOL has been wi dely applied to broad classes of
aircraft in the past , and as a result conveys different images to
di fferent people, depending on their background and experiences.
The term V/STOL (Vertical/Short Take-Off and Landing) aircraft is
sometimes construed to include aircraft only capable of Short Take-
Off and Land ing (STOL) as well. In this paper , the term appli es to
aircraft capable of accompl ishing a vertical take-off and landing
and efficient cruise fli ght. Experience has shown that aircraft

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~-- 



2 R. F. SIEUFRT

capable of Vertical Take-Off and Landing (VTOL ) flight will generally
exhibit excellent STOL performance. Helicopters , while considered
unique in many respects, are included , as they logica fly form one
end of the spectrum of the aircraft under consideration.

The design considerations addressed in this paper reflect the
conceptual design phase of an aircraft . Whi le there are many other
aspects of V/STOL aircraft design such as design-to-cost, mechan-
ical systems integration , structural cons1derations , etc., which
are interesting and important , they are obviously beyond the scope
of a paper such as this. The conceptual design considerations to
be addressed will attempt to answer a question that is often asked ,
“What is the best way to go V?’ That is , given the wide variety of
concepts available to achieve vertical flight , which one should be
selected. In attempting to answer the above questThn , the following
areas will be considered:

o Vertical Take-Off and Landing - Hover

o Transition to Forward Flight

o Conventional Flight - Impact of V/STOL Constraints

o Effect of VTOL Operations on Surrounding Equipment and
Personnel .

This paper will fi rst review the types of propulsion systems
used in V/STOL, followed by discussion of the impact of these
systems on various aircraft concepts .

V/STOL Propulsion Systems

As shown in Figure 1 from Reference (a), there appears to be
no end of schemes to achieve vertical flight. Interestingly,only
one of these concepts has reached operational status . Perhaps the
reasons for thi s will become ~ parent after considering the aspects
of V/STOL ai rcraft design as discussed herein.

The heart of any of the V/STOL schemes shown in rigure 1 , is
the propulsion system. For any practical V/STOL aircraft application ,
the propulsion system must have sufficient thrust (lift) directed
downward to overcome the weig ht of the vehicle in vertical flight.
The propulsion system must be also capable of providing sufficient
thrust in forward flight to overcome the vehicle drag. This latter
point is sometimes overlooked as posing any real technical chal-
lenges. However as indicated in reference (b), the requirements for
vertical flight capability manifest themselves throughout the design
flight envelope.
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V/STOL AIRCRAFT DESIGN 5

Even in cruise flight , V/STOL aircraft have more complicated
inlet integration requirements , l ower fi neness ratio , more
difficult propulsion system selection requirements , more
complex nozzles when compared with conventional aircra ft .
These characteristics can lead to signifi cant penalties in the
ability of a V/STOL aircraft to perform its mission .

Because the propulsion systems are the heart of any V/STOL
aircraft,it has become common practice to classify the aircra ft
according to propulsion system type. However , no one seems to
agree on a standard classification for these aircraft. Reference
Cc) utilizes thirteen classes by employing aircraft type as well as
propulsion system characteristics , i.e., severa l different propeller
classifications . The Soviets have also tried their hand in V /STOL
aircraft classification Reference (c) proposes quite an elaborate
scheme , nearly resulting in only one aircra -t i~ each class. -

~ more
simple approach is used in Reference (e) wherein the author  emp loys
only two c lassifi cations ,which are shaft driven and jet lift . This
system results in some anomalies when discussing the character-
istics of a particular class of aircraft. Not to be outdone, an-
other V/STOL aircraft classification scheme is proposed to be used
in the present paper. The propulsion concepts are classified as
follows :

o Rotors

o Propellers

o Fans
o Augmenters
o Jets

These are obviously subsets of each of the major classif i cations
such as tilt rotors , ducted propellers , deflected thrust or Harrier -
type jet lift and the composite lift plus lift/cruise jet lift
concept.

The above classification lists the various propulsion concepts
in order of increasing “disc loading. ’ that is , the maximum vertical
thrust produced divided by an appropriate cross sectional area of the
thrust producing devi ce (rotor disc area in helicopters ; total
propeller disc area in tilt wings or tile propellers ; total augmenter
thrust area for augmenter configurations ; total exhaust nozzle area
for all engines for jet li ft conf4 guration). The disc loading is a
fundamental design parameter. Ai rc~’aft performance can be directly
related to disc loading, at least tu ~irst order. 

~~ --—- -~~ 
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Figure 2 Lift Efficiency

Hover Considerations

The classification scheme shown above lists the concepts in
order of decreasing lifting efficiency . As shown in Figure 2 , as
disc loading increases , the lift per unit power decreases markedly.
This of course translates directly into impact on mission perfor-
mance,as shown in Figure 3. Here the fuel required to hover
(expressed as a fraction of the gross weight) is plotted versus
hover time . Considering that operational aircraft normally only
have .25 to .30 fuel fraction available , the hover requirements of
the intended mission use of the aircraft are an important consider-
ation in propulsion concept selection . A general rule of thumb is
that if more than fi fteen minutes of hover are required , then rotors
are the only practical scheme for obtaining vertical flight. Figure
3 also indicates that even at low hover time s , the fuel used by
direct jet lift concepts is signifi cant and that it is important to
develop operational techniques and pilot aids to minimize the t i me
spent in the subaerodynami c flight mode of the higher disc loading
concepts.

While disc loading is of pri me importance in V/STOL aircraft
operation in hover , it is not the whole story . Additional factors
that should be considered are as follow.

L
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o Balance

o Control

O Download
o Ground Proximi ty

The first of these factors, balance , may seem so elementary
that it is not worth mentioning , yet achieving balanced flight in
the vertical mode is fundamental to V/STIJL aircraft desian and will
have profound impact on all aspects of the vehicle per~o~ ’T ar1ce .
The larger the desired center of gravity travel for various loadings ,
the greater the balance problem. Consideration must also be given
to the upset of the aircraft if one or more of the main lift system
elements should fail. Rapid upset from balanced flight could well
precl ude safe ejection by the fli ght crew.

A companion installation consideration to balance is control.
In flight at very low forward speeds , the conventional aircraft control
surfaces are not effecti ve, and some Sort of powered control scheme
is necessary. These 9enerally fall into two broad categories . The
fi rst is through m ani ria tion of the thrust/lift device itself , i.e.,
cyclic pitch of rotors and .i~~-~rrent ial thrust of lif t jet enqines. The
second is through the use o~ auxi ’ lary devices , i.e., tail rotors and
reaction control systems . In either case , the control requirements
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impose a performance penalty which ,as shown ~n Fi gu re 4 , i s qu i te
dependent on individual configurations , wit n a trend to -iar-d in-
creasing penalty wi th increasi ng disc loadi r ,~ . The pen~ lt j can be
minimi zed by redistributing tus lifting forces to provi~ s contro l
moments and will be most severe when engine thrust ~rI~~st e reve rse d
for trim (balance). Typical mi li t~ry V/STOL aircraft car- achieve
military load fractions (crew .. avioni ,~s , ~~a ons , etc.) oF 10 to
20 percent of the vertical take-off weight; since th~ pu:ent ial
control “penalties ” are of com parable m ac nit~de , it is extremely
important not to overdesign in sub aerodyua -~ic cont ;o1 po~- .-s r. As
ind icated in Peference (e), the criteHu selected r~ st be carefully
chosen to balance these cons ideration s of the on ce t~ r- con trol ”
against the consequences of inadequate contro l w fi c h have plagued
many V/STOL programs .

Installat ion cons id era ti ons in hover also i ncl ude the effects
of download. Download is usually ass~ ci~ ted wi th rotor craft , whe re
the rotors are placed above a fuselage or wing. The rotor downwash
produces a download (or drag) on cue body , hence creat ing an effec-
tive increase in vehicle weight. Prinary parameters in deterr~iningthe magnitude of the downloa d are t~ie re~~tive affected area (af-
fected area divideO by the total disc area) and the shape of that
portion of the vehicle which is affected by the downwash , as shown
in Figure 5. A wing surface oriented normal to the flow will ex-
perience more severe download compared wi th that on c tuselage ,
whereas a wing in profile wil~ have onl y a slight down l oad. In
Fi gure 6 , these cons iderations are quantified in terms of the net
vertical thrust (rotor thrust has download) over the isolated rotor
thrust, shown as a funct ion of the relative size of the wing to
the rotor area. A conventional he l cc~ter, i .e., no w in g, ex per i-
ences download on the fuselage whic h c i- -r a -y cons id~ -ablj for
var i ous fuselage des ig ns and betwee~ sir;i e and tandem rotor con-
figurations. The addition of a wing to a helic oPter has less
impact than a comparable wing on a tilt rotor,s i nce much of the
helicopter wing area under the disc ~s al sc bur i ed i n tu e f u sela ge
and the wing span is seldom large enough to put it under the maximum
downwash velocities near the rotor tip. As can be seen from Figure
6, tilt rotor configurations are more susceptibl e to download
penalt ies . Currently, tilt rotor and compound helicopter config-
urations usually optimize at wing chord/rotc- r diameter ratios of 0.1
to 0.2 , result ing in 5 to 15 percent down~

jad in vertical flight.
This phenomenon emphasizes the tradeoff between forward and vertical
fl ight capability ; adding or increasing the area of a wing expands
the ava ilable speed-altitude envelope and improves maneuverability ,
but at a direct cost in vertical flight efficiency .

General ly,all V/STOL aircraft experience ground proximity
effects when hovering near the ground. As shown ~n Figure 7, these
are usually positive (increased lift ) for rotor systems and

~
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Figure 6 Effect of Download on Hover Performance
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Figure 7 Effect of Ground Proximity
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negative (decreased lift ) for jet lift systems . The adverse effects
can become so severe , as in the case of the X-14 aircraft , vertical
take-off was Impossible until the landing gear was raised , as shown
in Figure 8. Shown in Figure 9 is a sketch of the cross section of
the flow pattern of a lift plus lift cruise configuration , which is
a high disc loading direct lift concept. The upper diagram shows
what is known as the “near field” flow pattern , while the l ower sketch
illustrates the “far field” flow .

In the near field, the entrainment of ambient air by the high
energy exhaust is of primary concern . This phenomenon creates regions
of reduced pressure beneath the aircraft , causing a “ suckdown ” effect.
The high energy exhaust spreads along the ground plane; however , in
multiple exhaust nozzle configurations , the spreading exhaust fl ows
meet and create an upward flow whi ch is termed a “fountain ” effect.
The fountain acts to partially offs et the suck down~ however , recent
studies have shown that entrainmen t by the fountain may actually
increase suckdown at very low ground clearance heights. The fountain
also carries the hot exhaust gases upward from the ground plane. If
a fountain is formed in the area of the engine inlets or if the hot
gases can spread toward the inlet s , the engine in let air temperature
will ri se with a consequent reduction in thrust or,in severe cases ,
actual stalling of the engine. Considerable model testing and analy-
sis have been and are continuing to be pursued to permit rel iable
predictions of suckdown and/or inlet temperature rise.

- - ~~~~~ ~—~~-~~~~~—- -- - ~~~~~~~~~~~~~ —- -- —- -~~~~~~~ 



— - —~~~~
-—

~~ — - - --- — — — - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~-~~—
——

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

~~

----

V/STOL AIRC RAFT DESIGN 13

~~ —
~~~ I l l

- ‘  - — a I F LU

~ 
j r-==

~ 0

~ 
J f I — 4

L I I  

/11
\~ ~~~

- 

- - -



-~~~~~ ~~—~~~~~-~~~ - - -~~~~~~~~~~~~-—- ~~~~~~~~~~~~~~~~~ 
- -
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If a configurat ion can be developed wi th acceptable near field
characteristics, then the far field phenomenon must be considered.
As ind icated in the lower half of figure 9, when the hot exhaust
gases lose energy , they separate from the ground plane and rise ,
mixing wi th the ambient air and eventually returning to the vicinity
of the aircraft. Normally by this point ,m ixing is essentially
complete and the gases are at ambient temperature . However, if a
surface wind blows these gases back toward the aircraft or if the air-
craft rolls forward through them before sufficient mixing takes place ,
there can be an inlet temperature rise from this far field circulation .

Transition

The basic aircraft design problem encountered in transition
from vertical fl i ght to convent ional flight is to ensure that
sufficient excess power is available and that this excess can be
directed to effect a smooth , trirmed convers ion . Fi gure 1 0 displays
power required at forward speed , normalized to the hover power. It
can be seen that concepts such as the lift fan experience the more
“narrow ” conversion corridor , while tilt wing and tilt rotor config-
urations exhibit “wi de” convers ion corridors . These configurations
also tend to possess the characteristic of reversible transition ,
i.e., the pilot can terminate transition in either direction and
return to the original flight condition . As disc loading is increased ,
irreversibility of the trar;ition maneuver becomes more dominant.

-
-
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Figure 10. Power Required Vs. Speed 

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

~~~~~~~
- -



V/STOL AIRCRAFT DESIGN 15

Other aspects of transition , while not amenable to graphica l
representation, are nevertheless important and should be considered.
Among these are the degree of vehicle instability , particularly due
to propulsion effects, the number of cockpit contro ’s or manipulators
the pilot is expected to use , s-~ the degree and sever i ty of cross
.coupling effects which may lead to abrupt upsets. T hese items are
fundamental to any V/STOL a i rc raft des~gn and must be cons iaered
from i ts incept ion.

Conventional Flight

Most of the discussi on up to this point seems to auger well for
low disc loaded designs. However , when forward fl i ght performance
is considered , the choice becomes less clear cut. Figure 11 presents
typical forward flight speed - -altitude envelopes for several of the
basic concepts. It can be seen that the low disc loading vehicles
have very l imited altitude capability as well as low maximum forward
speeds. It should be noted that these envelopes are not meant to be
definitive and that each concept can be designed for a range of
performance around that of Figure 11 ; for example , certain of the
jet driven configurations can be designed for supersonic capability .

The reason for the limited forward fl ight velocity can be seen
in Figure 12. In all cases the parasite drag of the configuration

N
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increases rapidly while the thrust available is decreasing. In the
case of the helicopter , the abrupt increase in parasite drag is due
to retreating blade stall. Since this phenomenon is well known , it
will not be discussed further.

The large drag increase of the other confi gurations is due to
the impact of designing for V/STOL on cruise performance. In the
Breguet Equation for specific range the maximum lift to drag ratio
(LID max) is identified as the primary aerodynamic factor in cruise
performance . (L/D) max is dependent on certain geometric and aero-
dynamic parameters as desc rib ed i n Figu re 13. On the rig ht hand side
is shown a state—of-the-art comparison of (LID) max versus ~he prin-cipal geometri c parameter , span squared over wetted area (b’v Swett).

O It can be seen that V/STOL configurations tend toward l ower values
of (b2/Swett) and consequently experience l ower values o~ L/D max
than conventional designs. This trend is due to the fact that V/STCL
aircraft will have greater wetted area because the total volume o~these aircraft will be greater,s i nce they n~ust ‘nclude additional
components for propuls ion and/or exhaust gas ducting, nozzle deflect-
ing mechanisms , etc. , and also since the aircraft designer will have
less freedom in placing components due to packaging constraints such
as meeting the balance requirements and limited inle t location place-
ment to avoid recirculation/reingestion problems . Because of the

S ecific Ran e = ~L’D’ 
V i ( l /TSF C)p g 

‘ ‘Max Weight

WHERE :

(L/D)Max = Maximum Lift to Drag Ratio -

(L/D)Max 
~ ~ I ~~b2 = Square of Wing Span

S = Total “Oetted” Surface Area V/STOL
wett of A /C

e = Efficiency Parameter for Wing

Cf = Measurement of Aerodynamic “Cleanness ” b2lSwett

Figure 13. Impact of V/STOL Design on Cruise
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prop ulsive lift available ,V/STOL aircraft configurations do not
require large amounts of aerodynamic li ft for slow speed fl i ght ; the
resultant designs tend toward lower wing spans in order to reduce
structural weight. However , the attendant penalty of reduced (L/D)niax
must be accepted. Furthe r, the mechanical compl i ca ti ons involve d i n
providing subaerodynami c control and either additional propulsion
components or the capab ility to reorient the thrust axis will result
in V/STOL aircraft that are less clean , i.e., have a hi gher pa ras i te
drag than convent ional aircraft .

The desi gn of superson i c V/STOL a i rc raft requ i res spec i al
cons iderat ion . In order for any aircraft to fly even reasonably
effi ciently at supersonic speeds, the transonic wave drag must be
within acceptable limi ts . As shown in Figure 14 , the wave dra g of
existing aircraft can be expressed as a first order function of the
equi valent body fineness ratio. However , the theory also states
that the cross sectional area distribution should be smooth , w i th no
discontinuous second derivatives. Figure 15 , presents the normalized
cross-sectional area distribution of several contemporary aircraft ,
as well as a proposed lift plus l i ft/cruise configuration (CV-200A).
As can be seen from the figure ,conf i gurations such as the AV-8A tend
to experience area distribu ti on indicative of hi gh wave drag . This
is berne out from inspection of Figure 14. At the present time , the
area distributions and fineness ratios achievable with the lift plus
lift/cruise configurations appear to offer low enough values of wave
drag to make supersonic V/STOL aircraft achievable. However , contin-
uing improvements in propulsion techno~ogy , such as Var i ab le Cycle
Engines , may provide the capability for supersonic flight wi thout
reliance on composite configurations .

0 AV 11*

O C V 700A —

I 0 ST PIG
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FIgure 14. Transonic Drag Increment Comparison 

- - -~~~~~~~ -- ~~~~~~~~~ -~~~~~~~~~~~~~~-- -~~~~~ —~~~~~- - - ---~~~~~~~~~-- ~~~~~~~~~--



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

V/STOL AIRCRAFT DESIGN 19

0 ___ 0

•

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

0)

0
“- I~0

‘I-’

0)

0 I = ,,,
2 0 0 fl 0

‘.7

_

-

~

- - - - - - - -- — - -,--—-

~

---

~

—

~

-- --- --



— -.--------- --,—-----.--—.--- --------— --- .-------- -- — .- 

~
—..

20 P . F. S IEWERT
Environmental Effects of V /STOL

The effects of V /STOL operations on surrounding personnel ,
equipment and facilities are noise, high temperature , and high
veloci ty fl ow fields . In general the lower disc loading concepts
have a more benign effect on the environment , but within the con-
straints of the demonstrated techno logy , as discussed above, a
significant impact of V/STOL operations must be accepte d i f h i gh
performance in conventional flight is required. Figure 16 illustrates
this relationship by comparing the max imum sea level s peed ach ieva b le
for various concepts with the efflux velocities produced in a VTO
maneuver. Sim ilar relationships could also be shown for noise or
exhaust gas temperature as a function of performance .

Conclusions

We return to the original question , “What is the best way to go
V? ’1 In li ght of the above considerations , the answe r obviously lies
in what it is that the aircraft is intended to do. That is, what is
the mission? Should it have high hover endurance , high cru ise speed,
fly supersonically , operate from confined areas? Each of these
aspects and more must be considered before that question can begin
to be answered.
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DISCUSSION

HILL: (Gruman Aerospace Corporation)

I noticed that on a whole series of your curves that c— ne con-
figuration in the middle was 1ef~ out. Was that for a specific
reason or was it just tha t

SIEWERT :

No, I would not place any implications on the little figures that
we re put in or not put in. Basical l y it is the trend ~oith increasir5
disc loading that is of si gn ”icance and the little figures were on1~
for i l lustration , we could no~ ~ut them all in. You no ti~ ’- , auomentc~
are left out on quite a few of the pictures too.

HILL :

Yes . We personally feel tha t th e high bypass fan tends tn he the
right kind of compromise, right in the m iddl e r~t where many specifi c 
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paths cross. It is right in the mid dle cf that curve in between the
propeller and pure jet kind of thing . I w~is wondering if you had any
specific reasons for having that left out on the whole series of curves.

SIEWERT :

No, we do not like to play favorites , that is for sure !



FROM THE AMST TO TH[ FUTURE
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ABSTRACT

The unique requirements of an Air Force STOL aircraft require
careful consideration of engine-ai rframe integration problems . Two
airframe manufacturers are under contract to desi gn and build protn-
type aircraft aimed at meeting the goals set by the Air Force tor
the moderni zat ion of tact i cal a ir~ift. Th~ paper w ill describe brief-
ly the requirements for such STOL transport a~d the integration
concepts related to performance , functional oçerah~lity, ard eng ine
physical life . Thus , the principal features of ‘~C- 14 will include
the super critical wing, upper surface blown flap, thrust-reversers
and triply redundant digital flight control. The integration of the
flight control system with engine throttle control will be discussed
with particular emphasis on ~oss of engine . Simi larl y, various
features of the YC—l 5 will be discussed including the super critical
wing, exte rnall y b’own flap, thrust-reverser operetion ,and exhaust
nozzle mi xer, as well as digital thrust management systen~. Some
unex pec ted problems that arose during prototype testinq w i ll also be
described.

In develop ing such a i rcraf t , there is obvic’us need for in itiat ivc -
on the part of management to reduce cost in j~rt icu lar operati c-c-s
and support costs for both airframe and engines. The management
approach to AMST is therefore of interest. 1 schedule of program
activities as well as potential technological spin- r~ fs as a result
of developments in this program are presented to il lustra te the
management approach Finall y, a bric 4 description is given of more-
tary con st ra in ts  in undertak inq future developments in t n is  area .

23 
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INTRO DUCTION

The C-l30 has been a workhorse for the USA F tact ical  a ir l i f t
inventory for over 20 years . The question may be asked , “Why replace
it? ” As shown in Figure 1, the C-l30 fleet is ag ing , and many of the
aircraft will be phased out of the invento ry in the mid- to late- 1980
time frame as a result of having used up th~ structural fatigue life ;
therefore, these aircraft will have to be replaced in this time frame .

Why not buy more C— l3Os? A major reason is that , over the past
10 to 15 years , the Army ’ s main fire power has grown heavier and
wider. In addition , the increased mobility provided by the mechanized
infantry combat vehicle (MICV) and self-propelled arti llery~ s uch as
the 155mm self-propelled Howitzer and 8” self-propelled Howitzer , are
all too large for the C-l30. This is also true of the M-60 main batt le
tank and the XM-l replacement for the M-6O. Thus, the AMST w i ll pro-
v ide a tactical airlift capability of combat vehicles never before
provided to ground forces. In addition , the AMST will provide a
Short Takeoff and Landing (STOL) capability which will al lo~ delivery
of twice the payload in less than half the fielJ length (see Figure 2).
As shown on Figure 3, there are significantl y more air fields in West
Germany available with a length of 2,000 feet or longer , which is the
minimum design capability fo r AMST , than there are at 3,500 feet , the

600 -
550 -

~ 450 - 52 ATTRITION

~ 400 -

350 - 

268 BASIC BUY C-DOEs
~~3O0 -

~~ 250

1974 75 76 T7 78 79 80 81 82 83 84 85 6 87 88 89 90 91 92 93 1994
YEARS

Figure 1. C-130 Airframe Fatigue Life Projection
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m i n i m u m  design capability for the C-l30. Thus, the AMST will provide
a replacement for the aging tactical airl i ft force capable of trans-
porting the key fire power elements of the ground forces wi th a
tactical flexibility far in excess of the current tactical airlift
inventory .

AMST Prototype Features

The YC-l4 is a two-engine design powered by CF6-50D GE engines
at a rated sea level thrust of 50,000 pounds. Dimensions of this
aircraft are shown in Figure 4. The McDonnell Douglas YC-lC is powered
by four Pratt & Wh i tney JTID-l7 engines at a rated sea l evel thrust
of 16,000 pounds each. Dimensions of this aircraft are shown in
Figure 5. In conjunction with a CFM-56 engine , McDon nell Doug las also
i ncorpo rated a 2,100 square foot wing on one of the YC-l5 prototypes.
The YC-l5 is currently flying three different engines : JT8D-17 , the
JT8D-209, and the CFM-56. The CFM-56 and the JT8D-209 are installed
in the number one engine position on each prototype . Characteristics
of these engines are shown in Figure 6 along wi th the CF6-50D engine
used on the YC-14.

Powered Lift Concepts

To ach ieve the STOL capability desired in the AMST without pro-
hibitive weight increases , powered lift was utilized. The Boeing
YC-l4 incorporates an upper surface blown flap, and the Douglas YC-15
incorporates an externally blown flap, as shown in Figure 7.

AMST Performance

The design goals for the AMST prototype were : a ferry range of
2600 mi l es without payload; the capability to take off with 27,000
pounds of payload , fly 400 nautical miles , and land at an austere
2,000 foot strip; off-load 27,000 pounds and on-load 27,000 pounds;
take off wi thout refueling and return to the main operating base
(see Figure 8). The box size for the aircraft is 11.3 x 11.7 x 47
feet. Conventional takeoff and landing capability was established
as a 53,000 pound payload. The runway surface for landing at mid-
point cn the 400 mile radius mission was a California Bearing Ratio
(CBR) 6 surface , wh ich is about the equivalent of a soft golf course
fairway . In addition , the aircraft must land on this runway over a
50-foot obstacle at the end of a 2,000 foot runway under sea level
on a 103°F day wi th idle reverse thrust (see Figure 9). The aircr aft
must be able to take off at th is 2,000 foot field , lose an engine .
and be able to either successfully continue takeoff or stop on the
remaining runway. This is the definition of critical field length.
The ai rcraft must also be able to land in 2,000 feet with an engine

_  _  
-- - --4
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JT8D-l7 JT8D-209 CR156 CF6-50

By-Pass Rat io 1 1 6 8  6 4 . 4

Take—Off Thrust , S.L.S.,
(lb) 16 ,000 18,000 22 ,000 51 ,000

Weight (lb) 3,300 4,135 3,700 8,325

Thrust Weight 4.8 4.35 5.95 6.1

Max Cruise Thrust
M 0.75 , 30,000 Ft ( lb) 5 ,040 5 ,350 5 ,l~lO 13 ,375

Max Cruise S.F.C .
M 0.75, 30,000 Ft (lb/hr/ lb) 0.82 0.74 0.64 64

Engine Diameter (in.) 42.5 54 72 86.4

Primary Jet Veloci ty
(ft /se c ) 1 ,950 1 ,445 1 ,255 1 ,500

Figure 6. Prototype AMST Engine Charact er ist ics

BOEING DOUGLAS

Figure 7. Powered Lift 
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11.3

2000 ’ ~
-

400 N.M.
(2600 FERRY) 27 ,000#

STOL

Figure 8. Contract Goals 53,00a#
CTOL

• LANDIN G

I-..—550 ~ -* 1450

ENGINES .IDLE R~ WERSE

• TAKEOFF

V R 75 KEAS

2000 ’ ~i V~0 100 KEAS

Figure 9. AMST La nding/Takeoff Distances, 27 ,000 Lb. Pay load ,
400 Nautical Mile Radi us, Sea Level / 103° F Day

out. This provides the capabi lity of landing on an unprepared field
w i th 27 ,000 pounds of payload under assault rules in less than 1 .0°O
feet on a standard day .

E~~INE/A IRFRAM E INTEG~-~/~T IO N ASPEC TS

The integration of an m i m e i n f c - an a i r c ’ i f t  s--stem is vc r~
comp lex and requires the consideration of ma ny tm -: h r - ica l a sp e t s  C

~
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arrive at a balanced engineering design. Among the more important
aspects requiring careful consideration during this integration pro-
cess are the performance , functional operability , and physical life
areas. These three areas are mutually dependent and must be balanced
against tradeoffs to arrive at the optimum over all system.

Perforn ia nce

Performance covers the thrust and fue l usage requirements to
meet the conditions of the aircraft mission. The eng ine thrust re-
quired for the AMST aircraft was dicta ted by the mission requirements
for a 2,000 foot critical field length for takeoff . The aircraft
cruise conditions are of particular importance to determine the air—
craft fuel tank sizing to meet the mission range and pay load require-
men ts.

Operability

Operability concerns the ability of the engine to provide the
required performance while installed in the aircraft and under all
mission flight envelopes and under any expected ambient conditions.
Special emphasis was placed on the nozzle and inlet design to satisfy
the requirement for stall-free transient operation . Although the
engines being considered for the AMST application are to be “off-
the—she lf” and FAA certified , their unique installation aspects re-
quire the special emphasis to maintain or improve their demonstrated
stall margins and transient response.

Physical Life

This includes the mechanical a spects of the ins ta l la t ion  of the
engine and the manner in which the engine is used and maintained in
operation for the optimum parts usage life . Power management , or the
j udicious use of engine thrust to the level required , can provide a
significant increase in engine life . Nith the high thrust to weight
ratios of the AMST , power management can play an important role in
life cycle costs . Initi al studies have indicated that reduced power
takeoffs and othe r power mana gemen t techn ique s , coupled wi th the high
thrust to weight capabili ty , will provide engine usage less severe
than encountered on commercial eng i nes today. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~--- - -.~
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FROM AMST TO THE FUTURE

C-l4 ENGINE/A I P.F~ A ME INTEGP SATION ASP~CT~

Supercritica l Wing

The YC —1 4 wing incorpora tr~ an advanced technology air foi l  de-
signed specifically for the AMST application. By taking adv ont~ge of
this advanced airfoil technolony , the YC-14 is ah1 e to achi -ve cr*,e
Mach numbers of 0.70 and higher wi tmi a relati vely thick , st~-a i yh t
wi ng. Because of the interaction of the j e t  e x h a u s t  ana  w i n o  ~7ü~fields , due to the uni que engine insta llation , the wi ng 1r-~ iqn had
to be done parallel with the nozzle cevelo pnent.

Upper Surface Blo .- ing (USB)

For an airplane using oowered lift, the eno~ne is an integral
part of the system required to generate hig h lift ~or STOL aperati rn .
In the YC - 14 USB sys tem , the ~1ow ‘rem the - o z z l e  h.-~s hoer ta i i o mr -o
in conjunction wi th the USB flap hehi rd it so that th2 engine cx-
haust f low is turned eff icient l y and roz~a ins attac hed to the s lap
contour by the Coanda effec t to generate cowered li ~~ (see F i gure 10).
The major task of the aerodynam~:ist has been to integra te the engine
installation to be able to ut il i ze the exceptional powered lift
potential of the USB concept in the low speed regime while .~intain ~
ing high cruise efficiency in the high speed req~ n1e.

Confluent-Flow Ex naust

A confluent -flow exhaust nozzle is used--t hd~. is , the cool fan
exhaust is ducted aft where it joins wi th the ~~~ core engine exha~ -;t.
then further aft to a final nozzle located on the upp er- surface of
the wing. No forced mixing occur s between the core nozz o p lane ~r-
the final nozzle exit (see Figure 11 ) . Use of a high b .’pass t u r ~-o~~~ n
engine along with the core nczz le canted cpw-~rds tends ~~~ - si qn i fic a r~~~
reduce the surface temperatu~-es c-n tbc~ ‘JSB flap. This nozzle ~~~~~
is, obv i ousl y,aerodyna m ical l y dit ferent from the separated flr -- w s’-~ tem
and must be sized to achieve a proper rotat ional spee d latch e \ec r-
the two engine rotors.

T h r u s t  R OV c SU r

The exhaust syst o m inco rpora res a thr ust reve ”ce r that di~ ct - r~e~both the primary and t i n  exn~~ust oas throuqt ; a sing 1e 09

located at the top ot the na cel ’ e . The e g ine exhaust. ~-~s is d rect ,~upward and forward , ~ut’ ing a *l / nW J I H  force on ~~e 1 inh nq gear.
The syst e m ca n he used to back u t h - a i r ’ p1 ’o with - -~~

- t  pow r a n i

.5 
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36 S. KISHL ;i [

to direct the exhaust gases of an idl ing engi ne away from the cargo
loading area during loading operation . The actuation is performed
by a dual concentric hydraulic actuator attached to the deflecto r
door.

Low Speed Nozzle Door and Vortex Gener~ tors

One of the keys to obtaining optimum p e rfor -rld rc ~ froo  the ru- zz ic -
in both the low speed powered l ift and cru ise regim es is the in-

c lusion of a door on the outboard side of the nozz le .  The door is
opened to provide maximum exi t area for takeoff thrust and to spread
the exhaust jet over the USB f lap , which results in l ore e f f i c i e - t
Coanda turning charac ter is t ics .  In the cruise mode , the dour is
closed to provide optimum exit area for minimum cruise spec fic ~ue1
consumption and to minimize exhaust plow scrubbing of the w ing s i r-
face. At very high turning angl es, Coanda turning is enhanced h-
the use of vortex generators in the engine exhaust stream erich csse i-
tially energize the boundary l ayer to delay jet flow separation me
the USB f lap. These generators are also two-posi t ion actuated :
rai sed during low speed operation and l owered to be flat on the ex-
terior surface of the wing in the cruise configuratio n .

Leading Edge Boundary Layer Control (BLC) System

Wind tunnel tests and flight demonstr ations have successful l y
shown that very high l ift coeff ic ients can be achieved hp boundary
layer control.  The system ut i l ized on the YC - l4  takes high pressure
compressor bleed air  from the engines and , via an ejector system .
“b lows ” air over the leading edge of the wing.  This delays sepa t -at ion
of the airflow from the wing at low speed s during STOL operations .
The system provides automatic operation to keep crew workload to a
minimum during the crit ical ta keoff and landing operat ions.

Flight Con trol Sys tem (FCS)

The YC -1 4 Flight Control System employs 3-axis mechanical p -v,ered
controls with electr ical  augmentation . Through the use of a pri r riry
mechanical FCS , pilot inputs are transmitt ed by cables and pushrods
to the hydraulic powe r actuators on the elevators , ai lerons / spo i le r s ,
and rudders to provide longitudinal , lateral , and dir ectiona l control
respectively. Comma nd augmentation is provided in pitch and roll with
triple redundant di gital computers. The trip lex electrical fli qct
control system also provides engine out , yaw da mpi rq,  and ai i top i~ ot
functions. Fiber optic interchanne l data l inks are eri pl -iyc-d in the
tri plex system to transmit synchronization and redundancy management
signals between the computers , thus assuring tha t elec trical isolation
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is mainta i ned between the -e d ui :n~ (;b o ine is. Th~ h u n  lift ~vsti- n .
which is composed of both leading and tr a iling e-ige ~ aps. is COr--
by a combination of mechanical and e lec t r i cal mwan s The lea hi n q rdqe
Krueger f laps and the double slotted out er - and middle trailing -d gr
flap contro l inputs are transmit tect t n ’; oihl e~ and t~~~ue t iLes
to hydraulic actuators. The tra i li ng :-doe upper surface ~ip wri (‘JSO)
flaps are commanded through the tr i plex e l ect rical f l i - ;ht p un i tro l
system onl y .

Propulsion /Flight Control I n teg ra t ion

Propulsion/ FCS integration is used on the YC-l 4 to pi-o vid ~ ~or
automatic speed hold control and euton -rtic recor ti gur ati on o~ tar an
engine failure occurs during STOL ope:-atior. . The elect rica~ FC~ p’ o-
vides speed hold control through coordinated adjustments of ~he USB
flaps and the autoth rott le ,which results in shor t tent and lo ng term
variations in flight path velocity . In order to contr n~ ~l~ ght 1att
during STOL approach , the YC-l4 pilot adjusts onl y the aircraft
attitude with control column inputs . Tbn FCS autonatica 1i~ reposi-
tions control and hi gh l ift surfaces after an engine fa i lu re  duri ng
STOL operation to improve react i on time for landing cm go -a rr - :o no.
After an engine failure , the FCS auto m atically po sitions the engin e
out USB f lap to match the outboard flaps (see E c iurri 12). The engi n~out USB s lots are opened to increase lift e~~ect i- ~oness o~ tha t fi~ o.
Outboard flaps on the live enai ne side are gar tiall y retracted to
reduce adverse rolling moment. The FCS a -Jqr ont3tinn pro zides ai -r -r. r ’
spoiler and rudder inputs to stabil ize the air craf t in ro ll a i d V rW.
The live engine USB and autothr otrie continu e ~c rnodu l —~te fcr  SVe ,H

hold control .

YC— l 5 ENGINE/AIRFRAME I ITEGOt TION ASP ECTG

Supercritica l Wing

The Y -15 has a supercr i t ica l  w ing lesi o n wi th  the c a ne advam-
tages as mentioned on the VC- 14 .

External ly  Rlo~ Flap (ERr )

The key to the short f ie ld performe r— co of th YC - lh is the
external l y blown f lap syste :’ (see Fi gcoe 3 ) .  T i n pvl n is a ’ r a ° m ~to position the exhaust nozzle ahead of and elmer- to the unci~-r Si ’ t i C -
of the wing such that r large proportion of fo r - ,i e t  reacts  en each
of the two slotted flap segments anc makes for ra ximized thrust
deflection and wing ci rculatior The r~xha ic gases ir pi nge or t O n-
flaps and are deflected downward at app roxi m atel y ~he same an - le
as the flap deflection Th~ .ie t I e a vi r q the ~1- t p tr a i l i ng  cd::e a c t s

~
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Figure 12. YC-14 Engine Out Automatic Reconfiguration

PBOPI~.S$VE LWT EXTERNAt.LY BtQW)~ RAP

%~~

\ \
\

*wt~cfin~ j. WI4~

Figure 13. YC- 15 Propulsive Lift Externally Bl own Flap

as a physical extension of the flap as well as providing direct
reaction lift.

T hi ck Inlet Lowe r L ip

The increased wi ng circula tion due to a blown flap results in
high angles of attack at the engine inlet. A thick inlet l ower li p
is featured to prevent inlet flow separation at high inlet air
attack angles during high l ift modes of flight (see Figure 14) .

_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Da i sy Exhaust M ixer

Numerous schemes for reducing peak temperatures imposed on the
EBF using low bypass turbofan eng ines wi th relative l y hot exhaust
temperatures were evaluated . From this work it was recognized tha t
a mixer featuring daisy lobes arranged around a large cente r - body
would tend to maximize the amount ~ secondary ambient air between
lobes available for mixing (see Fi gure 15). The daisy mixer a l s o
significantl y reduces jet velocity on the EBF, which min imizes noise
generated by flap scrubbing. Finall y, wi th an aerodyna eic con-
straint that the nozzle exit p lane must be ahead of the win g leading
edge , use of a large center bod y would provide the shortest nozzle,
hence al low ing for a shorter pylon wi th the engine positioned
close r to the wi ng .

Cascade Thrust Reverser

The YC-l5 exhaust system incorporates a ground and infli ght
reverser which directs the exhaust fl ow forwa rd and upw ard and is
comprised of a f ixed reverser structural assembly and a t ranslat ing
cascade ri ng assembl y. In the deployed position , the cascades are
moved aft wi th the daisy nozzle. The inner flowpath is effect ivel y
blocked at the center body maximum diameter , and air ex i ts  through the
uncovered cascades. The reverser wa s designed to eliminate engine
damage due to ground debris i ngestion, engine instability due to self-
ingestion , and instabi l i ty due to cross—eng ine ingestion.

Flight Control System

The YC-15 Flight Contro l System employs 3-axis mechanical
powered controls with electrical augmentation. Through the use of
a primary mechanical FCS , pilot inputs are transmitted by cables and
pushrods to the hydraulic power actuators on the elevators , ailerons .
and rudders to provide longitudinal , la teral , and directional control
respectively. Command augmentation is provided in pitch and roll
wi th dual redundant digita l computers . Yaw damping is provided with
a dualized analog computer. Electricall y comma nded spoi lers provide
additional lateral control augmentation and direc t lift control.
The electrical FCS also provides digital thrust management and auto-
pilot modes. The high lift system , which is composed of leading edge
flaps and slats and trailing edge flaps , is controlled m echanically
th rough cable systems .

Propulsion/Flight Control Integration

YC- 15 eng ine/ FCS integration is composed of a combination of
man ual and automatic systems . Throt tle adjus~iieo ts are made manuall y
by the pilot to control flight path during STOL operations. The

-
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42 5. KISHL INE

electrical flight control system provides automatic thrust management
capabilities to trim or limi t eng ine pressure ratio (EPR). In the
EPR tri m mode , EPR from each engine is detected , the high and low
value d i scar ded , and the two mid-values are averaged The resultant
EPR s i gnal is an autothrottle inpu t command In the EPR li m it mode ,
which is selectable for takeoff , go-around , or climb , the thrust
management system computes maximum EPR and prevents engine overboost
by limiting the throttle setting to the computed max im um values. The
YC— 15 thrust management system reduces pilot workload during STOL
operation.

PROTOT YPE EXPERIENCE

The prototyping concept was init iated by Assis tant  Secretary of
Defense David Packard in the early 1970s . The AMST followed the ~~X

and the Lightwe i ght Fighter Programs in this conce It. The primary
purpose of the prototype program is to reduce the areas of hi gh tech-
nical risk.

In the case of the AMST , this was to demonstrate the powered
lift concept of upper surface blown flaps and externall y blown flaps,
the flight control integration necessary to safe l y and routinel y fly
on the back side of the power curve during STOL operations, and to
demonstrate the payoff of the super - cr i t ical  wing.

One of the large payoffs of this program has been to demonstrate
a projected change in performance at a relativel y small increase in
cost by demonstrating new technology, as shown in Figure 16. :~ past
programs , the forecast for new technology often was not verified by
experience when that technology was translated into hardware and de-
monstrated against fixed perfo rmance requirements. Thus, there was
a large increase in cost experience during developn ;ent as a result
of fixed performance and the uncertainty of forecast iri :i new technology .
In t h i s  program we have allowed the performance requirements to vary
so that as our experience with new technology is demonstrated , we do
not pick up a large increase in cost i f  this advance in technology is
less than the forecast.

There were some interesting results of the fli ght test program.
First, the initial wind tunnel studies for NA SA predicte d a negative
ground effect upon landing, in a STOL mode with powered lift. Fli ght
experience with both the YC-14 and YC-lS has shown a positive ground
effect upon land i ng resulting in a cushioned landin t when the air-
craft is flown directl y to touchdown without flare in the STOL mode
The second area of interest was the ski p or bounc€ - experienced by
both the YC-l4 and YC-15 in the STOL mode F , i n itiating spoiler
deployment of the upper surface of the wing a r t - ,  in i t i al touchdown ,
this problem was elim inated in both aircraft Luth the Lure- P sur f ace
blown flap on the YC-l4 and the ex~ernal l y bLown flap on ne YC-1 5

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ -
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Figure 16. Impact of Uncertainty on Systems Acquisition Costs
and Performance

have proven to be very successful means of generating high lift
coefficients with powered lift. Lift coefficients in the order of
four to five are common in STOL operations. In addition , the
successful demonstration of engine/airframe integration , flight con-
trol systems capable of safe and rout ine operation during STOL
operations, along wi th the supercri tical wing have proven that po-
tentionally high risk areas forecasted for the pro totype program
have b~�en demonstrated to be of low technical risk.

IIANAGEMENT APPROAC H

The recent history of spending by GNP sectors in constant year’
dollars is shown in Figure 17 . The reduction in defense spending
through FY 76 is quite striking ~ 1 comp arison to the other GNP sectors.
This reduction ,as well  as defense requirements for other high p r io r - i t .
programs, has resulted in many of the innovative and austere approaches
taken in development of the AMST dnder these circumstances , the
development dollars required for a traditiona l tyoe of development
program are not available Therefore , an innovative pr ogram has to
be developed to reduce both the acquisi~ ion and support costs corn-
prising the total li tm e cycle cost on the aircraft To reduce

k - ~~~~ . .  ~~
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development dollars , we have a goal of the use of 70 common (exist-
ing) equipments on the aircra ’t. These common ecuipm ents are prov~- i
reliable Government furnished or commercially availabl e equipments .
In addition , it is planned to use existing facilities to reduce both
development and acquisition costs and a major effort has been made to
reduce the part count on the aircraft by the simplicity of design and
maximum use of interchangeability The commercial approach to mainte-
nance manuals has been employed to reduce the skill level required on
the f l ight line as wel l  as to expedite fault iso lat ion.  The state -
of-the-art improvements in corrosion prev ention have been utilized ,
capitalizing on the AF lessons learned on transport aircra mt. The
AMST wi l l  be designed for an extended service life of at least 25,300
hours on this aircraft. Military specifi cations were tailored for
the AMST and reduced to the minimum required for this procurement.
An additional major payoff to the prototype program is to examine
supportability of the aircraft and a l low feedback of this information
to the contractors for the fol l ow-on design .

TECHNO LOGIC A L SPIN OFF S

Some of the technological spinoffs of this program are as follows :
the proven STOL co ncepts of the AMST wi ll provide a si gnificantly
greater capability as a replacement aircraft  for many hundreds of
C-130s sold to foreign governme nts . The engine/airframe integrated
powered lift flight control systems in both of these aircraft have
proven to be highly successful. The concept of the integrated con-
trol system and digital systems application , as wel l as the power
managemen t  t e c h n i ques devel oped in this prog am , may well have direct
application to future commercial a i rcraf t  desiqn i .

SUMMARY

There is a well-reasoned requirement for the tactical airli f t
improvements offered by the AMST. The engine/airframe integration
during STOL operations has proven to be very successful in this

— program. Dollar constraints i n  this program have resulted in a
unique management approach ~or engi neerin g development. There has
been significant technology developed in this p ruqrarv that will bo- ~e
appl icat ions in other programs in the future .

DISCUSSIO N

WEINRAUB: (Naval Air S Stystems Command )

It interested ‘in , the fact  tha t you out the propulsion airframc

integration off on the contractor. E~’ - 1oin~ ~r i i s ,did you lose some
communication and some control over rr i~~, and how do you feel aFoo t
this a rea if you did lose this?

--
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KISHLINE :

Well , that is something that does concern us. The primary reason
for laying it off on the prime contractor is that I could not find an- j-
body in the Air orce smart enough to stand between then and do the
technica l integration arbitration , to be quite honest. iC are try inq
to ensure that we keep a co mmercial configurat ion on the engine ra ther
than deviat ing of f  to a mi l i ta ry configuration so that we can take
advantage of the rate at which a commercial engine matures , and we car

take advantage of the lessons learned on a commercial engine . Our
usage rate is not near wha t it is on the commercial inventory , so we
are trying hard to keep the commercial configuratio n and not allow
the prime manufacturer to drive the enq ine to solve his problems . low
that is a concern. One of the ideas I am toying wi th is to freeze
the configuration . In other words, the engine has to come off the com-
mercial line and , maybe , give conf ig urat ion contro l of the engine to
the engine manufacturer.

EMERSON: (Pratt and Whitney Aircraft)

Remembering tha t the automatic configuration contro l is  p a r t  of
the aircraft system and that these are commercial engines w i th  rela-
t ivel y simple hydromechanical contro ls, how does the f l ight control
detect a fai led or failing engine? Does that also have automatic
modulation of the flight control surfaces to compensate for a failed
engine?

K I S H L IN E :

There is a logic network in the comput er. When you get a given
set of conditions or family of conditions reached , the computer
software is programmed to assume that that is an engine out. So,
if there is a thrust differential or a given set of conditions between
both engines, it will then reconfigur e the aircraft. I do not recall
exactly what the various conditions are, but thrust is one of them.

CRAGIN : (Genera l Dynamics)

On the over-the-wing blowing system where you dep loyed those
spoilers for , I guess, hel ping the f low stay attached to the f lap ,
what sort of increase in efficiency do those spoilers really have as
far as increasing the time the flow can stay on the ~Lap and the actual
flap deflection angle? In other words , wha t would be the limi t of the
flap deflection wi th and without the spoilers?

KISHL INE:

I do not believe I can answer that question. have flown the
F-l5 and you can use the spoilers in any flap setting and in the STOL
mode . When you deploy the spoilers, it is just like goin down in an 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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elevat or. It really increases your rate of descent.

CR AG I N :

I am ta lking about the little vortex generators on the flap. How
much do they help the flow to stay on the flap? In other words , w h a t
sort of flap deflection could you get with or wi thout the vortex
generat ors?

KISHLINE:

Essenti ally it increases the energy in the boundary layer which
allows it to remain attached , increasing the turning angle 100 - 15° .
They are rotating the air over 75° rotation , and it is sti l l remaining
attached.

CRAG IN :

Does it stay attached all the way through the take-off and land-
ing seque nce?

KISHL INE :

You normally do not take-off wi th the full USB flaps down ,
because you have sufficient power to do without that,but the IJSB fla ps
are deployed for landing. Yes, it does stay attached through landing .

BERNSTEIN: (Canadair Limited )

Are you aware of any consideration to the a ppli cat i on of the AMST
technology to commercial short—haul operation? Would it make a
sensib le proposition?

K I S H L I N E :

I think some studies have been done along that line. In terms
of United States commercial operation,we have quite a few airfields
around this country, and you are go ing to have a hi gher thrus t to
w e i g h t  i n  th e AMST than is really necessary for these runway lengths.
The major air termi nals will have to become saturated , probabl y out
in the 1990 time frame , before you w i ll see a commerc i al app licat i o n
in this country . However , looking at commercial application in foreign
milit ary sales does look quite at t ract ive.  We have already been ap-
proached by several countries that are quite interested in using
this capability . For countries that do not have a modern transpor-
tat i on network , it may be more expensive to have to put in a rail or
road network , particularl y in jungle or mountain terrain , than it would
be to put in a 2000 ft unprepared strip and operate out of those on
strategic locatthns. The inter-est is further heightened by the fact
that once you have that capabi lity, you can now dep loy your security
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forces in times of national unrest at the same key locations, and it
is easier to secure short f i eld boundar ies a nd strate qi c locat ions
with fewer ground forces than it would be to secure an entirp road or
rail network . So there is a great dea l of interest by develop in g
nations in using a dual purpose aircraft , hauling large equipment,
passe ngers , that sort of thing , more so than in this country . I did
get an interesting call a week ago from the people up in Alaska .
They wanted to find out if they could ma ke some contractual arrange-
ments with the U.S. geological survey up there , so they would have
the capability of using this aircraft in summer in case we had a
blow out in some of the deep oil wells they are going to be drilling
be tween 1977 and 1980, allowing them to bring in a much larqer payload th
the C-130. This would allow construction of a much shorter runway at
significant cost savings to them . So there has been some interest
expressed by other areas of the government.

KOVEN : (Naval A ir Systems Command )

Could you comment on the need for direc t lift control spoilers in
land ing?

KISHLINE:

They essentially provide you a capability to go down or to make
a much larger correction down to glide slope from above. They really
provide a significant capabil ity to get bac k down a glide slope if you
come out high. If you did not have those~ yo u would end up com i ng down
a glide slope of say 9°, trying to get back on 6° a t a ve ry reduced
power setting. This way,you can keep your power up and spill your
l ilt and come down rather quickly if you are high on the glide slope .
Does that answer your question?

KOVEN :

W e l l , I was wondering if you actuall y needed them or just added
them to further improve glide slope control.

KISHLINE :

I th ink you need them for that situation. You do not always come
out right where you want to be, especiall y when you are fly in g in low
weather conditions and come out right where you wan t to be on a gl ide
path , and it is nice to have the capability to come high and descend
instead of having to fly it up to the glide path and then come down
the gl ide path .

GOETHERT : (The University of Tennessee Space Institute)

I understan d tha t one of the pr i me requirements for th i s type
of aircraft is to be able to land on very short strips , maybe of 2000 ft

~
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length , and if possible also on unprepared fields. I wonder , did you
give any consideration to the air cushion landing gear , or do you see
a future for that device with which you could land sa fel y on any
reasonabl y smooth surface?

KISHLINE :

No , we did not. The only thing they looked at in the design )f
the rear on this aircraft was a truck type gear where the rear wheels
touch down f i rst  and cushion the landing , but that is the extent to
which they went , wi th no advanced techniques on cushion landing.

GOETHERT :

I think it would be a grea t advancement if this type -~f aircraft
could be equipped with an air cushion gear , since then you open up a
large number of additiona l strips on which you could land w ithout
any extens ive preparation.

KISHL INE :

Clearly if you could develop that capabi lity, it would si g nif i c ant ~improve your STOL capability on the aircraft . It is a matter of
dollar constraint. We do not have the kinds of dollars to look at many
more techniques than what we have already looked at in the prototype
aircraft.

WU:  (The U n i v e r s i t y  of Tennessee Space Institute )

YC-l4 versus YC- 15 , as you explained , are quite different in
generating high lift. Could you give a comment , aerodynamically
speaking , on which one is better?

KISHLINE :

They are both very good! I have a competitive prototype program
going right , now and we are going to be selecting a contractor here
very shortly. You will see the results in the newspaper.

BRADLEY : (Ge nera l Dynam i cs )

I would like to ask a question on your approach speed. I be liev e
you quoted an approach speed of about 86 knots on the landing you
showed. What do you conside r to be the minimum controllable approach
speed wi thout any kind of reaction control for these transpo rt- ; ?

KISHLINE :

We have gone down to 70 knots and in one case , I think , I s~w
68 knots on file.

_ _ _ _  ~~~ - - -~~~~~~~~~~~~~
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BRADLEY:

With no control problems ?

KISHLINE:

No s i r , in fact one of those prototypes landed in a 35 knot cross
wind , on STOL configuration .

KEMPER: (Vought Corporation)

I have two widel y different questions. One . what is the sink
rate when you are landing? There does not seem to be any flare or
anything. You just fl y right into the ground? And second , what is the
flyaway cost of one of these airplan es going to be compared to , say ,
a C 130?

KISHLINE :

The first question , the gear is designed for 15 or 16 f~1second.
The normal STOL operation is a result of the cushioning a ffect you get,
rate of descent at touchdown between 7 and 10 ft/second. The C130 has
about a 56,000 lb. dcpr weight; this aircraft will be in the neighborhood
of 100 to 110 thousand lb. dcpr weight upon the configuration. We are
going through a confi guration review at the present time to determine
exactly what the Air Force wants in its aircraft. As vo are well aware ,
f lyaway costs are pretty wel l  dependent upon the dcpr weight , a b o u t
twice . But it provides us wi th signif icantl y grea ter capabi l i ty  than
we have with the C130. That is a very good airp la ne. it has been a
very successful airplane in the Air Force inventory . The problem is
quite straightforward , you know. ii? are l ike the guy w hat had three
little boys and his wife,and they had a Volkswagon sedan: now they
are 200 lb. kids and they need a station wagon. Yco i onl y need a tape
measure to see what your problem is when you look at the Army equipment.

KOVE N:

You indicated that you had zero based all the design requirements.
Could  you comment on those which you found were total l y inappropriate
for this design?

KISHLINE :

We had the Air Force flight control spec that did not even
address STOL operations. i~-~ threw that one out and i - r o te  a new one .
It was a mi l spec on flying quality . It took a year, hu h we wrote a new
specif ication speci f ical l y ta i lored for STOL operat ions,  a good exa m ple
for this one . I threw out mil specs that said I had to put a l l  my
data in military format. We have commercial engines. We took the
comercial engine ma intenanc e manual and comercial tech orders and

_______ 
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sent them down to San Antonio Ai~- Logistic Center and said. Why can ’ t
you use those?’ You know , air l~ nes a--n using them. They came back
and said they could, so I decided not to follow that n il spec I
would have had to pay a lot of nionev ~o take those commercial m anuals
and put them back into mi l i tary i~or iat. lanse are two that come to
my mind righ t off the top of my head.

KAILOS : (U.S. Army Mobility Research & Development Lab)

Are you getting a commercial engine warranty ?

KISHLINE:

ihat is one we are st i l l  working with . I ann incl inca not to ,
but I am talking out of school here . The reason is because I do ;gt
think our usage is going to be the same as commercia l usage . T~eproblem is this , you pay all that money for that warranty and then do
not use the engine the way you said you would. This makes the sd-
ranty invalid , and  that is throwing money away . We have another
unique approach. We are requiring ttm n prime contractor to have rynten .
level reliabil ity, maintainab il i ty,  and ava i lab i l i t y  goals on the
aircraft .  I want so many maintenance man ho u rs  per flying hours as a
requirement and as a goal , the engine being part of this. We are
going to perform an operationa l test with six airplanes and fl y them
for thirty days very intensivel y, and everything that fails counts
against him . And if he does not m eet his system level goal . then tic
is going to have to select some system on that airplane . I an- not
going to tell him which one, but he is going to have to select some
system on that airp lane and bri ng the tota l systen to reliability goals
he has gua ranteed. Now because I an construct inc~ a co ntract like that
with the prime contractor , I think ne is poss ibl y coi nc to lea n or, his
engine subcontractor to give him some reliability guarantees on equip-
ment, subequiprnent. He is going to have to si gn up for a tota l syster-
level reliability , a total system level maintainability . We are goin o
to fly the airplane exactly a- . we told him we were going to do duri ;o~
this test. We have thirty days of missions and sever ’al mi ssions fgr
each day and will tell him every syste’- that I am turnin g on and turni -a
off , when I am turning it on , when I ann turning it off , so he cam .
calculate and si gn up to both a systc” - level re l iabi i ity and ni ain ’uin-
abi l i ty goals on the a i r c r a f t .  Thf -n we ~i 1 l provide (that was the
stick , now the carrot) a performance in centive th~ t if no exceeds the
requirements and goes towa rds a goa l , then we have struct ured about
eight mil l ion dol lars  of perfo mma n -o incent ives as an award if he does
better than he said he was going to do. It n -  does r ot do as w all , ho
is going to have to ~~~ x it at no char -go in contr o- t rice f-nd the
best re l iab i l i ty  and . n i n t a i n o h i l i t y  for the tct~ l sy st en will be par ’
of the basis of awar d  dur ing sourc n selec t i .n
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PR OPU LS ION T ECHNOLOGY NEEDS FO R VST O L AIRCR AFT

John L. Allen

NA SA, Lewis Research Center

Cleveland , Ohio 44135

ABSTRACT

Achievement of efficient fl ight for high-density short-haul air
travel and military logistics , sensor , or attack missions is impor-
tant for sustained U.S. aviat i on leadership. The role of propulsion
technology in attaining this goal will be reviewed. Advances in
propulsion technology can have a greater impact on takeoff gross
weight of V IOL compared with STOL or CTOL ~~~c i - m ft h r - c a .se  of the
higher propulsion system wei ght fractIon required for vertical lift-
off. An example of the sensitivity for both VSTOL and STOL short-
haul aircraft is given.

Many of the long-range research programs of the NASA Lewis
Research Center have goals that offer benefits to CIOL , STOL , or
VSTOL propulsion systems . Severa l programs are reviewed, such as
the SCAR Var iable Cycle Engine program , f uel conservat i ve eng ines ,
and the Quiet , Clean , Short-haul Experimental Engine program (QCSEE~ .

Some propulsion related studies are discussed using results ~ora Navy Anti-Submarine Warfare multi -purpose VSTOL aircraft , such as
operation at low throttle setting, the use of wa ter injection to
increase thrust at engine -out-conditions or maxi rn iz irr a vertic & li ft-
off weight. In addition , the appli cation of tu’d~c~ rop engines ~~or
fuel conservat ion on this long loit er time rrission will be shown .
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INTRODUCTION

In 1975 a study group composed of NASA , DOD , and FAA repre-
sentatives surveyed government agencies, industry and the unm iversi —
t ies as an a i d i n p lann i ng NASA ’s future program in aeronautics
(Ref. 1). Some of the survey findings applicable to this workshop
are shown in Figure 1. Quiet verti cal takeoff and landing aircraft
were identified as one of two cri t i ca l l y i mpor tan t deve lopmen ts fo r
U.S. leadership in aviation. (The seconc i tem pertaining to effi-
cient supersonic fl i ght will not be addressed herein.) Potential
applications include VSTOL aircra ft as transports on short -haul
hi gh density routes and for military logistics , sensor platforms ,
and attack missions.

The h i story of VSTOL a ir craf t act i v i t i es sp a ns at leas t 25 yea rs
and cons i derable research , study, and testing of experimental air-
craft has been accom plished (Refs. 2 to 4). The purpose of this
paper is to selectively focus on some aspects of VSTOL propulsion in
order to illustrate : (1) the contribu tion of propulsion advances
toward a use fu l a i r c r a f t , (2) to show how propulsion research and
development di rected at other types of aircraft can impact VSTOL
systems. The VSTOL propulsion system has the more difficult task ,
since it has severa l unique functional requirements . These are :
(1) to provide thrust greater than the lift-off weight , (2) to con-

• vert to an eff icient cruise power mode , (3) be able to contribute
a t t i t u d e  contro l d u r i n g  takeoff , transition , and land ing, and ,
(4) to endure a loss of power from an eng ine core . For commercial
use,quiet operation is also necessary. Thus , these requirements
cause the ratio of propulsion sy stem to gross weight to be many

°IDENTIFIED AS CRITICALLY IMPORTANT TO U.S. AVIATION LEADERSHIP:

QUIET VIOL
EFFICIENT SUPERSONIC FLIGHT

°SHORT-HAUL A IRTRAVEL

HIGH DENSITY ROUTES - VSTOL
VARIETY OF SHORT RANGE MISSIONS FOR ARMY & NAVY LOGISTICS

AND SUPPORT

°PR O PULSION
CYCLES FOR EFFICIENT OPERATIONS OVER A WIDER RANGE OF FLIGHT

SPEEDS AND ALTITUDES

Figure 1. NASA outlook for aeronautics - 1 980-2000

---- --- -

~

- - -

~

-— - - _ -‘-. “ -- -.- --———-— - -

~

-- ~~
-—-- -

~~~~~ 
-



PROPULSION TECHNOLOGY NEEDS 55

times greater than for CTOL or STOL aircra ft, and the reward for
technology advancements is also mu ch richer. The general require-
ment of different modes of efficient operation over a range of
flight speeds and alti tude~- sugqc’sts that perhaps the concept of
Var iable Cycle Engines , VCL , could be applied to this subsonic
problem of VSTOL aircraft. One way of achieving this might be by
providing wider operating ranges with less power dependent
installation penalties.

IMPORTANCE OF PROPULSION SYSTEMS IM PROVE M ENTS

The impact of propulsion technology on future VSTOL aircraft
can be illustrated first by observing the historical improvement in
turb i ne eng ines and second by parametri cally examining a typical
short—haul aircraft using different state-of-the—art engines. One
commonly used index of propulsion improvement of particular impor-
tance to VSTOL in the increase in engine thrust/weight ratio wi th
time as shown on Figure 2. The upward trend of the curve indicates
a twenty year improvement in uninstalled engine thrust to weight
ratio of approximately 2. The year of introduction shown is only
approximate . As an example, cons i der the F 106 i nt~rceptor airplane.In 1959 it used the J 75 engine , bu t today coul d use an en gi ne wi th
a thrust to weight factor twice that of the original engine , as well

• as sign i ficant reductions in specifi c fuel consumption and frontal
area. These advances are the result of imorovement of many factors ,

TURBOJET PJRBOFA\
a suBsoNic wiumn~O SUBSONIC COMMER CIAL D
O SUPE R ~~rNIC MILITARY
~ SUPE ~~O~ IC COMMERCIAL VIOL- 
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Figure 2. Engine thrust/weight t rends
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suc h as nlateri a] and fabrication , mechani cal , aerodyna lmm i c, and
matching design procedures , turbine cooling, and related thermo-
dynamic cycle chan ges. Other indexes of propulsion systems include
thrust per unit of frontal area procedures , turbine cool ing, etc.
Ot her indexes of propulsion syste ms include thrust per unit of
frontal area and spec i f ic f uel consu mpti on , but these indexes are
di ff icult to plot in this manner for bypass engines. Of course ,
engine complexity and cost are additional factors to be judged.
Today ’ s technology gives uninstalled thrust to weight ratios between
5 and 8. W hat can be anticipated in the future? Cycle and materia l
improvements should continue,and contributing NASA programs will be
discussed subsequently. Pe rh aps one thou ght for fu tur e eng i nes i s
to observe that current short- l i fe , restr icted-cycle l i f t-eng ines
offer thrust/weight ratios as high as 15 to 20. If some of these
approaches to engine design can be adapted to conventional engines
to drastica lly improve thrust/weight ratio , a compromise on engine
l i ft mig ht well be acceptable.

For CTOL a i rcraft  the rat i o of i nst a l l e d thrust to a i rp lane
gross weight is usually in the range of 0.2-0.3. To achieve the
short-field capability of STOL , the ratio rises to the order of 0.6.
For VIOL aircraft the ratio of thrust to gross weight must obviously
be greater than 1.0 - usually 1.1-1. 15 - which invests a greater
portion of the tota l gross weight in propulsion system items . A
VIOL aircraft has the added requirement of a power transfer system
for driving all fans in the event of a core failure during vert ical
operati ons , s ince the plane otherwise woulc i probably be uncontrol-
lable. Thus , the weight of the power transfer systeimi is an impor-
tant i tem for the VTOL concept. Consequently, propulsion technology
advancements should be more beneficial for VIOL aircraft .

As an example of this premise a fi rst-order analysis was made for
short—haul , 80 passenger STOL and VIOL aircraft as shown in Figure 3.
The STOL ai rcraft was selected because it is probably a more direct
competitor for short-haul applications than CTOL planes. Range was
500 mI les , cruis ing Mach no. = .7 , at 25000 feet alt itude . The same
engine cycle was used for all cases and the engine weight and fuel
consumption parametrically changed from current base -line values.
The STOL aircraft had 2 engines and short-field takeoff capability ,
whereas the VTOL plane had ~ engines with thrust vectoring (or rota-
tion) capability , a low speed contro system , and one-eng ine-out
power transfer to the fan of the dead core . Eng i ne tec hnology ch ang es
were programme d simply as combIned step changes in fuel consumption
and an index of engine weight. The calculation involves findin g the
fuel-balanced aircraft and eng ine sizes that will fly the mission
wi th the spec ified payload. Conseq uently, the necessary engine size
reflects these combined effects and the resulting uninsta lled thrust !
weight ratio is shown (in cluJ ~ng the non —l inear variation of engine
we ight wi th s ize).  The results are indicated in terms of gross
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Figure 3. Effect  of eng i ne weight and fuel consumption on takeoff
gross weight for STOL and VIOL short-haul aircraft (80
pass., 500 n.mi . range , Mcru i se = 0.7 at 25000 ft.)

weight ratio relative to “today ’s STOL” for a step backward and
forward in engine technology for both types of aircraft . The
appropriate weight fractions of the major components are indicated.

The sensitivity to combined changes was relat ively small for
the STOL ai rcraft wi th gross weight ratio (GWR) varying from 1.07
to .94, whereas the VIOL GWR varied from 2.15 to 1.43 with a further
reduction to 1.28 indicated for a power transfer system weight
reduction of 1/2. For this example the VTOL engine thrust/weight
ratio varied from 5.2 to 7.1. Thus , i n the di stant fut ure the
pena lty for VIOL operational capabil i ty could become even smaller
wi th further increases in engine thrust/weig ht ratio. But , because
of the complex requ i rements of VSTOL operations the weight and fuel 
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used will probably always exceed those of SIOL or CTOL planes. There-
fore, in terms of direct operating costs (DOC), the VIOL a i r c r a f t
would be more expensive to operate. The c lass ic  criteri on of minimum
DOC is Inadequate for evaluating the overall benefits of the VTOL
conc ept. From the po int of view of society the more encompassing
answe r would be to compare the overall total transportation system
costs,i.e.,sma ller , less congested satel l i te airports , lower community
noise , lower s ur face  t r an s p o r t a t i o n  time and cost to the a i rport ,
etc. (Refs . 5 to 7) .

Another way of viewing the relative sensitivity is shown in
rigure 4 where the perturbation factors have been applied only one
at a time . In the top of the figure the greater sensit ivity of
VIOL compared wi th STOL aircraft is evident. Here the absciss ia is
uninstalled thrust/weight ratio. It should be noted that the QCSE E
engine to be discussed later has a projected uninstalled thrust!
weight ratio between 6.2 and 7.4. The sensit ivi ty to fuel consump-
tion shown in the middle of the fi gure als o is higher for VIOL air-
craft because the fuel fraction is higher , since the propulsive weight
fraction is much higher. The fuel consumption changes shown are
rather modest, and advances in engine cycles could wel l  exceed the SFC
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FIgure 4. Sensit ivities
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reductions shown and in,a ddition ,offer secondary benefits , such ~~~
-

reduced frontal area and l ower drag. In the bottoill of riqul-e 4 tie
sensitivity to changing the power transfer system weight for the
VIOL aircraf t  i s ~*rnwn . Flere, again , the sensitivity to propulsion
related empty weight is rather high , a 50 percent reduction decreased
gross weight 13 percent. This shows not only the importance of power
transfer system components , such as s hafts , gears , bearings, or ga~
ducts and valves , but also the need for configuration arrangement
and control systems to allow the distance between thrust units to be
reduced. It should also be remembered that sensitivity is a two-
way Street; hence , fa i lure to meet des ign goals  ~,oul d be more
detrimental.

NASA PROPULSION TECHNOLOGY PROGRAMS

An overview of some of NASA ’s propulsion technology programs is
presented with the intent of highlighting activities that either
directly or indirectly have a potential impact on VSTOL engine
capability . The programs selected for discussion , shown on Figure 5,
Include the aircraft fuel conservation technology program , hot-part
thermal—barrier coatings , v a r i a b l e  cycle e ng i n e s , and the q u i e t ,
clean short-haul experimental engine. Many other such act iv i t ies ,
such as low speed inlet and nozzle performance , gears , s h a f t s , bear-
ings , and lubrication have been omi tted for brevity .

Aircraft Fuel Con serva t ion

The fuel conservative engine program is directed at a new
generation of engines which would have fuel conservation as a prima’-y
design objective. As shown in Figure 6 , the initial projected cost
was 175 million dollars spanning fiscal years 1975 to 1983. The
improvement goal is about 12 percent in specific fuel con-
sumption , 5 percent in di rect operating costs (DOC), no i se not to
exceed FAR 36 minus 10 EPNdB , with 1980 emission levels. The program

°FUEL CONSERVATIVE ENGINES

°THERMAL-BARRIER COATINGS

°SCA R VARI A BLE CYCLE E N G I N E S

°QCSEE — Q UIET , CLEAN SHORT-HAUL

EXPERIMENTAL ENGINE

Figur e 5. NASA propulsion technology programs
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GOAL : IMPROVE SFC 1 2’~, DOC S~k,

NOISE FAR 36-10
1980 EPA E M I S S I O N S

FY ’ 75-83, $l75x 10 6

°ADVANCED TURBOFANS , TURBOPROPS, GEARED FANS
FAN AND COMPRESSOR PRESSURE RATIOS

TURBINE TEMP . - COOLING TECH.
SEALS, BEARINGS , LUBRICATION

°ADVANCED CYCLES-REGEN. , REHEAT , I NTERC OO LIN G

°AMSAC-ADV. MULTI-STAGE AXIAL FLOW COMP .

°MATE-MATERIALS FOR ADV . TURB. ENGiNES

FIgure 6. Fuel Conservative eng in e - new de s igns

proc eeds from feasibi l i ty , to component rig/mode l tests , to full
sc ale engine tests . Study areas include the components of advanced
turbofans , such as fans compressors , turbines and cooling techniques ,
plus mechan ical components such as seals and,perhaps,gears . The
advanced turbofan engines (Ref. 8) show specific fuel consumption
reductions of from 13 to 15 percent relative to today s turbofans
but require very high overall pressure ratios and turbine tempera-
tures. The selection of such advanced cycles for VSTOL engines
would have to be evaluated on a benefi t/cost basis. The AMSAC and
MATE programs are examples of on-going research . AMSAC is aimed at
advancing the technology of very high pressure ratio compressors .
This technology might be applicable to VSTOL engines in terms of
reducing the number of stages and, hence, compressor weight required
to achieve any given pressure ratio. The goal of the MATE program
is to accelerate development and demonstrate in engine tests advanced
materials technolog ies for engines for the 1980-1985 timeframe .

Thermal-Barrier Coatings

If specif ic thrust can be increased by raising turbine tempera-
ture without offsetting penalties in weight , cool ing airflow , or
expensive blading, a better engi ne thrust/weight ratio can be used
to Increase payload or decrease size or cost .  Al ternately,  if cool-
ing air bleed flow requirements can be ‘educed , s p e c i f i c  f u e l
consumption can be improved.
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An area of researc~i related to such engine performance improve-
ment is that of thermal-barrier coatings applied to hot parts , suc h
as turb ine blades and vanes or combustor liners . Promising results
have been obtained in a variety of E~ piications . A two-layer ,
thermal—barrier coating con s is t inc of a stabi l ized z i rconia coati nç
over a metal bond coating was olasma sprayed over super alloy sub-
strate material . Figure 7 3h0Ws turbine vane test results obtained
in a research engine. Vane temperature reductions of about 190 deg K
(342 deg R) were obtained. Several diffe rent coatings and bond
coatings in a range of thicknesses were evaluated in a series of
aerodynami c , hot fati gue cycle , and ful l scale engine cycle durabi l i ty
tests. In a particular engine cycle durability test, 500 two-minute
cycles from full power to flameoLt were accomplished. The best
combinat ion , to date , based on dura bi l i ty an d costs was Vttr i a
stabilized zircronia cerami c (.028 to .064 cm , .Ofl to .025 in) over
a NiCrA 1Y bond coating (about .01 cm , .004 in). There is a limiting
ceramic-bond interface temperature o~ l3~7 deg K (2416 deg R) .  The
temperatu re reduction is a function of coolant flow rate and coating
thickness and material.

Figure 8 shows calculations of gas temperature versus coolant
to gas flow rate for convection , co nvection plus the rmal-barrier
coating, and full-coverage f ilm cool ing. At the present leve l of
turb ine gas pro pert ies the coo~ing requirement can be decreased by a
factor of three. The calcu lsticn : incicate that convective cod ed
blades with the thermal-barrier coatinc c~uid be as effect i ve as
full—coverage film cooling wi thout the cost~ b~ade su rface cool ing
passages . At the turb ine gas properties anticipated for future
advanced eng ines the indicated coolant flow r~tes woul d he less than
today ’ s uncoated blades . This would result in better cycle perform-
ance. For example , at subso ni c cru i se, chang ing c~o 1an t blee d flow
from 7 to 2 percent would reduce fuel consumption about 5 percent.

0 UNCOATED VANE

~~~ 0 COAT ED VANE ZIRCONIA
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~~~~~~
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Fi~j ure 7. Turb ine vane test results
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PRESENT FUTURE
TEMP.. 1589 K TEMP. - 22~) K
PRESS.. 2. ~c10~ Pa PRE SS 4. 10106 Pa
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FULL-COvERAG~~~~~~~~~~~~~

S 
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INCREASING GAS TEMPERATURE AND PRESSURE

Figure 8. Cooling requirements for several  c o o l i n g  methods

The coating technique has been successfully applied to combustor
liners, and many manufacturers have brought in components , such as
diesel piston heads and valves for coating and evaluation following
company tests .

SCAR Var iable Cycle Engine Program

The Var iable Cycle Engine (VCE) program is a part of the Super-
sonic Cru ise Aircraft Research (SCAR) program directed at both civi l
and mil itary applications. A recent review of the civil VCE program
can be found in flef. 10. For this workshop the scope , objectives ,
the two prime engine candidates , and some of the background material
will be reviewed.

By definition the SCAR program is focussed on supersonic flight.
However , some VCE concepts developea in that program are being studied
for military supersonic VIOL appli cations. This review of the VCE
program Is given in order to show some of the component features that
might  be appl i cable to a subson i c VSIOL eng i ne.

F i rst , a variable cycle engine is functionally defined as an
engine which has at least two distinc t modes of operation: (1) a
hi gh airflow , low jet velocity mode for low takeoff noise and/or

~
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A SERIES OF ENGINE STUDY CONTRACTS AIMED AT IMPROVING THE

OVERALL PERFORMANCE OF SUPERSONIC CRUISE AIRCRAFT HAS PROGRESSED
TO A COMPONENT TEST PROGRAM

°OBJECT IVES
DEMONSTRATE COANNULAR NOISE REDUCTION IN LARGE SCALE
EVALUATE PERFORMANCE OF UNIQUE VCE CONCEPTS

PROVIDE BASIS FOR FUTURE EXPERIMENTAL ENGINE

°TESIBED PROGRAM BASED ON EXISTING CORES

P&W - FlOO , DUCT BURNER, COANNULAR EJECTOR NOZZLE

GE - YU 1O1 , VARIABLE FLOW FAN , COANNULAR PLUG NOZZLE

Figure 9. SCAR variable cycle program

efficient subsonic cruise; and (2) a turbojet-like higher jot
velocity , lower airflow mode for good supersonic cruise .

An overview of the VCE program is given in figure 9,wh ich shows
that the series of engine study contracts (cross-fertilized wi th
airframe stud ies) has progressed to a test of engine components .
Objectives are to: (1) demonstrate the coarinular noise reduction
in large scale (discussed later), (2) evaluate performance of uni que
VCE components (discussed later), and (3) pro’~ide a basis for a
future exper imental engine. The test bed program is based on ex-
isting cores with hardware added in order to statically test the
previ ously identi fied objectives .

The concept of coannular noise benefit as shown in Figure 10
(see insert) requires that the outer stream velocity be significantl y
hi gher than the inner stream an~ that ~he radius ratio be hig h.
Small scale test data has been used to calculate sideline noise
relative to FAR 36 in EPNdB versus jet ve l ocity (of outer stream)
for a full scale mult i-engine airplane . For single stream conven-
tional nozzles the sideline noise exceeds the FAR 36 level for jet
veloc ities greater than about i 700 feet/sec; however , the coannul ar
nozzle does not exceed FAR 36 until about 2200 feet/sec. Thus , tne
noise signature with coannular nozzles promises to be 8 to 10 dB
l ower, and the VCE concept m ay be a b le to operate below FAR 36 si nce
it can take off at l ower jet ve l ocities.

The fi rst VCE engine to he discutsed is shown in Figure 11 ar,d
is r~ fe rr~dto as a Var iable Stream Control Engine (VSCE); three
operating modes are depicted This engine has the flow path of a 
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Figure 10. Annular/coannular noise benefi t

conventional duct burning turbofan but .incorporates a unique main
combustor power schedule and extensively controls rotor speed,as
well as variable geometry in the fan , compressor , and both nozzles
to regulate the operating bypass ratio. For subsonic cruise the
duct burner is not lit, and the bypass ratio is about 1.5. During
takeoff the duct burner is lit for added thrust and for higher outer
stream jet velocity to give the coannular effect. At supersonic
cru i se the core is speeded up by increasing main combustor tempera-
ture and by manipul ating variable geometry features , thus reducing
bypass ratio and fuel consumption .

The second VCE concept , termed a double bypass engine, is shown
in Figure 12. The fan is divided into blocks of stages wi th an
auxiliary duct from the interface; flow control valves (not shown )
regulate the path of interfan air and rear fan air through different
fl ow paths in the engine for different operating modes . Some of the
auxiliary duct flow can be routed to the exhaust plug for coannular
noise suppression . Thus , at takeoff the front fan block is high
flowed” ; the core is at maximum power. At subsonic cruise the aux-
iliary duct is open and passes the excess airflow provided by the
front block; thus , at constant airflow a wide range of throttling is
possible ,thereby minimizing throttle dependent inlet and boattail
drags. For higher power operation the auxiliary duct is closed and
the tailpi pe heater is lit as needed. In this mode the cycle is
essentially that of a low bypass engine .
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~I4Yà ~~~~I~V:
INLET BYPASS DUCT ‘.-A ~ LA BLE
AIR FAN AIR B~~,ZR COMBUSTOR

LIT TEMPERATURE

TAKEOFF

SUBSONIC CRUISE

SUPERSONIC CRUISE

Figure 11 . Variable stream control engine

The combined cycle an d noise reduction benefits can be seen in
Figure 13 where range has been increased 25 percent and noise reduced
8 EPNdB compared to turbojet powered aircraft . Although not shown
the miss ion performance with large subsonic segments also benefits.

It must be admi tted that this discussion of VCE concepts is in
terms of a different app l ica t ion  tnan the subjec t of this paper.
However , a typical VTOL mi ss i on is s imi lar  in many respects : the
need for two d i fferent operating modes (high-thrust takeoff and l ow-
thrust cruise ) aggravated by the engine-out concern ; low takeoff
noise ; the need to accommodate highly throttled operation wi th good
eff i c i ency , etc. I t seem s qu i te p l aus i ble tha t fu tu re stud i es may
help iden tify a potential for so~e Forn~ of a VCE to solve these
problems for subson ic VIOL applications.
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INLET AUXILIARY INTERMEDIATE HIGH
AIR DUCT FAN COMBUSTOR COMBUSTOR

MR TEM PERATURE TEMPERA T URE

TAKEOFF

SUBSONIC CRUISE

SUPERSONIC CRUISE

Figure  12. Double bypass eng i n e

Because of the high installed thrust to lifL- off weight of VSTOL
a i rcraft , operation at cruise or loiter conditions requires generally
low throttle settings with concomi tant penal ties in thrust specifi c
fuel consumpt ion as shown in Figure 14. A typical loiter throttle
setting is about 30 percent and about 50-80 percent for cruise. The
di fference in installation effects indicated is i-elate d to the flight
conditions and the particular nacelle configuration (inlet and nozzle
effects). One option for reducing this effect is to shut down half
of the cores and power the fans with the remainder (2 fans on 1 core
or, for the previous short-haul transport , 4 fans on 2 cores); thus,
the core throttle setting would be increased to a more favorable
SFC,and lapse rate effects would need to be considered. This is , in
a sense, a variety of variable cycle. Another possibility is to
investigate whether or not a true VCE mig ht be adapted to this mode
of operation and thereby allow full airfl ow at reduced power by 
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Figure 13. Potential impact of advanced technology on aircraft
range and noise
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Fi gure 14. Effect of part throttle operation and installation
penalties on thrust specifi c fuel consumption 

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

— - - - -- ~~~~~~~ --- -~~~~~~



~ -

~~~~~ —-~~~~ 
- — ~~~~~ — ~~~~ 

—
~

-- 
~

—-

~~~~~~ 

-

68 3. L. AL L E N

mak ing use of variable geometry compo’ients , flow paths , and/or power
schedules.

Qu iet Clean Short-haul Exper imental Engine (QCSEE) Program

The goal of th is program is to provide a technology base for
powered lift aircraft propulsion by demonstrator engines and ,thus ,
is of direct interest to this short-haul aircraft workshop. One
configuration is intended for under-the —win g (UTW) application and
another for over-the-wing (01W). Figure 15 details some of the noise ,
pollution ,and thrust requirements . The noi se footprint is about 10
times l ower than that of the DC—lO, and the installed thrust/weight
ratios are to be compared wi th a value of about 3.5 for the CF6
engine in the DC-la . The dynami c response must be fast because of
operating from short runways and using propulsiv e lift . Figure 16
lists some of the advanced technology incorporated in the designs.
The variable pitch fan is li ghter and has faster response than a
conventional thrust reverser. The inlet is designed to nearly choke
the inlet flow in order to prevent the emergence of fan noise ; the
actual throat Mach number was set at 0.79 in order to avoid excessive
flow distortion . Reduction gearing reduces the number of low pressure
turbine stages. The bypass and fan pressure ratios are 11.8 and

NOISE , 500 FT SIDELINE
TAKEOFF & APPROACH , EPNdB 95
REVERSE , PNdB 100

FOOTPRINT AREA , SQ MI <0.5
POLLUTION EPA 1979 EMISSION LEVELS

INSTALLED THRUST

UTW LB 17400
FORW A RD 0TW . LB 20300
REVERSE 35% OF FORWARD THRUST

INSTALLED THRUS h WEIGHT
UTW 4.3
OTW 4.7

DYNAMIC RESPONSE
APPROACH TO TAKEOFF THRUST , SEC 1.0
REVERSE THRUST, SEC 1.5

Figure 15. QCSEE techn ical requirements 
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HIGH BYPASS RATIO ENGINES

VARIABLE PITCH FAN

VARIABLE AREA FAN NOZZLE

HIGH MACH INLET

DIGITAL ELECTRONIC CONTROLS

REDUC TION GEARING

COMPOSITE COMPONENTS

FAN BLADES

FAN FRAME

NACELLE

Figure  16. Advanced QCSEE technology

1.27 for UTW to reduce jet/flap interaction noise and 10.8 and 1.34
for 01W , respectively. Both eng i nes use the F 1 01 core,which gives
a compressor pressure ratio of about 14. The specific fuel con-
sumpt ion is 0.71 . The indicated romposite material components , in
part icular , are considere d advanced technology . The fan frame
mater ial is graphite fibers and epoxy resin.

A cut-away drawing of the UTW engine is shown in Figure 17.
The primary distinguishing features are the reversible thrust, vari-
able-p itch composite blade (18) ~an and the va ri able fla re fa n nozz le
and core plug nozzle. This engine has an uninstalled thrust/weight
ratio of 6.2. During recent reverse thrust tests , this eng ine
suffered significant fan damage when one of four exhaust nozzle
flaps failed. These flaps are in the outermost position for re-
verse thrust and have been given the coined word “exle t.” NASA Lewis
tests are scheduled for Februa ry 1978.

The 01W engine , shown in Figure 18 , has many common features,
but has a fi xed-pitch , titanium fan to l ower costs , a target type
thrus t reverser for over-the-wing discharge , and a variable area
mi xed flow “0’ nozzle for better flap performance . The uninstalled
thrust/weight ratio is 7.4. NASA Lewis tests are scheduled for
October 1977. A double annular dome low emissions conibustor has been
designed (NASA Clean Combustor Program), will be tested~ and is in-
tended for installation in the QCSEE engines. Some of the features
used to suppress noise are shown in Fi gure 19. Regions of acoustic
treatment are i ndi cate d,as well as blade spacing ratios. The r’ot r - ,-’
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pIp P 1 .26
TIP SPEED • 950 ftlsec
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‘TREA TED
LID • 0. 74 ‘- 40 LONG SPLITTER
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Figure 19. QCSEE tJTW eng ine

guide vane spac ing rat i o was selecte d to reduce b lade int eract i on
noise and the vane/blade ratio for reduced [- lade passing frequency
fbi Se.

The technology , concepts , - T r i  ~er cr~rrnanc~s be~ r-q dev’~1oped in
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thrust when vertical lift-off is required and providing for emergency
vertical landing in the event of core failure . One possible so l u t ion
to these problems is the use of water injection. The two different
lift fan power systems conside red are shown in rigure 20. For the
GAS system,the two cruise turbotip fan nace lles and one front turbo-
tip fan are powered by two body mounted gas generators with appro-
priate gas ducting, valves , and control s to transfer power’ between
nace lles (for engine-out) and to the front tan during vertical oper-
ation. Vertical thrust for the cruise nace lies is attained by vector-
ing the exhaust flow. For the SHAFT system the arrangement is similar ,
except that the fans are variable pitch units powered by turboshaft
eng i nes ,which offers the advantage of supercharg i ng the nacelle cores.
Power is transferred between nacelle s (for engine—out) and to the
front lift fan by means of shafts and gears ; vertical thrust from
the nacelles is attained by rotating the entire unit.

The ASW mission profile calls for a range of onl y 150 miles with
maximum loiter time on station at best loiter speed at an altitude
of 10,000 feet. The proposed powerplants bad fans of approximatel y
the same diameter (150 cm, 59 in GAS and 15d cm, 62 in SHAFT). The
GAS system turbotip fan was powered by a 3 97 gas generator giving
a bypass ratio of 8.02. For the SHAFT system the DDA 1701 (advanced)
t u rbo sh a f t  core was used giving a bypass ratio of 12.2. No attempt
was made in th i s phase of the st udy to optimize bypass ratio. Thus,
wi th the respective engine sizes and thrust ratings fixed and with
somewhat different airplane geometric parameters , the empty weights
and aerodynamics were calculated. Fuel was added until the ratio of
takeoff thrust to gross weight was 1.08 for v l O  and :..8 for S b .
The mission fl ight profile was flown and the resultin c loiter time
on stat ion determine - I . Fi gure 2 1 show s the v~ET/ThY thrust ratios
for various opera ’ ing m odes, ~~ rat io o~ er t- -

~~ ’u v thrust to landing
~ - i 1 h~~, and  1 omn ~~~ r i s ’n 0’ I r ii t ~
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SHAFT GAS
WET IO RY THRUST RATIO :
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Figure 21. Effect of water injection on ASW VSTOL aircraft
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Fuel Conservation by Using Turboprops

Large fleets of ASW a irplanes accumulating many thousands of
hours of patrol mission time suggest that the use of turboprop
engines should be stud ied in the nationa~ interest of fuel conser-
vation . Accordingly, a study was made using the same turboshaft
engine as the previous ASW study, but driving conventional propellers .
The configura tion assumed tilting turboprop nacelle s and a small
hori zontal tail propeller for thrust balance. Result s are shown in
Figure 22. In the top of the figure is a comparison of relative
specific fuel consumption versus cruise Mach number for advanced tur-
bofan , convent ional turboprop, and turboprop wi th advanced high-speed
propeller engines . The conventional turboprop offers 28 percent fuel
saving compared with the turbofa n at Mach number 0.65. Although some
ASW mult i-purpose mission profiles call for M=0.8, the percent of
mission time at that condition is small. If some compromise in the
mission fl ight profile is acceptable, turboprops were considered a
viable candidate ; therefore , the stt!dy was concent ra ted o n t he
4 hou r loiter performance . The curves of fuel weight and fuel plus
engine weight for current and growth turboshaft engines relative to
turbofans (same core) as a function of propeller disk loading are
shown in the bottom of the figure . Fuel savings of be tween ~5 and 45percent, depending on disk loading and core , are attractive . Since

ADVANCED TURBOFAN
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the trend of propeller plus core plus gear box weight is the reverse
of that for the fuel weight, the combined effect appears rather flat
as a function of disk loading as shown in the right hand part of
Figure 22. The savings in fuel plus engine weight vary from 1 7 to 25
percent compared with turbofan propulsion. This saving could be in-
vested in a smaller airframe to do the mission. The propeller dia-
meters varied from 18 to 12.8 feet with disk loading. The smaller
di ameters are more at tract i ve from a conf igur at i on po i nt of v i ew , but
cost several percent in fuel consumption. Mini -shrouds might be con-
sidered for further diameter reductions. The advanced high-speed
propeller turboprop is included in the top of the figure for comparison
of the relat ive hig h speed perfor ma nce; howeve r , the high-speed pro-
peller technology is not applicable to the application previously
gi ven where a hi gh value of sta ti c thrus t to horse powe r i s needed in
the vertical mode . This is the result of designing to minimi ze
high-speed losses and gives very th i n , low cam bered blades ,wh i ch i s
the reverse of what is required for high static performance. If ,
however , the airplane has no vertical lift-off requirement , the ad-
vanced high speed propeller would be a possible choice.

SUMMARY

The possible impact of advances in engine thrust/weight ratio
and reduction in specific fuel consumption were shown to be of
greater significance for short-haul VIOL aircraft as opposed to STOL
or CTOL aircraft. For military multi-purpose VTCL aircraft the po-
tential benefit of using water injection for emergency power was
shown, as well ms the fuel conse .-atiori t~ )d r cou ld i -  Pp ~~]i7(-d t-.~ ~‘~in q
t : ~rh0prOp enq ina -. .
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DISCUSSION
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has work to be done in the noise aie a , and they are also 1oo~ ing ii ’
that program at what you have to do to the fuse lage to da m pen out
propeller noise and things of that sort

I think your question refers to Figure 22, w r u ich  ind ica tes  lowe r
fuel consumption at large propeller diameters compared wi th turbo fans .
A noise comparison was not calculated in that  stud y.

GOETHERT :

Could you at least give us sonic ind ication on the noise? Is
it not so that for some of your test points , wi th high or low fuel
consumption , you m ay have high speeds?  I do not know whether you go
into supersonic RPM-range , and then the noise should be very bad.

A L L E N :

I do not know what the noise in comparison would he.

GOETHERT :

Could I hav e a no the r q u e s t i o n ?  I noticed that most of your
curves were shown for thrust -to-weight ratios (of the eng ine) up to
7 or 8. This ratio would go up considerably for lift engines which
are designed for short oper-~-ut ion ti :1C Can ’ t we e x p e c t .  the n , a gain
in thrust—to-weight ra t io ,  s~y . up tcu 10 or 15?

ALLL N :

- is wh~~i~ we wi . ul d 1 I e he . ai- i ‘ • . . . some * ‘ ‘
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turbofan and a turboprop in terms of installed specific fuel con-
sumption and weight.

HILL :

That is essent ially the same k i nd of problems tha t you hav e w it h
a h igh bypass turbofan also , though. I was wondering if there was
not the poss i bi li ty of essen tl a i l y compromising between the two .

ALLEN :

I th i nk there coul d be , and Reference S does point to a contractor
study that covered ducted sh rouded propelle rs i n compa ri so n w i th
turbofans in terms of weight and performance. Basically, adding
the shroud introduces parasitic losses , such as sh roud drag, interna l
duct ing, and nozzle pressure losses , which can become very dominant
at the low pressure ratios associated wi th propollers.

DENNING : (Rolls-Royce (1971) Limi ted)

You have put a lot of emphas 4 s in your talk on high thrust-to-
we ight rat ios and coat i ng for two i nch bla des - to get the lea ding
edge temperatures down — a nd wa ter i njec ti on and com~osite materials;as I have understoo d , the Navy is very interested in reliability. And ,
I am wondering whether you thirk the two can go together?

ALLEN :

You are thinki n q about the -T : -~ T inQ cu r vi - ; irq water ir ject ion

DENNI NG :

h a t  so’ t O n~ . yes ~ ‘ r * ; en r  ~ r 11 • 
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PINSON : (University of Dayton )

I want to ask d quest ion i n rega rd to perfo rmance of the a dva nce d
turboprop propeller. For years , we have been see ing curves show ing
propellers cruis ing at Mach 0.85. Is there sufficient research in
being (not the propfan , but related to the turbo-prop) to indicate
that th i s i s feasible?

ALLEN :

We 1l ,~ I did not indicate any conventional turbo-prop cruising at
0.85. The performance used in those calculations was from the Hami l-
ton Standard Prope lle r  Pe rformanc e Estimation Manuals. Reference 8
presents an overv iew of 1950 research prope llers and operational
propellers . At Mach 0.85, the highest efficiency for research pro-
pellers was about 0.7. The advanced high-speed propeller (prop fan )
model SR-2 achieved 0.79 efficiency at Mach 0.8.
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ABS T RACT

W hen t ur b i n e  e ng i n es were introduced for helicopter propulsion ,
they were not readily accepted , even thou gh dramati c improvements in
load-carrying capabi l ities were promised. There -~ere many debates
on affordab ility and reliabi lity , which led to question s on m~he th e r
gas turbines coul d prove themselves suite~ to su ch vehicles. The
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1.0 INTRODUCTION

The advent of turbine engines has added significantly to the
F uti li ty of helicopters and has opened new areas of application.

Although most of the deve l opments have been aimed at military needs ,
we now find that many of these veh icles meet unique requirements
that could not be met by any other mach ine. However , i t has been
an easy transformation , and hel icopters still demand heavy engi-
neering attention to complex details. Foremost among the areas of
continuing concern is engine-airframe integration. The demands for
reducing pilot work load have , in themselves , i ntroduced new des ig n
requirements alon g with more complex and more costly subsystems .

Perhaps a few illustrat ions to describe progress over recent
years might be appropri ate. Figure 1 shows one of the major reasons
for adopting the turbine engine. As can be seen , the large reduc-
tion in power plant weight led to dramatic improvements in load-
carrying capabil ity. Not too long ago , when reciprocatin g engines
were the main power source , the eng ine alone accounted for roughly
15 percent of the vehicle gross weight. Now , the figure i s about
5 percent. Wh ile we have reduced engine weight , we surely would be
in a stronger position if we could make further improvements in fuel
consumption and reliabil ity . Figure 2 shows typical curves of fuel
consumption versus horsepower for two representative levels of
technology. Although the gains have been impressive , the penalt ies
at part power in the range of normal flight must occupy a large share
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1 

__________________________________ 
TYPICAL IUR BOSN A H E NGIN E S

~~ 1
______________________________________________ I 4 G ~N1

A~~ O ’4162.~~~~~

TY PICAl TURBOJET AND T EIRBOEAN ENGIN ES

0 3 4 4 7

UNSCHEDULED ENGIN E DEMO V&L DM1
INUMII 4 P44 000 H4~

Figure 3. Engin e Removals

~~z!~: 4~~~• ~~ ‘
‘3”

Figure 4. Sand and Dust Envir onment
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conditions that are extremely difficult to handle. An indication
of the severity imposed is shown in Figure 4. Hidden well inside
that dust cloud i s a hel i co pter, and you can appreciate the effect
on man and machine , al ike . The en~~reE , of cour:e , wi fl ingest the
contaminated air unless some form of protection is providec 1 ; there-
fore , new engines being introduced into the Army inventory wi l have
integral particle separators as part of the engine. Thus, we hav e
given attention to at least one aspect of the solution , but we are
still far from an understanding of the interface problems related to
engine placement and the var iety of inlet co ndi t ions that the engi ne
will face. Despite this concern , the newest engine to enter the
inventory , the 1700, thus far has shown a commendable degree of
rel iability and attention to interface that plagued earlier develop-
ment projects. An illustrati on of that engine is given in igure 5.
As can be seen , it includes the integral particle separator mentioned
earl ier. This engine has been chosen to power the Army ’s Utility
Tactical Transport Aircraft System (Fi gure 6) and the Advanced Attac k
Hel icopter (Figure 7). Very likely the engine , or versions of it ,

• will find a home in commercial and other military vehicles.

The trend toward the l ightweight and small propulsion package
usually is accompan ied by the term “hig h perfo rmance .” To the A rmy ,
this means pushing toward higher pressure ratio cycles wi th higher
turb ine-inlet temperatures. For the la rge commerc i al and m i litary
aircraft powered by turbine engines , it ~s safe to say that they a~ewhere we want to be. Fi gure 8 shows a ty~i ca1 plot o f spec i f i c fuel
consumpt ion versus specifi c power for the small turboshaft engine of
interest to us. Also shown is the infl uence of compressor pressure
ratio and turbine inlet temperature on performance. Just as with t~ e
la rge turbojets and turbofens , we are trying to move downward and to
the right. Today , we are in the shaded area . But we ~re talkingabout eng ines that are dramatically different in size , as illustrate d
in Figure 9. This kind of difference, alone , introduces p rob lem s
un ique enough to force emphasis on performar .ce-relateo technologies
beyond those considered in large engines. Not only does it prevent
us from moving rapidly down the technology trail , but t plays a
role in making our interface with the airframe a more complex one to
manage or to predict. Some of our concerns are easily recognized ,
such as : shaft speeds as high as 50,000 rpm and more ; cooled turhinc
blades less than one-inch in height; compressor blades less than a
half- inch tall; and small but high-speed bearings . For this reason ,
the nature of our l imi tations may be different in many respects from
those normally faced in other vehicles. Therefore , we have had to
learn d i fferent lessons , and applying them has been both expensive
and time consuming.

Of course , there are many ite ss critical to proper integration
of the eng ine and airframe . Tr, u;, it iea~~ ach i ev i nq overa ’l
compat ibility , including consideration of a va~-iety o~ opc-rat ng

_  _ _  _  _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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80 — COMPRESSOR
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Figure 8. Influence of Turb ine - Inlet Temperature and Pressure
Ratio on Engine Performance
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AREAS OF EMPHASIS

ENGINE-AIRFRAME COMPATIBILITY

* Critical Responses to Vibration Cyclic Endurance 
=

Dynamic Analyses and Tests Emergency/Contingency Power
Abusive Tests/Simulations * Foreign Object Ingestion!

* Transient Response Characteristics Eros ion

* Control Response/Stability Anti-f cing/De-Icing

Structural Integrity/Containment Eng~ne Accessories/Qualifica-

Stiffness/Damping/Mounting System Emissions (Noise, Smoke)
* Output-Shaft Speed/Connections 

* Exhaust System
Maintainability Infra—Red Protection
Starting Requirements 

* Inlet Distortion
Electronic Interference Signals
Subsystem Interfaces (Electrical , Hydraulic , Pneumatic , Fuel , Oil)

Hand—in-Hand Communication Among Parties (Government and Contractors )
Fire Detection * DISCUSSED IN PAPER

* Heat Rejection

Figure 10. Areas of Emphasis

environments. Figure 10 Is a listing of some of the aspects that
require special attention and , sometimes , extensive testing.
Obvi ously, we cannot cover all of these items in this discussion;
however , we have chosen those for presentation that we believe will
illustrate some of the needs in modern helicopters .

2.0 RECENT PRACTICES AND REQUIREMENTS

In keeping with the objective of this workshop , we will attempt
to evolve concepts in engine-ai rframe integration as related to
military hel icopters. A large share of the experience in that area
has been wi th the US Army, and the primary emphasis has been on gas
turbines. For that reason , some of the Army ’s recent practices and
problems will be reviewed prior to addressing future requirements
and advanced concepts. Due to di fficulties encountered during
recent engineering development/qualification testing and after field
operations , our present-day heTicopters have added to the lessons

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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learned . In particular , over the last ten years we have been faced
with some new system development programs , such as the Utility
Tactical Transport Aircraft System (UTTAS) and the Advanced Attack
Helicopter (AAH), both of which have given us an opportunity to
apply the lessons. In addition , we have pursued major modifications
or continued development of the AH- l (Cobra), the CH-47 (Chinook),
and the OH—6/OH—58 Light Observation Helicopters (LOH).

Throughout these programs , there have been two major concerns- -
one is the development requirements described by the specification ,
and the other is the end use of the vehi cle in the A rmy environment.
Bringing these two aspects together realisti cally, wi thout intro-
ducing unnecessary development cost and , at the same time , account-
ing for past problems so as to avoid repeating mistakes , has been
the dilemma. It forces a continual reassessment; although the
process has not eliminated the problems , it has paid great dividends
in the UTTAS and AAH .

2.1 Turbine Engines

Prior to 1971 , the Army had generated requirements based on
MIL-E-8593 through MIL-E—8597 series engine specifications , which
were generated in the mid 1950’s. Although tn —service approved ,
these specifications were primarily Air Force documents . The two
points to be made here are that the specifications were relatively
old and were primarily concerned with turboprop engines. Many
important design considerat ions for helicopter applications were
not addressed . Examples of such omissions are polar moment of
inertia and torsional spring constants (referred to engine output-
shaft speed) that define stability and compatibility requirements
for installed operation of the engine/fuel control/aircraft rotor
drive system. Others are turbine overspeed and overtemperature
protection and demonstration requirements ; environmental concerns,
such as sand , dust , and ice ingestio n ; and structural aspects
involving low-cycle fati gue and engine stiffness.

The initial efforts and experience in the early 1960’s showed
that if turbine engines were to be successful in the Army environ-
ment , major new design and test requirements would be needed.
Briefly, the A rmy environment meant that turbine engines would be
exposed to the deteriorating effects oE hi gh concentrations of sand
and dirt , high vibration levels , temperature extremes,and structural
fatigue . It was clear that considerable enlargement and redefini-
tion of design requ’rements were necessary ; therefore , in early
1970, the Army began the task of generating its own engine specifica-
tion . Primari l y, t ils ~pec~ficetion was aimed at development of the
new 1500 SHP turbine engine , later to become the T700-GE-700 eng ine
now used in the UTTAS and AAH . The intent of the new specification 
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was to take into account the expected technology level , to address
the Army envi ronment , and to close the gap between the design
requirements and the demonstration tests.

In part , this activity later contributed to a new tn -service
MIL-E-8593A speci fication , which was approved late last year after
a lengthy and detailed coordinated effort.

2.2 Airframes

Until recently, engine-airframe interfaces were defined in a
general sense , wi th no sp~cifi c design or demonstration testsrequired by specifi cation . Initial programs , such as the Light
Observation Helicopter (OH-6/OH-58), were based on requirements
established by the Federal Aviation Administration (FAA). By this
approach , it was necessary that some specific requi rements be
negotiated with the FAA . Wi th that recognition , some programs
attempted to adopt Air Force and/or Navy requirements , but , in
general , they were slanted toward fixed-wing aircraft and were not
totally satisfactory . Therefore , in the late 1960’s, through a
series of in-house investigations and industry contracts, the Army
undertook preparation of the Army Designers Handbook for Detail
Design and Test Assurance (AMCP 706-202 and 706-203). The Test
Assurance volume ~706-2O3) was incorporated in all subsequent hel i-
copter projects, including the UTTAS and AAH . While primarily an
air-frame-oriented document, it established requirements for
propulsion system: “Surveys” and “Demonstrations ” in all propulsion-
related areas , and it placed special requirements on the airframe
prime contractor as the system integrator.

To establish general compatibility , propulsion system surveys
are required early in the airframe development program. The pre-
ferred approach is to use “YT” Preliminary Flight Rated (PFR)
engines , so that if engine or airframe design changes are requi red ,
they can be identified early enough to be implemented prior •to full
engine qualifications. Along with general compatibility , the
surveys Include engine installed vibration , propulsion system cooling,
air Induction , and exhaust. The airframe contractor is required to
investigate his propulsi on systems thoroughly prior to finalizing
his design and entering into the official demonstration . These
demonstrations are expanded surveys, but are directed toward specific
requirements (test points) in both ground and flight tests. They are
the basis for the approval of:

a. engine air induction system
b. propulsion system temperature
c. engine vibration 
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d. lubrication subsystem
e. fuel subsystem
f. engine-airframe compatibility
g. transmission and drive train
h. clutches , brakes , shafting , couplings , and bearings
i. accessories

3.0 HELICOPTER FIELD DATA

To establish design cri teri a for future helicopters , it has been
necessary to update and incorporate information on field use, based
on various combat, supply, and utility missions. Typical of these
recent studies are one performed for the Southeast Asia arena and
one conducted in the Alaska environment. In both cases , several
types of helicopters were instrumented extensively to establish
operating conditions , power excursions , and general use of engines
so as to provide background and feedback for design purposes. mi -
tially, the data were used to assess helicopter structural loads and
to analyze helicopter dri ve system operation. Data were obtained
from 336 flight hours of AH-1Q , 216 hours of OH-6A , and 203 hours of
UH-1H operation during combat missions in Southeast Asia and about
160 hours of OH-lH operation in utility missions in Alaska. A
summary of the pertinent engine fl i ght data gathered from the South-
east Asia operation is shown in Table 1.

TABLE 1. ENGINE FLIGHT DATA

AH-lG UH-lH OH-6A
Total Flights 259 249 218
Total Flight Time (hr) 336 203 216
Total Engine Starts 342 242 242
Average Altitude (ft) 2000 1780 2400
Average OAT (°F) 85 84 92

For this paper , interest is focused on the load spectrum , the
flight duration , the number of starts , and the number of rapid power
excursions. Our concern has been to define properly those specifica-
tion requirements which must be met to realistically represent field
use. For example , it gives us some insi ght into the stress-rupture
design requirements for the hot end of the gas turbine , in addition
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to providing background for bearing design/life criteria , low-cycle
fatigue (LCF), and overall deterioration . Today , our new specifica-
tions call for 5,000 hours design life with the expectation that 15
percent of this time (750 hours) will be spent at Intermediate Rated
Power (IRP). The specification also requires a capability to perform
15,000 LCF cycles (3 LCF cycles per hour).

Figures 11 through 14 present only a few of the histograms of
the percentage of time at vari ous power levels and fl i ght lengths.
The report from which the data have been deri ved shows some signifi-
cant operational differences. For example , the UH-1H helicopters in
Alaska spent about three-fourths of the time in the 60 to 65 percent
power range, while those in Southeast Asia averaged about one-fourth
of the time in this range. For comparison , during short and medium
length flights with the AG-1G , an average of 40 percent of the time
was spent above 60 percent power. Wi th these variations , it is clear
that we cannot establish specifi cation requirements that will apply
universally. The same concern is illustrated in Table 2, where
rapid power excursions for the three helicopter types operating in
Southeast Asia are shown.
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TABLE 2. RAPID POWER EXCURSIONS

Aircraft Type Number of Excursions Excursions Per Hour

OH-6A 5884 27
UH-lH 415 2
AH-1G 348 1

In this study, rapid power excursions were defined as:

a. a change in power up or down by 25 to 34 percent of IRP
wi thin 3 seconds or less

b. a change in power up or down by 35 to 40 percent of IRP
wi thin 6 seconds or less

c. a change in power up or down by 50 to 75 percent of IRP
within 9 seconds or less

~ 
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As can be seen , the OH-6A experienced over ten time s as many
rapid power excursions as the UH-1H. Again , the difference is due ,
in large measure , to their basic missions. •Another factor to be
considered is that the data for the AH— 1G and the UH-1H were
obtained during the early years of the confl ict when the helicopters
flew at relati vely high altitudes with little hover time so as to
avoid small-arms fire. On the other hand , the OH-6A appears to have
been used more extensively to fly low-leve l , high-speed missions ,
similar to nap-of-the-earth (NOE).

Based on these studies , one can conclude that our requirements
to design for 15 percent of the engi ne ’ s life at IRP is conservative
and will enlarge our field capability . As regards the requirement
for 15 ,000 LCF cycles , again it would appear that we are conserva-
tive , based on the UH-1H and AH-lG data . However, we now have a
further complication with present emphasis toward NOE type of flight ,
and we must determine whether the 5,000-hour design life wi th 15
percent of this time at IRP is adequate . In this case , if the OH-6A
data are representative , our ‘5 ,000 cycles (LCF) design requirement
might not meet the need. This remains as a continuing area of
concern , and we are still struggling to devise representative test
cycles to account for field usage. Thus , we need to find ways to
correlate and accelerate testing performed at the factory , so as to
shorten the development and qualification time .

4.0 SELECTED AREAS FOR R&D EMPHASIS

Although it is clear that the new development requirements
described in the documents noted above have avoided a repeat of some
of the many earlier obstacles , the complexity of engine-airframe
integration leaves many areas open for continued research and
development. They include engine heat rejection , structural
integrity , high engine -output-shaft speeds , air-induction systems ,
power management (controls) engine vibration limits , and engine-air-
frame dynamics.

4.1 Heat Rejection

There has always been a motivation to improve gas turbine
efficiency in terms of Specific Fuel Consumption (SFC) and power-to-
weight ratio (HP/WT). Along with these desires , and of equal or
greater importance to the user , is acq uisition cost. One way to
reduce engine cost is to reduce the number of parts , particularly
the rotating elements. During the past decade , there have been
remarkable gains in gas turb ine component technology . Some of them
partially satisfy this desire ~or l ower cost; as an example ,
Figure 15 illustrates an increased compressor loading (work per 
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stage), by which fewer compressor stages are needed to reach the
desired pressure ratio. At the same time , efficiency improvements
have demonstrated that g~ins in SFC , as well as cost , are being
realized. While the push toward higher pressure ratio and increased
gas temperature has been essential , we also find that we must give
more attention to heat rejection from the engine bay. With the new
technology , compressors are operating with discharge air temperatures
in excess of 800°F; consequently, what has been referred to as a cold
section of a gas turb i ne is no longer cold , and the higher surface
temperatures present a greater challenge to the airframer. Therefore ,
we must recognize the requirement to provi de extra cooling at several
key locations to prevent critical controls ano accessories from
exceeding their temperature limits.

Beyond these temperature-related concerns , the desire for ease
of maintenance at the depot level usually means more split lines for
the compressor section. For small engines , it introduces more chances
for high-pressure leakage and a likelihood that hot air and gases
will impinge on critical areas in the engine compartment. Although
the burden is on the engine designer to prevent leakage , the air-
framer now must recognize the potential diffic ulties , and must locate
the aircraft controls (actuators ) and route the fuel lines and
electrical harnesses in such a way that they will not be affected.
Obviously, the engine and airfrarie manufacturers must work even
closer together during the enti re development program .

Before initiating the 1500 SHP Advanced Technology Demonstrator
Engine program (1966), the Army solicited comments and suggestions
from the helicopter industry in an attempt to incorporate their
desires wherever appropriate . This approach proved to be valuable ,
and many suggestions were adopted. One criticism was that the engine
specifications did not provide the needed information on heat re-
jection ; the typical requi red information provided to the airframer
is shown in Figure 16. It was a very simple display of surface
temperatures at several l ocations , and there was no indication of
the amount of cooling required. Meeting the requirements for cool-
ing accessories and controls involved expensive flight tests , and it
was common to find trial-and -error solu tions to overheating problems .
Therefore, the joint effort , stimulated by the 1 966 exercise ,
resulted in a new approach to defining requirements as shown in
Figure 17. The recently revised and approved MIL-E-8593A engine
specification now incorporates heat rejection information similar to
this illustration. i4ote that the curves show the amount of heat
removed (BTU/HR/IN), along with the effect on surface temperature .
In the area of the cornbu stor case (stations 218 to 222), for example,
if no heat were rer r,ved by the airfran,er (stagnant air), the surface
temperature would be in the rancoe of fror 932°F (500°C) to 1202CF
(650°C). If 4,000 BTU/HR (1000 bTU/~1R/IN x 4 inches ) were removed ,
the surface temperature would d m 7  to a range o~ from 572°F (30O~C) 
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to 842°F (450°C). A different example can be developed at station
216. Here, near to the centrifugal compressor , the internal air
velocities are high , and cooling the external surface will be quite
difficult. In addition , space where accessories and controls can be
cooled effectively is limi ted , and the challenge to the airframer
is increasing wi th each generation of engines. At the same time , the
engine manufacturer must consider using engine-mounted components
that are capable of wi thstanding the hi gher temperature environment
without malfunctions. This point is emphasized when recalling the
potential leakage of hot air and gases through joints and flanges.
The effect on performance can be expensive , in addition to compounding
the coo1in~ problems .

To place the performance penalty in perspective , every one
percent of compressed air lost results in about a 3 percen t loss in
power. In small engines , the amount of air lost through the flanges
can be as high as 2 percent of the main flow , and it should be
recognized that leakage losses need much more attention th4in those
in large turbojets and turbofans using the same design ap~iroaches.The problem can be reduced to the simple relation shown in Hgure 18,
where it can be seen that the potential leakage area compared wit ‘he
core mass flow increases with smaller engines. At the same time ,
the trend t~oward a small size for a given amount of power , brought
about by component technology improvements , diminishes the available
space for mounting temperature—critical components. Figure 19 shows
this trend. However, because of the need to use inlet particle
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Figure 18. Typical Flange Leakage Areas 
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separators , such as the one used on the T700 engine, there is some
opportunity to mount these components forward in a new “cold end. ”

4.2 Shaft Speed

With the trend toward higher turbine—inlet temperature and
increased specifi c power (HP/LBS/SEC), a 2,000 SHP engine of today
requires about 12 pounds of airfl ow per second , compared ~-sith 18 pou;~dsper second in the mid-1960’s. Therefore , the aerodynamic components

- are smal’ -~r, but the shaft speeds are forced upward to maximi zeefficiency and to minimize weight. A simplifi ed rel ationship is
shown in Figure 20. In parti cular , the higher engine output speeds
(input at the transmission) pose some problems to the mechanical
desi gner , and he may be faced with such situations as supercritical
shaft speeds and bearing limitations. Therefore, it has become
comon to consider flexible bearing supports to minimi ze vibrations.
One such method uses squeeze—film dampers (a typical installation is
shown in Figure 21). The outer face of the rolling element bearing
is fitted in the bearing support structure with an oil -filled
radial clearance that can range from 0.01 to 0.0005 inch , depending
upon the design. The dynamic Forces acting on the bearing , and the
resulting motions of the bearing outer race, produce corresponding
hydrodynamic forces in the squeeze-film which oppose the dynami c
motions. Thus , the squeeze-film action takes the form of a spring
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and damper system and reduces the forces that are transmi tted to the
bearlng supports. Recent experience on the part of engine manufac-
turers indi cates that the use of squeeze-film dampers significantly
reduces engine vibration and lowers the rejection rate caused by
rotor-shaft unbalance. However, squeeze-film dampers must be
tailored to each dynami c situation; there mi ght even be cases where
the result is 1955 desirable than if the bearings were mounted in
rigid supports. It is also interesting to note that until recently,
many successful applications of these dampers were arri ved at by
trial -and-error.

Not all squeeze-film damper designs contain the end seals shown
in Figure 21 , and there have been cases where special seals were
added. They can take the form of “0” rings or piston seals , and , inmost cases , an improvement in damping has been noted. There is no
single solution to integrating the hi gh-speed output shaft in the
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a i r f rame , but it is apparent that the engine and airframe manufac-
turers must share the burden and the development of new techniques.

4.3 Mr-I~ ij ct ion Syst ems

Helicopter inlet desi gns must consider a multitude of factors ;
among them are temperature rise , pressure loss , anti -icing, and
protection against FOD and sand and dust. In addition to the basic
pressure and temperature considerations, the system must minimi ze
the effects of flow distortion under disturbed airf l ow conditions
caused by rotor downwash and wakes dur ing hover , low-speed maneuvers ,
ground effects interactions (vor t ices ) ,  wi nd shear , and exhaust gas
recircul ation . It is recognized that because a helicopte r travels
at a relatively slow speed when compared to most fixed-wing
military aircraft , engine -inlet pressure distortion and its effect
on compressor performance/durabili ty is less. Therefore , during
recent development programs , inlets were designed primarily to
protect aga inst ingestion of foreign objects and sand and dust. In
the 1700-GE-700 eng ine , for example , the integral inlet-particle
separator tends to minir’ize distortions inasmuch as it provides
additional length of trave~ for mixing the low-velocity , distorted
air mass. In addition , it i~ coroorates swirl and deswirl vanes ,
which also tend to mix out the distortion ahead of the compressor.
In this case , it is also recognized that the separator introduces
some performance penalty over that of a conventional inlet; however ,
we have learned that the protection must not be added as an after-
thought. Therefore, from an engine-performance standpoint , the engine
is rated with the built -in protection , and the separator is standard
as an integral part of the 1700. The inlet also includes total anti-
icing protection . Here , too . there is some penalty due to the
extremely large area that must be protected , and the use of engine
bleed air for heating has an adverse effect on engine pe rformance .
Even though there are some install ation restraints , the system pro-
v ides the needed separation eff iciency and the fi rst totally anti -
iced inlet.

Despite this posi t ive development , helicopter engines have not
been totally free of hot-gas ingestion and an occasional com pressor
stall. Inlet heating and temperature distortions occur , as a
general ru le , during low- speed fli ght near the ground (landing, for
example ), or duri ng low-speed fli ght wi th strong quarter/tai l winds .
This situation is depicted in Fi gure 22. In such cases, the rotor
downwash tends to turn the exhaust toward the center of the rotor
when engine exhaust velocity is low. Here , the exhaust gases
become entrained in the downwash , and the resulting flow patterns
are unpredictable. he causes can be understood in a genera l sense
by recognizing that the eng ir~ manufacturer str ives to minimize back
pressure at the turbine-exit plane for performance reasons. There-
fore , a diffusing tailpipe is used , and the result is a low exhaust
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Figure 22. Exhaust Circulation

ve locity at the end of the pipe . Having completed the development,
qualification , and acceptance tests on that basis , the engine manufac-
turer has met his requirements , and the airframer then must make an
installation decision . He can either use the engine specifi cation
exhaust pipe or use a smaller one to increase the exhaust velocity
and accept some loss in power. If he chooses the first , he may
encounter the low exhaust veloci ty and the reingestion problem. If
he elects to take the performance penalty and use the smaller pipe ,
he will stand a better chance of having the higher velocity exhaust
gases escape the downwash.

Due to the random and unsteady nature of the inlet-flow field ,
it is difficul t to identi fy all the contributing factors to engine
stalls. After extensive testing of both the engine and the aircraft
system, it has been determi ned that in certain combinations of flight
attitude and speed , a rapid temperature ri se can occur over an
extremely short time frame . This phenomenon was observed only after
rapid response thermocouples and pressure transducers were integrated
into an airframe instrumentation package to survey the inlet profile.
Depending on the rate of pressure change , it is possible to produce
a phase mi smatch between the inlet and exit. It also forces the
compressor to opera te at a pressure ratio too hi gh for its perceived
corrected speed, and the flow becomes unstable. Two effects should
be noted: wi th pure pressure distortion , the mismatch is produced
by raisin g the pressure ratio at constant corrected speed; wi th
pure temperature distortion , the mi smatch results at approximately
constant pressure ratio, but at a reduced corrected speed. Both types 
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of dynamic distortion have been observed , and it is clear that stalls
could be initiated by a combination of both , even though the magni-
tude of steady-state distortion is within engine limi ts for surge-
fee operation . A situation showing the difference in temperature
effects between steady-state and dynamic conditions is given in
Figure 23.
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Several actions are requi red to preclude the occurrence of such
inlet problems in the future. Perhaps we should consider incorpor-
ating a minimum exhaust gas velocity in our engine specifications.
Although it will not eliminate engine stalls , it will contribute to
correcting two situations that now exist- -exhaust ingestion and
installati on performance loss. At the same time , the sensitivity
of turbine engines to inlet distortion needs better understanding.
Rather than limiting engine demonstrations to surge-free operation
at di screte values of radial and circumferential steady-state
pressure distortion (as required by current specif icat ions) , the
loss in surge margin as a function of both steady -state and dynami c
distorti on should be considered. In that regard , the illustration
in Fi gure 24 serves as a suggestion to assist in prescribing
representative limi ts. The purpose would be to establish more
meaningful distorti on limits for the airframe inlet. In addition ,
the level of distortion in a particular airframe must be measured
accurately early in development when there is still time to make
corrections. Beyond these steps , it would appear that specifi c
helicopter design parameters , as related to dynamic distortion , need
to be reviewed. Such variables as engine exhaust duct-to -tail rotor
distance , engine position relative to the main rotor mast , eng ine
height above the ground , and engine distance below the main rotor
need to be analyzed so that design guidelines can be established.
Here, as in all airframe integration areas , engine and airframe
requirements must be brought together and made mutually compatible.

One obvious suggestion , aimed at the engine manufacturer , is to
improve the surge margin; but there are practical limits , and we must
consider the problem of how to enlarge the surge margin wi thout
signifi cantly reducing the compre ssor ’ s performance. Unfortunately,
this paper will not provide the solution , but we have attempted to
identify (in Figure 25) most of the situations that must be con-
sidered to meet the need. Surge margin is defi ned as the difference
between pressure ratios at surge and the steady-state operating
point (at constant airflow) divided by the pressure ratio at the
steady—state point. As shown in Figure 25, the largest contributor
to the surge margin requirement is the installation itself , based
on the latest assessments of inlet distortion effects. Alone , this
item accounts for 8 percentage points of the 18.5 percent needed .
Next , the engine transients require about 3 percent for acceleration
and shifts in the surge line caused by such factors as variable
guide vane movements. The third item , related to engine and fuel
control variations and toleran ces , amounts to a requirement of about
4 percent. The last item , deterioration over the engine life span ,
is estimated as 3.5 percent. Some of these va l ues can be reduced
wi th rapid-response sensors , but many devices cannot communicate
rapidly wi th hydromech anical fuel controls. On the other hand , such
modern sensors as thermistors are well suited to electronic fuel
controls , and that appears to be the direction for the future . 
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SURGE MARGIN REQUIREMENTS

Installation Effects:
Inlet Pressure Distortion
Gas Ingestion 10° F/sec 8.O~

Engine Transients 3.0%

Engine to Engine & Control Variations 4.0%

Deterioration Over the Life of Engine 3.5%
SURGE MARGIN TOTAL 18.5%

Figure 25. Surge Margin Requirements

4.4 Vibration

Engine installed vibration has been a concern in varying degrees
with every Army helicopter. Clearly, there has been a tendency to
break eng ine hardware , such as external brackets and fuel lines,
early in the development stage. In other cases , problems have been
discovered in the field , and the results have been traumatic ,
involving fuel control malfunctions , and failed actuators,engine
housings , and internal parts . As a result, many changes have been
made in requirements for data , and , in some cases , specifications
have been rewritten completel.. ~

- enhance engine-airframe compat-
ibiiity . Even so, it is evident that as the aircraft programs
mature through full engine/airframe qualifi cation testing, it will
be necessary to establish a better basis for vibration limits .

To achieve life improvements , military requirements have been
tightened from the earlier ± 0.15 g to ± 0.05 g up to the cruise
speed . Although this step increased the burden on the airframe
manufacturer , its purposes were to improve system reliability ,
reduce pilot fatigue , increase passenger comfort , and extend system
life . However, it has also increased the demands for a better
propulsion system interface .

One approach to meeting the new military system requirements
is to soft-mount the transmission wi thin the limi ts of the dri ve
shaft misalignment. However , the desire for greater freedom of
motion , along wi th high engine-shaft speeds , places greater demands
on shaft couplings than before . Most of the couplings are limi ted
to approxlmtely one-half degree of angular misalignment at the
continuous rating. Typically, they have been stacked in series to
acconinodate the misalignment , but such an arrangement is undesir able , 
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especially when some helicopter manufacturers envision a future
requirement for as much as six degrees. To meet. the demand at an
affordable cost and weight wi~ l be most difficult and will involve
considerable research and development. As a fi rst step toward that
goal , the Army has initiated one such program , with the near—term
objective of developing a high-speed , flexible coupling that wil l
satisfy the following requirements:

° Horsepower 1500
° Speed , rpm 20,000
° Weight , lb <1
° Angular Misalignment:

Continuous, deg 3
Transient , deg 5

One coupling derived from this program is shown in Figure 26.
Its size is approximately 5 inches in diameter. Although the work
is not yet completed , tests conducted to date cite that this
coupl ing has the potential of meeting the program objectives in terms
of weig ht , speed , and power , but at roughly half of the misalignment
requirement. The development effort is continui ng; however , reaching

a all of the objectives will require further research.

In reviewing the experience documented during the recent UTTAS
and AAH competitions , it was clear that the airframe manufacturers
had different approaches to engine vibration assessment and analysis.
Evaluations were di fficult , partly because there was no militar y or
industry-wide standard for measuring inst alled vibration of turbo-
shaft engines . Typically, each engine manufacture r establishes the
initial vibration requirement (tolerable limits) for his own engines ,
and in general , they are based on his past experience. Further, the
method of measurement and analysis in the vehicle environment has
been based on the particular airframe manufacturer ’s experience .
The techniques generally are his own , exclusively. As such, combin-
ing the engine manufacturer ’s parochial view wi th the airframe manu-
facturer ’s approach results in such di fferences that correlations
and comparisons between eng ine ins tallations are very difficult.

Again , relating to the experience gained in the UTTAS and AAH
competition , normal vibration limits were defined that would apply
for 95 percent of the engine operating time . Outside of that range ,
extended limits were adopted for the remaining 5 percent to cover
higher loads encountered during adverse maneuvers . The combination
allowed eng ine-life issues to be primary . Reco~nizing that this
approach is not precise, its success will be proven only after sev-

• eral years of experience . Here again , considerable basic research
I and analysis is still required to define accept ible vibration criteria.

L . ~~~~~~~~~~ ~~~~~~~~~~ . . . • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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4.5 Eng ine-Airframe Dynamics

In every helicopter engine control system incorporating auto-
matic rotor-speed governin c, the possibilit y of closed-loop feed-
back instability exists . Thir instability normally is referred to
as torsional instability , or dynami c instability . Again , as in the
vibration area , torsional instability has been a concern to some
degree in all turbine-powered relicopters . Primari ly, the engine
fuel control system is designed to maintain a constant rotor speed ,
while the pilot demands more or less power by changing collective
pitch. With the free—power turbine, manual control is extremely
complex and dictates the requirement for an automatic rotor-speed
governor. The most commonly used systems are hydromechanical and
pneumatic —mec hanical types; some use electronic control trimmers .
Very briefly, power-turbine speed is sensed by flyweights which
open against a valve -spring arrsngemen t., changing fuel fl ow in
proportion to a speed erro r- . ~ii~~h an increasing load on the rotor
(collective input), a prc 1 )r -tit - ai control will have some droop in
steady-state speed (for staoilit y ). As the gain of the governor
increases , the amount of r~~or-speed droop decreases. The usual

• stability requirements that dictate the upper gain limits are com-
plicated by control fu ction and time constants , by a multitude of
rotor-shaft dynamic parameters , by rotor aerodynami c damping , and
by dynamics of the free-power turbi ne en;ine. Clearl y, the design
must be aimed at defining tho Fu2 1 control characteristics which ,
when combined with the airframe tr ans rn is slo n jt riv e system , will

• result in acceptable control response withot. t. introducing oscilla-
tions or instabi lities.

To improve helicopter band~ing quality and to reduce pilot woric
load , new fuel controls , either of the hydromechanica l or electronic
type, feature an isochronous speed-governing capability . This feature
is not new or unique , but it allows the pilot to select an engine!
rotor speed against which the fuel control will govern , regardless
of the l oad. In the case of a hydromechanical unit , the engine !
control must meet a demanding acceleration/deceleration rapidly wi th
wide variations in load. To reduce the response time , a separate
feature, sometimes referred to as a load anticipator , is incorpor-
ated. The load anticipator receives its signals from the helicopter
collecti ve stick as it is moved by the pilot to change the rotor--
blade pitch. For large excursions , the load anticipator comes into
play by giving the engine a head start , rather than waiting for the
power-turbine speed to increase or decrease before the isochronous
speed—governing circuit reacts. These two fuel control features
complement each other during normal fli ght maneuvers ; however, in
extreme cases, such as autoro tation or a high-speed banked turn ,
they tend to conflict. An exerip le of this conflict is depicted in
Figure 27 for a helicopte r in ~n autorotati ve mode .

_
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Figure 27. System Response

In this case, the rotor is unloaded and is uncoupled auto-
matically from the power-turbine shaft through an overrunning clutch.

• As such , the reduced power demand of the rotor allows the power-
turbine speed to fal l off dramatically during the autorotative
descent. During the pull -out maneuver , however , when collective

• pitch is applied by the pilot (first event), rotor speed starts to
decay , and the load anticipator instructs the control to increase
the fuel flow and the power to match the new demand. At this time
in the event (Figure 27), there is no load on the engine; therefore ,
the power turbine accelerates and can exceed the set speed. The
isochronous governing system then exercises its authori ty by in-
structing the fuel control to reduce the power wi th engagement of
the clutch (second event) until the two speeds match and become
stable. Although the situation described is undesirable , marked
improvements have been made over previous contro l systems . However ,
each design demands that speed-control characteristics be based on
incorporating high enough gain in the governor for acceptable
response characterist ics while maintaining stability . Whether the
trade-off leads to the best balance of response and stabil i ty is
determined by how well the engine and airframe manufacturers have
comunicated their integrati on requirements. It is expected that
wit h the advent of an all-electronic fuel control and its inherent
flexibility for reprogramming with numerous bits of intell igence ,
the rotor-speed droop and dynami c instabilities experienced in
helicopters wi l l  be minimized.
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Regardless of the type of control used , it will still be
necessary to analyze and establish suitable control /engine/dri ve
system compatibility . With the many variables and complexities , the
use of computers for analysis has become mandatory to investigate
changes in system parameters over discrete time periods. The results
of the analysis can be plotted on the well-known Bode or frequency-
response plot. The present approach is to compute frequency response
of a linear system described by a set of up to 40 simultaneous equa-
tions and 40 vari ables . Input for the program is obtained by taking
Laplase transformations of the equations of motion for the rotor
system , engine Electrical Control Unit (ECU), and Hydromechanical
Unit (HMU). The output of the frequency response program is inter-
faced with an interacti ve graphics package that displays phase and
gain as a function of frequency . The values of the fundamental
parameters used to evaluate torsional stability , i.e., phase margin
and gain margin , are calculated by the program and displayed on a
frequency-response plot , as shown in Fi gure 28. The phase marg in
is defi ned as the difference between the phase angle at zero gain cr 1
at l~ O degrees. A phase margin of 35 degrees is normally considered
to be adequate . The gai n margin is reoresented by the difference
between the resonant peak of the gain curve and the zero gain axis.
Generally, a gain margin of at least 7.5 decibels below the gain axis
is considered to be adequate .

In past programs , torsional stability was not investigated or
analyzed early, and the situation was uncovered only during Artny/
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Figure 29. Helicopter Rotor System Schematic

contractor flight testi ng. Later analyses also led to questionable
results and surprises. Therefore, the approach used in preparation
of the Army ’s Designer ’s Handbook was to require torsional stability
analyses with a specifi c procedure to model fuel control/engine and
drive-system parameters , as described above . In addition , the air-
frame contractor is now required to submi t a schematic similar to
FIgure 29, defining all dynami c parameters of their particular rotor
and drive systems. The fixed mechani cal constants and aerodynamic
coefficients shown in Figure 30 are also required , along with the
engine and control system transfer functions. In addition , early
stability testing is required as part of the propulsion surveys and
later In the official propulsion demonstrations.

In addition to the requirements for stability analyses , the
engine manufacturer is required to run two special 150-hour endur-
ance qualifi cation tests. One is wi th a minimum polar moment of
inertia and a maximum effective torsional spring constant; the other
is with a maximum polar moment of inertia and a minimum effective
torsional spring constant. The intent of these tests is to insure
that the engine and its control system are compatible with a range
of rotor systems. Obviously, not all combinations can be investi-
gated by testing, but the data deri ved from these two runs verify
the analyses and raise confidence that the engine can be applied to
other hel i copter installations. Conducting representative tests can
be a problem because of the diffi culty in simulating the low spring
constant (soft spring) on a dynamometer. Similari ty has been
achieved by using a separate electronic unit to modify the power-

• turbine speed signa l to the engine control . It served to simula te
the transient response so that the engine control reacted as though
the output shaft were connected to a helicopter rotor system. Usin c4 
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MECHANICAL CONSTANTS

# 1 Engine Coupling Shaft Spring Constant Kpl ft#/rad @ rpm
# 2 Engine Coupling Shaft Spring Constant Kp2 ftVrad @ rpm
Main Gearbox Input Shaft Spring Constant Kt ft#/rad @ rpm
Main (Forward) Rotor Shaft Spring Constant KSM ftVrad @ rpm
Tai l (Aft) Rotor Shaft Spring Constant KST ft#/rad @ rpm
Main (Forward) Rotor Lag Hinge Damping Coefficient

DHM ft#/rad @ rpm
Tail (Aft) Rotor Lag Hinge Damping Coefficient

ft#/rad @ rpm
Combining Gearbox Inertia 3NI slug ft2 @ rpm
Main Gearbox Ine rtia 3T slug ft2 @ rpm
Main (Forward) Hub Inertia 3HM slug ft2 @ rpm
Tail (Aft) Hub Inertia 3H1 slug ft

2 @ rpm
Main (Forward) Rotor Inertia 3RM slug ft2 @ rpm
Tail (Aft) Rotor Inertia 31R slug ft

2 @ rpm

AERODYNAMIC COEFFICIENTS
— 

KCM DAM @N KC T I  DAT
ft#/rad ft#/sec rpm ft#/rad ft#/sec rpm

_ _ _  _ _ _ _  ____-  ___  —~~~~~~~~~

HP Total Engine Horsepower
KCM Main Rotor Ce -itri fuga l Spring Constant
DAM Main Rotor 1.erodynamic Damping
KCT Tail Rotor Centrifugal Spring Constant
DAT Tail Rotor Aerodynamic Damping

Figure 30. Mechanical Constants and Aerodynamic Coefficients
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this approach , T700 tests were run with torsional spring constants of
20 lb-ft/rad and 1689 lb—ft/rad, with a polar moment of inertia of
1.942 slug-ft2 and 0.3963 slug -ft2 , respectively.

A considerable amount of effort has been expended in this area ,
and although some improvements have been made , the problems have not
been erased. Increased emphasis is required , and the nc±d for
imp roved methods or extensions of existing analytical techni ques is
evident. More appropri ately, the most effecti ve computer techniques
that consider the significant nonlinearities in a dri ve train and
governor should .e considered.

4.6 Electronic Controls

It is expected that wi th the introdu ction of full-authority
electronic controls, some of the problems that we have experienced
can be minimi zed. Fi gure 31 shows some of the advantages and
features that could be avai l able. It is hoped that the potential
will be realized through two recently awarded contracts to develop
an 800 SHP Advanced Technology Demonstrator Engine (AIDE). Each
contractor (Detroit Diesel Allison and AVCO Lycoming) will incor-
porate full-authori ty electronic controls. We believe that this
effort will stimulate the industry and will promote devel opment of
electronic units for other helicopter engines. If successful , it is
envisioned that existing engines will be retrofitted to overcome some
of the field problems that have caused an inordinate amount of main-
tenance. The ability to detect a mal function , in itself , will be of
great benefit to the user. In that regard , there have been many
cases where a large share of the fuel controls removed in the field
were found to have no fault when checked on a control rig, and reasons
for the removals could not be confi rmed. Similar experience exists
in the coninercial airline industry , leading to the belief that the
di fficulty lies with trouble-shooting equipment and procedures.

The opportunities afforded by recent advances in electronic
technology indicate that signifi cant improvements in other areas
are possible. In that regard , there is some promise that the control
components can be applied universally, that is , incorporated into
units that will be used in other types of engines and applications.
In addition , there is the potential for reduced cost in performing
such functions as automatic starting , overspeed protection , torque
limiting, load matching or sharing, temperature limiting, i sochronous
governing, hot—start protection , and engine history recording. Still
to be addressed and quantified is whether these units 1-n ll live up to
expectations in a helicopter environment.
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o Lower acquisition cost
o Automatic engine start
o Overspeed protection
o Torque limiting
o Temperature limiting
o Isochronous speed governing
o Failure detection of control
o Torque matching (multiple engine applic ation )
o Hot start protection
o Engine condition history recorder
o Potential for universal engine application
o Greater flexibility for matching of engine to rotor charac-

teristics (improved rotor stability)
o Less vulnerable area
o Lower weight

Fi gure 31. Electronic Fuel Control

6 .0 CONCLUDING REMARKS

Throughout this discussion , we have attempted to summarize only
a few of the engi ne-airframe integration topics that have parti cular
importance to the user. ror many years the emphasis has been on
fi xed-wing aircraft , and the he ’icopter , by comparison , has been
relegated to a lesser role. Yet , this special-purpose machine
requires attention to highly complex technology discipl ines that are
critical to its continued growth and success. Many tasks to
eliminate voids in the technology remain , and each of then-i woul d
warrant a separate paper to cast it in its proper light. However ,
because this discussion has been presented in the form of a survey
paper , we felt it necessary to comment further on the needed research
and development, along with the topics discussed in this paper. The
following points are offered in the hope that they might provide an
added stimulus to the technical community :

o Accessories mounted on the engine must be qualified at realistic
temperature and vibration iitn it s . Our concern is based on
situations where components have been qualified to operate at
temperatures that were not representative of the engine com-
partment. Worse yet , the l imits could have been set higher
wi thout a dramatic in~rease in cost. Instead , the airframe
manufacturer was forced to make modificati ns for increased 
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cooling, sometimes by trial -and-error. The process has been
expensive , often requiring repeated flight tests. On occasion ,
he has found it necessary to request a waiver , realizing that
he could not meet the requirement in the eng ine manufacturer ’ s
speci fication .

O Fuel controls must be qualified at conditions that represent
the airframe environment. It must be demonstrated that they
will provide all normal functions while subjected to vibration
amplitudes and frequencies at temperatures within the operating
range of the engine installation . In addition , it must be
shown that they will not malfunction at any of the response
frequencies in that range .

o Containment and structural integri ty of the engine must be
proved at its highest power and speed. In particular , contain-
ment of failed blades must be demonstrated , and there must be
no condition which would allow separation of the discs.

O High—speed clutches for use in helicopter dri ve trains must be
refined to perm i t rapid and repeated engagements/disengagements
without malfunction . In this case , tors ional oscil lations must
be minimized to preclude the situation where a momentary un-
loading of the clutch mi ght occur.

Again , it is not possible to identify all items that need
attention. However , one i tem i-s worthy of further emphasis---the
future of full—authority , electronic fuel controls. It is known
that several manufacturers are deeply involved , but the challenges
of meeting demands of the helicopter environment suggest that more
attention is needed. Toward that end , it is hoped that significant
contributions can be made by developing units that wil l  survive the
vibration and temperature . When that point is reached , and when the
electronic fuel control has met the requirements shown earlier in
thi s paper , we are confident that it will be adopted wi th enthusiasm.

The authors have not attempted to provide a detailed technical
paper on any one subject. Instead , it was considered important to
draw attention to the needs of engine -airframe integration . At the
same time , we wish to acknowledge that Army progress in this area
over recent years has been most encouraging.
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DISCUSSION

GOETHERT : (The University of Tennessee Space Institute)

On the curves for the surge of the compressor , you showed the
reductions due to steady state temperature changes and due to the
dynami c changes. There must be some requirement which you put on
these curves; for instance , you might want to tolerate a degrada-
tion by a certain amount. Otherwise you can put quite a number of
curves there . What do you use as a requirement to get those par-
ticular curves?

ACU R IO:

If you are asking whether we were wi l l ing to accept moving to
the ri ght ove r the knee of the speed line to stay away from suroe ,
the answer to that is: not as ~a r as we have to go beca use we fall
off in efficiency ver.y rapidl y. The margins we show are for a two-
shaft engine , and the power-turbin e speed has nothing to do w ith
surge margin in this case. Primarily it is the gas producer that
we are concerned about.

HILL: (Grumman Aeros pace Corporation)

With respect to the problems associated wi th  heating of the sub-
componen ts , are you awa re of the type of work that has been done in ~
space vehicle?
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ACUR IO:

Yes. In fact, a good deal of work has been sponsored by one of
our directorates at Fort Eustis. We are aware of that work . You
may contact the authors for reference or to obtain a publ ished listing
of contract reports .

JONGENEEL : (Douglas Ai rcraft Company )

You mentioned the desire to get the electronic controls off
the engines . There are successful precedents for this , such as the
OClO auxiliary power unit.

ACUR IO:

Yes , we are aware of that. In fact, we have debated that
question several times . We are questioning where we want to put
the electronic fuel control , as I said earlier. We need to determine
if it should be deliverable as part of the engine packaqe or as a
separately identi fiable unit. That has been the debate. It has been
our desire to place it in the engine compartment. We might find that
the answer will be just as you suggested.

___________________________ •~~~~ •~~~~~~~~~ ~~~~~~ - - - -
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ENGINE CYCLE CONSIDERATIONS AND ASSOCIATED INSTALLATION PROBLEMS

FOR SHORT HAUL AIRCRAFT

R. M. Denning and W. 3. Lewis

Rolls-Royce Limi ted Rolls-Royce Limited

Bristol , England Bristol , England

ABSTRACT

A changing world economy makes it appear likely that in the
coming decade there will be diverging requirements for propulsion
systems for civil and military short-haul aircraft. For civil
aircraft. the emphasis today is on cost and fuel efficiency , the
desire for V/STOL being tempered by economic considerations.
For new military ai rcraft, STOL and V/STOL characteristics have
an operational significance which overrides economic criteria ,
although cost to achieve a given objective must remain of prime
importance. Nevertheless , both types of aircraft may well require
low specific thrust eng ines with more complex propulsion systems
necessary on military aircraft .

New research requirements are likely to stem particularly
from the use of large diameter low pressure ratio fans and
involve the achievement of low pod drag and weight , low airframe
interference, proper operation of fans on their characteristic and
efficient thrust reversal. Milita ry V/STOL may prompt additional
work on problems of high intake incidence , thrust modulation , and
control of power-sharing multiple engine systems .

1 . INTRODUCTION

This paper is ccn~~rned with the broad subject of engine
and installation aspects of future civil and military short-haul
transport aircraft . The requirements and likely configurations of
such aircraft may well be diverse and are therefore treated
separately. In both fields , some preferred aircraft configurations
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are now being more clearly identified and ,with them, the specif ic
• problem areas requiring research.

While the need in the civil market is moving towards energy-
conserving low-cost aircraft , in the military field the main
requirement is for a specialist V/ STOL aircraft to operate from a
new generation of small aircraft carriers and ships with platform
facilities.

Success in the short-haul civil market will be governed
• more by financial considerations and, in particular, the standards

set by the fuel consumption and fi rs t cost of propeller driven
aircraft. In the military V /STOL field, the primary obstacle at
present is technical feasibility , although it should be remembered
that one basic reason for the move to small ships is that of cost.
It is therefore to be expected that the research requirements in
these two parts of the field will be different,at least with respect
to their installations.

2 . SHORT-HAUL CIVIL TRANSPORTS

A good definition of a short haul aircraft would be one
• optimised for 200 nautical miles stage length wi th the capability

of 3 or 4 unrefuelled stops. This implies that the aircraft might
have a maximum unrefuelled range of 700 to 1000 nautical mi les.

It is well known that as operating stage l ength is reduced ,
the D.O.C. optimum speed for civil subsonic aircraft is reduced .
(Fig. 1). At, say, 200nt.mi l es the slope is steep, and speeds

• as low as 0.6 Mach number can be justified on a D.0.C. basis.
• Such aircraft spend most of their time climbing and descending ,

and cruise is a relatively unimportant condition except when the
aircraft is operating away from its normal pattern . It is shown in
Reference 1 that the propeller driven aircraft,with its
propulsive efficiency near constant over a wide speed range , has
an uninstalled performance advantage at the l ower climb and
descent speeds (Fig. 2).

Studies by aircraft manufacturers indicate that, even at
I = 0.6, the advantage of the propeller is reduced and may disappear
when full account is taken of all the installation advantages of the

• turbo-fan.

Much of the short—haul civi l aircraft market is dis-
advantaged because of the smaller aircraft required. Engine
performance is then reduced because cycle pressure ratios
cannot be held at the high values possible on larger engines due
to the physical size of bl ades. Reynolds number effects are
increased, and manufacturing tolerances worsen turbo-machinery

L. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Figure 3. Effect of Size on Engine Characteristics (Civil Single
Stage Front Fan Engines)

geometric standards. All these effects lead to a situation such as
shown in Fig. 3.

The factory cost and subsequent selling price of an engine
is not proportional to its size or thrust.

For a given mechanical design and thermodynamic standard ,
cost per unit of thrust is increased rapidly as size is reduced.
This effect is,to some extent, offset by the market choice of
increased complexity and higher efficiency as engines increase
in size (Fig. 4).

When all these effects are combined and a twin-engined
aircraft is simply scaled in absolute size,the effect on aircraft
D.O.C. is shown in Fig. 5. These aircraft suffer a combination of
penalties which increases D.O.C. by a factor of approximately 2 in
reducing seating from 120 down to 40 passengers. The effect on a
new design of using a very low specifi c thrust engine wi th , say, a
20% improvement in Installed SEC is to reduce D.O.C. by 8½% for a
constant passenger load. (11% at constant engine size and increas-

• ing passenger load). This will be a large proportion of a short
haul operation profit margin ,particularly using smaller aircraft.

___________ __________________ ~~~~~~~~~~~~~ 
•- -•- -.— -~~~~~-.~~~~ - — •~~~~~~~-
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It Is clear that the most difficult engineering/commerica l
objectives are In the short-haul smaller Feeder-liner class of
ai rcraft and that a different design approach may be necessary for
this class of aircraft. The turbo-fan has inherent marketing
attractions in terms of its speed flexibility and cabin noise
characteristics. It can be shown to be competitive with new designs
of propeller dri ven aircraft on short-haul operation only if its
fan pressure ratio is significantly reduced without incurri ng
excessive drag penalties due to larger nacelle dimensions (Figs. 6
and 7). At fan pressure ratios in the range 1.2 to 1.3, there are
indicati ons that propulsive efficiency disadvantage of the turbo-
fan relative to the propeller are offset by higher penalties due to
the more restricted installation configuration forced on the
propeller.

Hence the des ign aim is at least to match the propeller
driven aircraft with much improved passenger appeal plus additional
operations benefits .

3. RESEARCH OBJECTIVES - CIVIL SHORT-HAUL

The type of powerpl ant shown on Fig. 6, which will be
necessary to achieve the maximum benefit from the use of low
specific thrust engines , presents a number of features that
require study.

,~.Ofl” NO/�~~ E/4’1&L E / ~/ENr
1”L4VT

Figure 6. Lower Noise or Lower Fuel? 
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Fi rst , however , there are some aspects of the installation
of these engines which are i ndependent of the pod geometry .
The need or otherwise for a variable area fan nozzle and the
effect of fan entry flow Mach number are two. Engine/airframe
interference effects may also be a major consideration , particularly
for rear fuselage mounted engines .

4. FAN AND FAN NOZZLE

The effect of forward speed on a low pressure ratio fan is
to increase its non-dimensional nozzle fl ow and duct Mach number
if its propelling nozzle is fixed in area . To the fan designer,this
is manifested as a change in the fan operating lin e which moves up
towards surge at take-off and down towards choke at high forward
speed . The designer may not, as a result, have freedom to choose
his cruise design point for maximum efficiency .

A variable fan nozzle would remove this constraint and allow
optimum SFC in cruise and maximize thrust at take-off. On the
other hand it would be advantageous to avoid the geometric ,
mechanical, and weight penalties of such a nozzle if this is at all
possible. If it were possible to design a fan to operate
efficiently over a wider range of entry flow conditions , then it
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Figure 8. Low Pressure Ratio Fans Variation of Flow Capacity with
a Fixed Nozzle

mi ght be possible to dispense with nozzle variability . Fig. 8 shows
the ratio of fan non-dimensional entry flow change which takes
place between a fl i ght Mach number of 0.7 and static conditions.
The points shown represent the ratio of surge to choke flows for a
number of different fans. From this it is evident that the funda-
mental adaptability of the fan to cater for the variation in its
flow caused by forward speed roughly matches at all fan pressure
ratios . However,on fans specifically designed for low pressure
ratio, there is not an adequate flow range between surge and choke.
High pressure ratio fans run back to lower pressure ratios show much
better characteristics and imply that lower axial Mach numbers may

• be requlred,leading to larger fan diameters. Some simple form of
nozzle var iabi lity wh i ch,in effect, blows-off at low speeds might
be sufficient to cater for this problem .

• The variable pitch fan (Fig. 9) is another possible method
of achieving matching, but it must be emphasised that it is then
necessary to design for a high axial Mach number through the fan
at cruise and a low Mach nunter at static conditions and adjust
the blade angles accordingly (Fig. 10).

_ _ _  

•



• -~

I

INSTALLATION PROBLEMS FOR SHORT HAUL AIRCRAFT 133

i ~1~tYn1



I

134 R. M. DENNING AND W. J. LEWIS

.�~e~E LINE ~~~V4~/ASJ-4~ &LAD-EA4’~LE /
FA’Y FIXEi’ I~’PA4 / /

/

~~~~~~~~~~~ ,/
/ VC7ZZLE

/ ~.aNiV/A’& JJNE~/
. 1dE~~EZ/N~

;- ~~~~~~ I

F/Xgt’ BL4I ~~W6LE
k~4~’/A5 I-~ ~~PAs’ = 0

/
/

I I I

~~W7~~Y J~Z~~~V F ~A’C770N

Figure 10. Variable Pitch Fan Typical Operating Lines

5. FAN COWL
As well as reducing the fan diameter , increasing the fan entry

Mach number at the cruise condition will allow reductions in the
fan cowl di ameter because at any gi~~n speed less air needs tobe spilled . The reduction In diameter wil l reduce the amount of
boattai ling required and lead to a shorter fan cowl thereby
saving weight and keeping drag to a minimum. Fig. 11 shows the
effect of fan entry annulus Mach number on cowl diameter and
Indicates that large reductions may be possible wi th consequent
reduction in weight. The very slim cowls associated wi th this
concept wi ll present new problems in designing the nose shape
for both the high and low flight speed conditions and also in
catering for incidence conditi ons.

The zero-length intake associated with the ultra-short cowl
shown in Fig. 6 will require a new approach . Test bed performance
checks will no longer be sufficient,as the axial velocity gradient
across the fan annulus will vary wi th forward speed. This could
wel l cause a change in ~:.e fan performance between test bed andin— flight; therefore it will be necessary to revise design methods
to take account of entry velocity gradients .
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6. NOISE

There is evidence that hot core noise is the dominant
source on most of today ’ s engines. The reduction in hot jet
velocity implied in the low specific thrust engine will improve
the noise standard, but may reveal the fan as the predominant
noise source . The aim wi th the low-tip-speed , low—fan-pressure
ratio is to avoid the necessity for extensive acoustic treatment
in the fan duct. Normally, the forward arc noise is less than the
rear arc noise, and the di fference will be increased by increasing
the airflow velocity into the fan (Fig. 12). Maximum use must be
made of this feature, since some attenuation of the rear arc
noise will be possible wi th noise absorbent linings (with lined
fan exit guide vanes or a lined , extended duct). The demand for
a high flow velocity may need a variable nozzle. Work will be
necessary though to ensure that installed effects (such as entry
flow non-uniformities and upstream pressure effects from the
mounting pylon) do not increase the basic fan noise.

7. INSTALLATI ON

Cross flows in flight , due to the wind upwash for example ,
may lead to vibration caused by the changing incidence on the fan
blade as it rotates - a problem well known to the propeller
designer. This may be mitigated by installing the engine on
the rear fuselage and obtaining shielding from the wing.

The interference problems of this type of installation would
need special effort to make the price worth paying for the
elimination of vibration. The interference effects are manifested
in three ways: shocks and/or separated flow in the channel between
the engine and the airframe , unwanted lift on the engines ,and
the upstream pressure field of the engine reducing the lift on
the inboard wing (Fig. 13). Although it appears that some aircraft
with rear fusel age mounted engines suffer quite large interferen€e
penalties , there are also examples of low interference installations.
Hence provided the right research work is carried out and the
installation is properly tailored , there appears to be no reason
why satisfactory performance should not be obtained with low
specific thrust engines.

The major proportion of the engine thrust will be from
the fan, thus continuing the trend that already exists of reversing
only the fan stream. It is suggested that a clear indication of
the reverser thrust requirements is needed to help in the choice
between variable pitch fan blades and a more conventional reversing
system. It may wel l be that short—haul aircraft neither need nor
can afford the luxury of thrust reversal . Some of the advantages
of the two methods are listed in Fig. 14.
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~
- . SPORT-HAUL NIILITARY V/STOL

Apart from the 1- .M.S.T., which is required for greater design
ranges , the only current need in the short-haul military field
is for a general pur~ose transport with vertical take-off and
landing characteristics to provid e a capability beyond that of
the helicopter in te rms of speed and range, particularl y for
Naval use. Its requirement to hover in certain roles makes it
highly desirable that vertical thrust is provided by a low
specific thrust,l ow fuel consumption engine . Such a powerp lant
is also highl y attractive as a propulsion system, and the lower
the specific thrust the better the match between cruise thrust
and take-off thrust ~.hen all or a large part of the vertical
thrust is used for propulsion .

The use of the powerplant for lift and propulsion requires
some form of variable geometry. Two important forms are the
vectoring engine and the vectoring nozzle. Because of the large
nozzle areas of low specific thrust engines , the vectoring nozzle
becomes somewhat cumbersome and will be susceptible to duct pressure
loss. On the other hand , the vectoring nozzle system avoids the
varying intake incidence of the vectoring engine together with
the problems of’engine rotation and oil system operation.
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_______

E~~ I7 EEW/?’EEL c L1-1TC 1

P0S~I8L.5 3rs~EN6/,VE / t/P11T

1/�~~ ~ve~r CI’~~~~� —C0~1PL/N6

A/.~C~4’7 ~~~~~~~~~~~~
E1V6,~~~

Figure 15. V,’STOL Propulsion System Coupling and Power
Transmission Layout 
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The main design problem of this type of aircraft , as wi th
all multi-engined V/STOL aircraft , is that of total thrust
management. particu lai ly in the engine-failed case. Unless the
princi ple of shuttin~ down an opposite balancing engine in a
failure case is embraced, thrust management must be achieved
by some fo rm of thrust/power shaçing involving variable geometry .
In the latter concept, the implic it assumption is that the main
thrust producers , the fan units , are designed for integrity and
hence have only a very remote possibility of failure .

Many papers have examined the various engineering solutions ,
the main contenders being shaft power linkage between engines
and gas power linkage . Current thinking seems to favor the former
as illustrated in Figs. 15 and 16. The combination of shaft
linking and a vectoring engine requires the power shaft to pass
through the centre of rotation of the engine mounting. Typical
aircraft using this concept are shown in Fig. 17.

In the event of an engine failure , it is then necessary
to redistribute the power of the remaining engine(s) in such a
manner that all the fans can operate with little or no reduction
In conversion efficiency and,if possible,with improved efficiency .
Clearly, the greater the number of engines the easier this is to
achieve , but the more complex and costly the system. The three-

rwo EN~ / M~S/ Th’eEE
7W0 P~4NS

• FIgure 17. Typical V/STOL Aircraft Concepts wi th Shaft Power
Coupling 
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power-generator system may be the best compromise

To enable the fans to adjust rapidl y to a re~uce d total
power situat ion,some form of variable geometry is almost certainly
required. The simplest in concept is the variable pitch fan, wh i ch
can maintain speed while reducing pitch and fan pressure ratio.
An alternat ive is the variable inlet guide vane system coupled
with f i xe d fan pi tch ,which nay have difficulty in coping with very
large power differences. The si~!p1e fixed pitch fan is not
poss ib le because of s peed match i ng on it s power tur bi nes in the
engine failure case. Fig. 18 shows a typical V.P. fan with side-
drive system.

The main cycle considerations can be summari zed as follows :

1. The l owest specific thrust which is practical from
geometr i cal and we ig ht cons i derat i ons

2. A moderate to high cycle pressure ratio obtained without
excessive complexity and overall length

3. A choice of turbine temperatures biassed towards
reliability and offering the possibility of significant

emergency ratings

It woul d be fortuitous if the characteristics of such an engine
were also suitable for the civil short -haul market and, this
certainly cannot be ruled out. However the military engine requires
the additional complication of side drive and free wheel clutch
between fan and power generator. The choice of gas generator
layout may be infl uenced by syste m failure considerations. P
sudden disconnect between fan and power generator running at power
would lead to power turbine overspeed , especially if a free power
turbine were used. Such a faflure is a greater possibility in
this type of engine due to the increased mechanical complexity
of the drive system. A single -shaft system would have inherent
overspeed protection on its top speed governor~as would a fan/IP
compressor system. Ar guments for high efficiency point the choice
towards the fan/IP system .

The system illustrated is of this type and is based on
experience from a U.K. Government sponsored V.P. Fan Demonstration
progranuiie involving the M45SD-02 engine . The fan unit of joint
Rolls-Royce / Dowty Rotol design is manufactured by Dowty Rotol,
using their propeller background , and employs ductile aluminum
alloys as used on conventional propellers .

9. R SEARCH OBJECTIVES - MILITARY SHORT-~AUL AIR INTAKES

Many of the features discussed for civil short-cowl transport
aircraft are common to the mi l itar ~ V/STOL aircraft as well.
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The new problems will occur due to the need for powered lift ,
whi ch may be obtained by vectoring engines or vectoring thrust.
The former will lead to a large expansion in the incidence envelope
over which the fan intake must work (Fig. 19). So far there has
been little published work on the performance of fans and their
inlet systems at high angles of incidence- - that of Tyler and
Williamson (Ref. 2) being the most noteworthy. A performance map
for a typical fan and Intake system is shown in Fig. 20, and lines
giving the variation of thrust for assumed take-off and
landing manoeuvres are shown . ihe design of a fan and inlet system,
to minimize the thrust losses shown and to ensure satisfactory fan
blade stressing, needs careful consideration and should be the
subject of further research. It should be remembered however that
a number of aircraft with lift engines and vectoring fans have
already been flown successfully in similar incidence situations.

10. VECTORING NOZZLES

The alternative to vectoring the engine is thrust vectoring.
Although this is successful on ai rcraft such as the AV8A/Harrier
and the VAK l9lB, the use of a low specific thrust engine alters the
problem considerably. The low nozzle pressure ratios mean that a
given percentage pressure loss has a much larger effect on thrust
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Figure 19. Intake Incidence Envelope where High Performance
Desirable
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• Figure 20. Typical Intake Performance at Low Speeds

than at the higher pressure ratios so far experienced on those
military aircraft and that reductions in nozzle discharge coefficient
as the thrust is vectored are likely to be greater. (For maximum
thrust during jet borne flight, a larger nozzle area is desirable).
Fig. 21 shows the thrust efficiency of three different types of
thrust vectoring systems. The hig hest performance can be obtained
from the “lobster tail’s type of thrust vectoring system,but the
use of this type of thrust deflection on a front fan engine will
require a long fan exhaust duct wi th high external drag and a
significant weight penalty . It is diffi cult to see what can be
done to reduce the drag, apart from using an aft-fan or a completely
separate one. Work to reduce the weight of the system will be
essential.

11. THRUST MANAGEMENT

The critical area for V/STOL aircraft wi th low specific
thrust engines will be thrust management in the event of an engine
failure or in the provision of control forces for the aircraft.
Regardless of whether lift is obtained by vectoring the engines
or the thrust,some method of transferri ng power around the aircraft
is needed, either by shafts or gas. Some form of fan variability
would appear to be essential in order that engine speed (and

• 
_ _
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hence power) can be maintained at the maximum values and also
to provide a quick response. Fig. 22 shows how a variable pitch
fan can provide the thrust characteristics required, and fast
response rates have already been demonstrated.

An advantage that appears with the system is that in the
event of an engine failure , “fining off ’ the blades to reduce
the power requirement improves the conversion of power into thrust ,
so that the loss of total thrust is considerably less than the
loss in power. It is considered that a satisfactory conceputal
understanding of the system exists that the next step needs to be
a fi rmer knowledge of the requirements, so that a properly
tailored fan system can be designed and tested.

12. CONCLUSIONS

Low specific thrust engines can offer the required
characteristics for both civil short—haul and military V/STOL
transport aircraft, provided the installation losses can be held
to an acceptably low value by using very short fan cowls.

The fan and its cowling is an area which is likely to be the
critical component, and future work in this area will be required to--

.assess the merits of vari able pitch fans as opposed to
fixed pitch fans;

.determine whether fixed pitch fans can be designed to operate
efficiently over a wide working range and thus avoid the
need for a variable fan nozzle;

.design for high fan entry Mach numbers to reduce fan and fan
cowl diameter and weight;

•study the performance of low pressure ratio fans in
conjunction with ultra—short intakes;

•determine the requirements for noise and thrust reversal
and study the best ways of meeting these requirements;

•ensure low engine/airframe interference installations.

Additional work peculiar to military V/STOL aircraft wi th
powered lift will be needed to--

•maintain high fan performance over a wide range of incidence
conditions by suitable intake/fan design;

~deslgn low weight , efficient thrust vectoring systems ;
•ensure good progressive thrust management characteristics to

provide satisfactory aircraft control during jet borne
flight and also to cater for the engine-out case. 
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DISCUSSIONS

WELLIVER: (Boeing Mili tary Airp lane Division)

With the advent of wide body jets and high bypass engines , one
of the things that we got into was that the mainta i nability on the
high bypass engine , across the board , was a l ittle more than we had
anticipated. And from the experience that we had on some of the
narrow body jets up to that time , and now with these new engines as
you are describ ing with the variable pitch and so on , how do you see ,
what do you see in the future in terms of the maintainability and
reliability of these engines? Will they be equivalent?

DENNING:

Well , I don ’t have a fellow manufacturer here to help me wi th
th is one . I think that the history of the propeller operation is less
satisfactory than jet and turbofan operation and admittedl y there were
problems with propellers and there were problems with gear boxes, but
there were problems wi th engines generall y in the past wh ich we wo u ld
not expect in the future . There is bound to be some increase in the
complication of the engine due to the gear box and ,undoubtedly, to
the var iable pitch mechanism. I can only hope tha t it would not con-
sti tute serious problems . The short-haul operators are operating those
sorts of systems at the moment. The problems with the high bypass
engines in the wi de body airp lanes are of a rather different na ture .
I feel they are connected in some cases with the size , the ac tual
phys i ca l size , of the large engine and the flexibility of the engine ,
connected wi th the introduction of Iery hig h tempe ra ture air-cooled
blades. I think perhaps it was r~~~ full y re~ii zed by any of the big
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manufacturers of the time that there were very significant problems
w i th thermal shock , thermal fatigue in the blades themselves , and that
has probably constituted one of the biggest problems in that type of
airplane. I don ’t see why we should be hit by that type of problem
on this sort of engine because I hope we have learned our lessons.
An d also , I don ’t think that the technology level s tha t you will use
with the smaller blades and the smaller engines will be as high as
they are with the bigger engines .

CRAGIN: (General Dynamics)

In regard to the military side and again in relating to the
question on rel iability , have you done any look ing at the trade-off
between variable inlet guide—vane systems and variable p itch fans and
whether or not you will need variable geometry LP turbines wi th those
systems? How does all of that trade off against reliability ? In
your mi nd, is a variable pitch fan more reliable than V IG’ s or does
it work better?

DENNING :

It is a difficult question to answer, about rel iability , beca use
we have no background on that, and we are studying the alternatives .
We have a system with a variable pi tch fan which we know will work .
Obviously we have experience over the years on variable inlet guide-
vanes, and we know that those will , work. Whether they will work down
to a situation where you lose 50 percent of your power and you st i ll
want to maintain the speed of the fan and get a sufficient thrust
generati on out of the fan , I am not absolutely sure . I don ’t have the
facts and figures. But we are looking at the subject. We have also
looked at the weigh t and geometric complication of variable inlet
guidevanes on large diameter fans, and it does look as though you are
not going to save very much in weight. You might not save anything.
And then you have an anti-ic ing problem as well, and I mus t confess
I do not know the final answer on comparison of the two systems .
Clearly it will have to be evaluated properly before any final dec i-
sions arise on this sort of airplane . I just cannot give you a better
answe r than that , I am afraid. -

MIKOLAJCZAK: (Pratt & Whi tney Ai rcraft Group)

In the past , Rolls—Royce advocated the concept of using separate-
lift engines. Have you now abandoned that approach , and if so, what
was the reasoning behind it?

DENNING :

If you mean , have we aban doned it in the context of the Navy V/STOL
ai rpla nes , I would say the answer is no. There are still various

• - - - — - --~~~~~~~~~~~~~ 
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opinions in the Rolls-Royce Company about lift eng i nes versus vector
thrust engines and vectored engines . I think we have taken on board
the idea that by cross-shafting you certainly keep down the tota l
frontal area of the propulsion systems required for the airplane be-
cause it is quite obvious , if you lose an engine or you have separate
non—coupled engines , you have to shut down another engine to balance
that situation unless they are all clustered around the CG of the air-
plane and you can balance it out wi th some sort of control force. So
I think that the answer is no , we have not ruled it out, but our
attention at the moment is concentrated on the shaft coup led proposal

WEINRAIJB: (N,i~ il A ir Systems Command )

You showed a chart i n the beg innin g of your presentat i on wh ich ,
if I i nterpreted co rrectly, indicated that low pressure rati o fans
are equal if not a little better in cruise specifi cs than these ad-
vanced technology propellers?

DENNING :

My second curve showed that advanced technology propellers just
about broke even wi th low pressure ratio fans at about 0.8 Mach numbe r ,
and as you go up in fan pressure ratio, I th i nk the break even po int
will then move closer and closer to 0.9 Mach number .

WEINRAUB:

Does that graph only have implications for short haul aircraft or ,
could one also infer that you are suggestinq that this is all the
same for lo nger distance type of aircraft?

DENNING :

I think that if you say a long di sta nce a i rpla ne -- it s eco nom i c
crui se Mach numbe~ is say about 0.8 to 0.84 -- then it has some im-
plications. If you could mount short nacelle high bypass engines ,
then you might be able to get that advantage , which is on order of
about 15 percent in internal performance. Howeve r , you have to re-
member that intake design is sensitive to Mach number . They requi re
greater length of intake duct i n orde r to get the correct match of
intake velocity to flight velocity , so you will be stuck wi th a bit
more weight of power plant and a bit more drag of nacelle than I have
indicated for 0.7 Mach numbe r where you can have 0-length intake . I
am not drawing a firm conclusion that you ought to have very high
bypass engines for very long range high speed subsonic airplanes .

KEMPER : (Vought Corporation)

What has your experience been with the angle of attack capability
with 0—length inlets? 
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DENNING :

I think I have to admi t that we have no experience of an engine
with an 0-length intake running at an angle of attack.

KEMPER :

Are you proposing those for the Type A V/STOL activity,or are you
considering their use on , maybe , the fuel eff i c i ent eng i nes?

DENNING:

I was fi rst considering them for fuel efficient engi nes . Clearly,
I think you want to get the intake as short as possible on the NAVY
V/STOL airplane ,consistent wi th designing it for the right flight
speeds. I think if you want to fly at 0.8 Mach number,you would have
to think twice whether you made it at 0—length intake or not. You
obviously want to keep the weight down . There is another aspect of
the problem ; namely, if you have a reasonable length of intake duct
ahead of that fan and you do have a lip separation, then clearly it
has time to mix out and create for you a large area of non-uniform flow.
If you have an 0—len gth intake , even if it separates at the lip, it w i ll
go straight into the fan before it has had time to spread. That is
perhaps another area where a bit of research is called for--looking at
what happens to 0-length intakes when they have a separation at the
lip.

KEMP ER

Yes, I agree wi th you.

BRADLEY: (General Dynamics)

Let me return to your shaft-dr iven concept for military application.
What shaft speed do you envision for this kind of coupling?

DENNING:

We are env isioning taking the side-drive off after the gear box,
so that the shaft drive in the particular example will be round about
4000 rpm; I think that is about doubled in the side-drive gear
box , so that is about 8000 rpm .

CRAGIN: (General Dynamics)

In relation to hi gh rpm shafting , what levels of horsepower are
you considering to be feasible for about 30,000 or 40 ,000 pound air-
planes? If you are hav ing to run these shafts up to the nose and
through gear boxes , things of this sort obviously are going to tend
to get quite large and quite heavy when you go to high horsepower. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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What are you considering to be a feasible, state-of—the-art level for
horsepower in these transmission systems?

DENNING:

Well , if we i ntend roughly 50 percent of the power from one en-
gine to the other engine , we are talking of shaft power up to around
6000 horsepower. The thing that worries one most of all is the weight
of these gear boxes.

CRAGIN :

We l l, the size of the shaft too?

DENNING:

Yes. A little bit of innovation is required there , I think , to
get the weights down because you could kill the whole project if you
are not careful and you do not design those gear boxes properl y. We

• think it can be done , by the way.

MIKOLAJCZAK: (Pratt and Whitney )

• You indicated that a short cowl can be used to achieve low noise
level if the throat Mach number is increased to about 0.85. At take-
off, the forward fan noise and the aft—fan noise contribute about
equally to the total fan noise. Do you have any experience which in-
dicates that when the Mach number at the inlet throat is increased
the aft-fan noise is reduced? At approach, the inlet throat Mach number
will be significantly lower than at take-off. Does the short cowl al-
low you to achieve low noise levels at approach?

DENNING:

The figures, based on a set of test results , show that you do
reduce the forward noise relative to the rear noise. The rear noise ,
all things being equa l , you would expect to go up. I cannot answer
your question as to how much it goes up. You do have a certain amount
of cowl surface area at the back of the fan, and this can be quite
effective in dealing wi th rear noise. But if you have a low pressure
ratio fan , our experience is that the fan is not the dominant noise
source. Now clearly ,we expect to be reducing aft-jet noise to a point
where , maybe , the fan will not be a problem in meeting the anticipated
noise regulations.

MIKOLAJ CZAK :

I understand that you are talking about low speed fans which con-
tribute signifi cantl y to the overall noise level . 
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DENNING:

Absolutely. I am talking fan tip speeds of the order of 800 to
1000 feet per second. And I am just saying that it is better to have
noise coming out of the back than the front because you have , wi th an
0—length intake , some chance of dealing wi th it out of the back , if
it should be a problem

_______________________________________ — •-  -~~~~~~ • •
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THE SHAFT COUPLED LIFT/CRUISE FAN PROPULSION SYSTEM FOR
V/STOL AIRCRAFT

Paul E. Beam , Jr.

Detroit Diesel Allison
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Indianapolis, Indiana 46206

ABSTRACT

The Navy is plann ing for the development of a family of subsonic ,
multimission , V/STOL aircraft. In an aircraft of this type , the
interrelationship of the airframe ani the propulsion system is much
closer than in conventional aircraft. The integration of the pro-
pulsion system into the airframe , therefore , naturally assumes much
ç,reater importance . The shaft—coupled propulsion system appears to
be the best choice for the V/STOL application under discussion. Its
components are either in existence or in an advanced state of develop-
ment. Methods of flight control and provisions for loss of power
are integral parts of the system and are based on the technology used
in some of today ’s large helicopters . The subsonic V/STOL aircraft
is a near—term reality , but additional research into some of the
aspects of the propulsion system will offer a high payoff when the
aircraft becomes operational.
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INTRODUCTION

W i th i n a few short years , V/STOL aircraft have passed through
the novelty stage to become a major factor in naval force planning.
Not too long ago , V/STOL aircraft were somewhat of a curiosity - in-
teresting , different, but hardly ready to assume a serious role in
aviation , either military or civi l . Today , squadrons of U.S. as
well as USSR V/STOL aircraft are operating off their respective car-
riers in the Mediterranean.[l]* Al though their operational capabil-
ities are somewhat limited , these aircraft have demonstrated the
tremendous versatility afforded them by their unique V/STOL character-
istics. Moreover , the V/STOL aircraft that are under development
today will not only be capable of missions flown by the most effec-
tive aircraft in the current inventory, but will have the additional
ability of operating from ships of almost any type or size . This
ability will permi t the Navy to place more reliance on small , dis-
persible aircraft cariers as well as an aircraft operating directly
from ships of the frigate or destroyer class and will , in turn , have
a decisive effect on naval force requirements and strategy .

Two types of V/STOL aircraft are expected to bring about this
“revolution ” - the subsonic (Type A) and the supersonic (Type B).[21
Of these two, the Type B appears to be far over the horizon; in fact ,
its requirements have not yet been fully defined and , consequently,
it will not be discussed here because much of the discussion would
be strictly conjecture. The Type A subsonic V/STOL , on the other
hand , is a near-term aircraft for which the Navy has already begun
a major development program that will lead to the introduction of
advanced—design , multimission V/STOL ’s into the fleet by the late
1 980’s or in the early 1990’ s. Approximately 40 million has been
budgeted toward this effort in fi scal 1978, and the development costs
over the next five years could exceed $1 billion.[3 1 Figure 1 is a
projected milestone chart that takes the program from development
through initial deployment into service.[41J

Subsonic V/STOL aircraft will have true multimission capability
in that one or two basic designs will be able to handle most anti-
submarine warfare (ASW), advance early warning (AEW), carrier on—
board or vertical on—bo ard delivery (COD or VOD), aerial tanker ,
search and rescue (SAR), and USMC assult missions . They will be
capable of operating from existing carriers or from the proposed new
40-50,000-ton CVV V/STOL carriers . More important , nearly every
existing • Navy ship - with only slight modification - will be able to
accomodate these new aircraft , which will take over most of the
work now performed by the Lockheed S-3A (ASW), the Gruninan E-2C (AE W ),

* Numbers in brackets correspond to the references listed at the
end of this paper. 
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the aging Grumman C-i and C-2 (COD), the Boeing Vertol CH-46 (VOD
and USMC Assault), the Grumman A-6 (Tanker), and the Sikorsky CH-53
(USMC Assau l t) [1, 2, 3, 4J.

Natura lly, an aircraft with such phenomenal ab i l i ty  does not
spring up overnight , and the subsonic V/STOL has been no exception.
Year s of research and experimentation have been expended in the fields
of aeronautics , avi onics , flight controls , propulsion systems , and
related discipl i nes to reach the present point where the Navy is now
able to program the final effort necessary to develop a cost-effec-
t ive , mission -capable, operational aircraft.

Probab ly the key element of the Type A V/ ST O L aircraft - and
the one with which this paper is concerned - is the propulsion system.
Its many unique characteristics for this application have been the
subjects of intensive investigation over the years . The following
discussion delves into the findings of these studie s and sumarize~the present status of the system in addition to suggesting some a reas
in which additional research and development would enhance its
cap abil it ies.

PROPULSION SYSTEM FOR TYPE A V/STOL AIRCRAFT

The Navy is evaluating several configurations and combi nations
of aircraft and propulsion systems for the Type A V/STOL. [5 1 Some
of these configurations are shown in Figure 2. Every airframe manu-
fac turer has one or more v i able designs~~, 7, 8] and is considering
either gas-coupled or shaft-coupled propulsion systems for the appli-
cation.[9] However , nearly every airframe builder appears to be
work ing wi th the shaft-coupled design at present; therefore , we have
chosen to d iscuss that configura tion in greater detail.

Most shaft-couple d designs involve the use of two , three, or
four large— diameter fans that are driven through interconnected
shafting by two or more engine s. The locations of the fars and the
engines are dictated by design considerations and wi l l  vary from
aircraft to aircraft.

One typical V/STOL aircraft configuration (Figure 3) has two
side-mounted engines and fans and a third , forward-mounted fan. The
propulsion system for this appl icat ion is shown in Figure 4. During
vert ical operation , the engines drive the forwa rd fan through a g2ar-
box , a clutch , and shafting. The eng ine exhaust thrust is diverted
downward so that the side engines , together with the forward fan ,
provide three-point support for the aircraft (Figures 3 and 5). (In
some configurations , this support is attained by rotating the lift !
cruise engines and fans to the vertical position rathe r than merel y
diverting the exhaust stream.) For forward flight, the cl utch is
disengaged. This action immobilizes the lift fan. The exhaust 
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(Continued)

Figure 2. Representative type A V/STOL Configuratio s
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/

(Concluded )

Figure 2. Representative type A V/STOL Configurati ons
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LIFT FAN SIDE ENGINE AND FAN

Figure 5. Three-Point Support for Vertical Flight

nozzles are opened rearward (or the engines are rotated to their
horizontal positions) so that the side-rr~nunted lift/cruise engines• and fans power the aircraft in a conventional manner to provide con-
ventional aircraft performance .

Aircraft Control System

Contro l of the aircraft in vertica l flight and provision for a
one—engine—inoperative (OEI) condition are primary considerations in
the design of any V/STOL aircraft. For the configuration shown in
Figure 3, contro l is obtained by (1) varying the fan flow wi th the
fan at constant speed , (2) movabl e vanes in the front fan exhaust ,
and (3) the independent deflecti on of the side engine exhaust stream
(or rotation of the side engines). Note that the fans become an in-
tegral part of the aircraft flight controls. Also, each of these
is a quick-response means of control and does not depend on the
slower response of engine power or speed changes . For examp le, in
a roll maneuver , the flow of one side fan is increased , that of the
other is decreased , and power is simply transferred from one fan to
another as illustrated in Figure 6. For a pitch maneuver , the power
is transferred from the side fans to the forward lift fan. Other
V/STOL aircraft concepts , which may have two , three , or four fans ,
and use similar controls: variable fan flow, fan exit vanes, and 
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Figure 6. Power Transfer for Thrust Attitude Control

exhaust deflection and/or physical rotation of the fans or the
engines .

Provision for Loss of Engine Power

The OEI condition is the most critical one that the V/STOL air-
craft faces. Upon the loss of one engine during vertical flight , the
remaining engine(s) must immediately take over the job of driving all
the fans with a very minimum in loss of propulsive thrust. This is
accomplished by the interconnecting shafting , which permits each
engine to drive all the fans, and by the use of a redundant control
system to insure against failures in a single control system . Each
of the engines drive through an overrunning clutch so that an engine ,
should it stop, is automatically disconnected and does not threaten
the enti re propulsion system.

The engines can also be so rated that short-time operation at
substantially higher power is permissible. In addition , designers
are considering a number of techniques that include variable engine
flow (variable cycle), thrust augmentation (water alcohol), and
variable turbine cooling to enhance this short—t ime , high-power 
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capability . If short—time higher OEI power is available, the control
system must provide it instantaneously when required and , in addition ,
must be able to monitor its utilization to prevent its excessive or
unauthorized application that could shorten the engine life unneces-
sarily.

Control System Integration

The separate engine , fan , and aircraft control systems must be
integra ted into one overall system. Control of the aircraft no
longer involves only wing and tail surface movement , but also in-
cludes such aspects as fan fl ow control , engine power response , and ,
for some concepts, clutching in the forward fan, moving diverter
valves , rotating engines, and moving vanes in the fan and engine ex-
haust streams . All these functions must operate smoothly and wi th
adequate redundancy and self-checks to avoid a loss of control aris-
ing from the failure of individua l components . The control system
should also provide for equal load sharing between engines during
normal operation and for take-over by the remaining engine(s) when
one engine loses power. Current state-of-the-art , fly-by-wire ’
electronic control systems , such as those developed for the Army ’ s
Heavy Lift Helicopter (Figure 7), have the ability to do this job ,
but must, of course, be tailored to the requirements of each indivi-
ual aircraft configuration. Fully electronic controls eliminate the
need for conventional mechanical control cables , levers , rods, etc.,
and provide a lightweight system with greater redundancy than is
possible wi th mechanical controls.

Control System Development

Each of the control system components has already reached the
state of development where it can be integrated into an effective
aircraft control system. The Heavy Lift Helicopter , for example,
had three engines to drive two rotors (Figure 8), similar to some
V/STOL configurations. It used an advanced , ‘fl y-by-wi re” electronic
contro l system to handle power transfer, l oad sharing, and the loss
of power in the same manner as required for a V/STOL control system.

The selection of control system concepts should run parallel
with the current aircraft and propulsion system configuration trade
studies. Because the final control system must be tailored to ma tch

• the selected aircraft configuration , control system development may
be delayed somewhat, pending the selection of the fi,al aircraft
corfiguration(s). The simulated propulsion systen test suggested
under the subsequent ‘Drive System Development ’ subheading would
provide an excellent vehicle frsr the earl y development and demon-
stration of a prototype control system . 
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Figure 8. Heavy Lift Helicopter Propulsion System

Fans

• Each V/STOL aircraft mission has different requirements—range ,
payload , desired speed , loiter time , etc . Each of these requirements
tends to favor a different facet of fan and engine cycle character-

• istics. For example , lower fan pressure ratios (higher bypass ratios)
• result in greater low-speed thrust (greater vertica l lift), as

reflected by Figure 9, but also in l ower efficiency at high speed .
The lower fan pressure ratios also bring about the need for larger-
diameter fans for a given horsepower , which tends to compromise high -
speed flight , and a larger fan flow , whi ch makes turning the side
fan exhaust to obtain vertical lift more difficult. Higher fan pres-
sure ratios (lower bypass ratios) tend to favor highspeed flight.
Currently, fan pressure ratios in the range of 1.2 , 1.3 and 1.4 are
being studied for the various aircraft concepts and evaluated against
the various missions.
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Figure 9. Effect of Fan Pressure Ratio on Thrust/Horsepower

For rapid response , the lift fans must have the ability to vary
flow while operating at constant speed. Approximately a ± 25~.thrust variation at constant fan speed is required for aircraft ver-
tical control. The criticality of maintaining control of the aircraft
in the vertical mode does not allow time for varying the flow by
changing the fan speed. Two methods of achieving the required fan
flow variation are available: variable inlet guide vanes and vari-
able-pitch blades. Both offer high efficiency and adequate thrust
modulation , but both are relatively new developments for today ’s
high—bypass—ratio fans.

Aircraft -Fan Integration

Integration of the lift fans into the aircraft has a strong
effect not only on the aircraft configuration but also on vertical
as well as conventional aircraft performance. For example , the use
of the forward lift fan tends to broaden and flatten the aircraft
nose, which could affect the location of nose radar and armament ,
pilot visibility , and , possibly, cockpit width or height. The for-
ward fan shafting must be placed low enough to clear the cockpit.
The side engines must be carefull y located with respec t to the air-
craft center of gravity to provide stable vertical control . 

~~~~-_.--~~~~~~ ---~~~~~~~~~---~~~~
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As mentioned previousl y high fan bypass ratio provides greater
thrust per horsepower whereas l ower bypass ratio provides greater —

efficiency and less drag for high-speed flight. Thus , it would be
desirable to have high -bypass fans for vertical flight and low-bypass
fans for cru ise. It is possible to attain both objectives with the •

3-fan/2-engine arrangement shown in Figure 3. In the cruise mode,
the two engines drive two fans . Cruise bypass ratio is, therefore ,
the ratio of the airflow for the two fans divided by the airflow for
two engines . In the lift mode , the same two engines drive three
fans , so that the bypass rat i o then becomes the ra ti o of airf low fo r •
three fans d ivided by the airflow for two engines . Bypass ratio has -•

thus increased 50% for the lift mode. Because thrust/horsepower is
a function of bypass ratio, the effect is that of increasing the lift
thrust for the same available horsepower. This is an important con-
s iderat ion , particularly for the OEI condit ion. Other fan/engine
arrangements offer the possibility of supercharging the engine , which
prov ides increased engine flow and increased power. Thus , the
arrangement of fans and engines in the airframe not only may affect
the bas ic a i rframe conf i gurat ion a nd des i gn but also offe rs the
possibi lity of providing a variable bypass ratio for increased lift
thrust and eng in e supercharg in g for inc rease d power and better crui se
efficiency . Obviously, the fan arrangement has a strong influence
on the airc raft configuration and on mission capabil i ty .

Future r ar Da.t lopme ft
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Cur ren t Eng i ne Stud i es

Detroit Diesel Allison Division of General Motors developed an
eng ine of the type under discussion - the XT7O1 (Figure 10) — for the
Army ’s Heavy Lift Helicopter. In the Heavy Li ft Hel i copte r, the
p roblem of OEI was dealt w i th i n exactly the same ma nner as di sc usse d
for V/STOL aircraft, so that the engine arrangement and requirements
were very similar to the V/STOL engine requirements . In the Heavy
Li ft Helico pte r, three engines drove two ro to rs through over runn i ng
clutches and i nterconnected shafting (Figure 8). The engine was re-
qu i red to have a short-time high power rating to handle OEI. The
control system provided load sharing and “fly-by-wire ” operation.
The existing XT7O1 engine produces about 8000 SHP , wh ich makes it a
suitable powerplant for early prototype V/STOL aircraft. ~1ost air-
frame companies are using this engine with the Hamilton Standard
variable-pitch fan for their prototype aircraft studies. An advanced ,
highe r rated ve rs ion of this engi ne , the Model PD37O-24~i1l1 . (Fi gure11) is being used for operational aircraft studies. This engine
dr ives a variable -pitch fan through an overrunning clutch and reduc-
tion gear; it incorporates a bevel gear and cross shaft for power
transfer.
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Ai rcraft/Engine Integration

The optimum propulsion system configuration will require carefu l
integration of the engine with the fan and the airframe. In each of
the V/STOL concepts , the fan  and e n g i n e  are c lose ly  t ied to the over-
all system wi th respect to mechanical arrangement, contro l , and per-
formance. For example , the side engines of the two-engine , three-
fan configuration (Figure 3) drive the fan through a reduction gear.
A bevel gear set at the front of the engine makes it possible to
transfer power to the other two fans or to receive it from the other
engine (Figure 12). Studies have shown that the optimum location of
this bevel gear, either forward or aft of the reduction gears actually
depends on the aircraft configuration.[12] In an aircraft configurati cn
where the side engines are fixed (do not rotate to a vertical position)
and the exhaust is deflected downward to obtain vertical thrust , the
bevel gear and cross shaft should be forward of the reduction gear
(Figure 13) for the lightest , most compact arrangement. For aircraft
configurations where the engine must rotate about the cross shaft
center line , the best overall arrangement is wi th the bevel gear and
cross shaft aft of the reduction gear (Figure 14). Al though this
arrangement is slightly heavier , it keeps the axis of rotation closer
to the nacelle center of gravity to minimi ze aircraft center of grav-
ity shi ft, actuator loads , and rotation time and increases aircraft

P TYPICAL PROPULSION SYSTEM
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BEVEL GEAR AND CROSS SHAFT
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Figure 13. Navy Multimission V/STOL

ground clea rance when the nacelle is vert ical . This is a case , then ,
where , despite the heavier engine , the best overall sys tem has been
attained. Other me chanical features , such as fan and engine ductinq,
mounts, and lube oil coolers , must also be ootimi zed f r r  each ~~ e C 1 t i C
V/STOt aircraft config uration.
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FIgure 14. Bevel Gear and Cross Shaft Located Aft of Reduction Gear

loss of thrust) and ejecting the crew . In contrast, the Marine As-
sii.l t mis sion requires a greater payload and includ es such desirable
features as high speed and long range capability at low altitude .
Furthe rmore , the miss ion requires the absolut e assurance that a
vertica l DEl landing can be completed satis~dc t r i lv without the
need for ejecting or C~~ t irt ~ anything overboa rd . p 1 t t i  u~arly the
full load of armed M.,rines + Conseque ntl y, tho ~ ~~i m e  A ssau lt air-
craft call s for a S ut ’c t - i n ,
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Figure 15. Navy Multimission V/STOL Lift/Cruise Propulsion System
3-Engine/3-Fan Configuration

propulsion system to a minimum and provid es the desired multi mission
capability . It does, of course , require that the airframe and pro-
pulsion system concept be capable of accepting a third engine — that
is , the integrated airframe/propulsion system design must , from the
start, consider both missions and both the two-and three-engine
arrangements .

The foregoing is only one typ i cal example of the many perplex-
ities that face the planner of a multi m ission V/STOL aircraft ano
mandate an unusually close airframe/engine integration .

Future Engine Development

Severa l areas of engine development appear to offer a high pa y-
off for the ‘I/STOL application. Each of these begins wi th current,
well developed , hi gh-bypass turbofan technology and tailors it to
better meet specific V/STOL requirements.

1. Variable Cycle

The V /S TOL miss i un ‘~ r I q~.s Ire a .I I d  I n~ I ‘ c ~ ri t enq~ ~m o t II
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cruise and a large , high-power engine for vertical operation.
One means of making an engine do both jobs is by variable cycle
operation,i.e., variabl e compressor and turbine flow capacity .
The engine , in effect, changes flow size to match the operation-
al requirement.

Variable flow is not new. Variable compressors have been in
service for years . However , the design of an optimu m , fu lly
variable engine that best meets the widel y divergent V/STOL
operational requirements and , in addition , provides the maximum
in multimission capability requires detail trade studies. Engine
cycle studies, engine/aircraft matching studies, and aircraft
mission studies are currently in progress to identif y the optimum
engine characteristics. They , in turn , will lead to the estab-
lishment of the desired pressure ratio , flow characteristics,
required efficiency characteristics, and other operating param-
eters for the compressor, combustor , turbine, and nozzles to
best meet the various operating requirements.

The next development step would be the design, fabrication , and
test of each component , followed by comp lete engine testing.
These tests will provide verification of the predicted perform-
ance characteristics , provide a means for testing the engine
control system, and provide an early availability of engines for
the operational aircraft development program.

2. Engine Rati ng and Variable Cool ing

The engines (and aircraft) are sized primarily by the GEl vertical
requirement. The operable engine must be small and light enough
to keep the aircraft gross takeoff weight to a minimum and yet
be able to produce the highest possible power during this brief
emergency. The extra burst of thrust c~n be made available
through a variety of means including short-time ratings, vari-
able turbine cooling , water-alcohol augmentation , etc.

Various philosophies are prevalent with respect to the question
of how the engine should be rated to meet this situation. Some
of those who are close to the problem feel tha t the convent iona l
30—minute Military rating should not be exceeded because the
higher short-time ratings are often used to excess, a practice
that results in premature eng ine d ia~e. The use o~ a 30-r i nute
Military ra ting for onl y the very ~nfrequent DEl ccr c l ition is
an u l t raconservat ive approach. It does , however , t ,~n t c  be
consistent wit ’i the requ irn~m ; rmm t ~~r ni gh n c l i,i t~i l i t-v ~in d law
maintenance. At the other ‘x t reme are ~ ‘1C’~~E ~hn feel that a
one—time 30—second rating ~*:L Imp ~nied ~‘v sut~s t+ ti al
damage is more rea l ist u for (‘- Il - in p t f , t , ‘- •
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possible gross takeoff weight , such a limi ted GET rating probabl y
does not provide enough engine life to permi t adequate pilot
training to handle this emergency . The best answer may lie some-
where between.

Studies to resolve the best means for obtaining short—time high
power wi thout compromising reliability or increasing engine size
are indicated. These analytical studies should relate rating
philosophy, variable turbine cooling, possible water-a lcohol
augmentation , and the mission requirements. They must take into
serious account the recent service experience in which engine
turbine life has not reached its expected levels because of the
accumulation of more temperature cycles than expected or , as
engines deteriorate , because of the use of the engines at higher
than rated turbine temperatures. These studies could be followed
by engine tests to verify the conclusions and demonstrate the
required life and reliability of the selected system .

3. Weight Reduction

Current studies have confirmed that weight will play a greater
role in the finalization of the V/STOL aircraft configuration
than in past conventional designs. Aside from paying increased
attention to weight in executing the design , the buil der w i ll
purchase light weight only by incurring the penalties of in-
creased cost, shorter life , and/or l ower performance. There-
fore, it will take thoroughly planned and executed weight/cost,
weight/life , and weight/performance trade studies against the
various V/STOL missions to ensure the best compromises in the
final design.

Gearboxes , Shafting , and Clutches

Each of the V/STOL concepts utilizes shafting and gearboxes to
transfer power during VIOL and/or GET operation. In addition , the
three-fan configurations incorporate a clutch in the forward fan
shafting because the forwa rd fan Is used only during takeoff and
la’~ding . These drive systems incorporate proved state-of-the -art
technology similar to that used in current helicopters. For example ,
bevel gear design parameters (~ igure 16) are similar to those used
in today ’ s large helicooters . The specific e~ iipni ent for each ~rci i ’
must be tailored tc ~ ~. tb~ needs of each a i r c r a f t  con 4 iqur ati un.
Indeed , the V/STOL pr unalsi un l riv ,- sys ’ - - ‘oust to so c~~~~i I m t  -

grated into the ~~r~ r im n~ ~~~ it is difficu l t ~n thin~+ of ‘hi’
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Figure 16. Spira l Bevel Gear Comparison

Drive System Development

The forward fan c lutch is the first V/ STOL system component to
be under full-scale hardware development. In September 1976, the
Navy awarded Detroit Diesel Allison a contract to design, fabricate ,
and test a full-scale , flightweight clutch suitable for V/STOL air-
craft use . This clutch engages for vertical flight and disengages
for cru i se on corriiiand from the aircraft contro l system . For flight
safety , it is designed to remain positively engaged while the air-
craft is in the vertical mode, so that in case of lube system or other
potential failure ,aircr aft control will not be disrupted . The design
is based on Detroit Diesel Allison ’s extens i ve experience w ith in-
dustrial clutches, which have similar horsepower requirements , and
with aircraft eng ine clutches, which operated at sir ” i la r surface
speeds.

Tb~ desi r ;n uf the c Jut:h has been completed . Com- p n t ~nt ~I ’sti ng
has demonstr~ tpd thI a h i l i t y o f tne~~u ll .scal . cLAt J’ p~ c4t e- I
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and bearing packages should begin. Each of these right angle drive
sets could be designed , fabricated , and rig tested before the final
propulsion system design is comp leted .

An early simulated propulsion test has been suggested as an ex-
cellent means of demonstrating the integrated propulsion system . A
test of this type, earl y in the program , would serve to identi fy
those areas where additiona l development effort was needed and , by
the same token , point out other areas where little or no further
work was required and thus save a subs tantial amount of time and
money . This full -scale test should include enough of the system to
permi t demonstrations of power transfer , fan response rates , clutch
engagements , and system control under various operating conditions.
Existing components , such as the XT7O1 engines and the clutch from
the current Navy development program , could be made available for the
test. Other components could be obtained from company development
programs in progress to minimize the need for additional special
equipment.

SUMMARY

The Navy ’s subsonic , multimission V/STOL aircraft requires the
closest integration of airframe and propulsion system of any new
design in the author ’s experience. Ibis is the result, in large
par t , of the expanded  role  of the p r o p u l s i o n  system in  that  i t  pro-
vides not only propulsive force but also primary control of the air-
craft in the vertical mode.

The development of the propulsion system is an active program
that currently comprises aircraft configuration studies , program

• planning, and a development project for the front fan clutch. The
• development of other components is expected to follow in rapid order.
• Extensive design and trade studies, some of which are already in

progress,wi l l be required to ensure an optimum fina l design that best
meets the highly diverse multi m ission requirements assigned to this
new airc raft.

Beyond the Navy ’ s we ll defined V/STOL requirements , there is a
likelihood that a portion of the Army ’ s future helicopter force will

• turn to an advanced V /STOL a ir L ’-a ’ t + Furthermore , a recent NAS A
stud y shows tha t V,STOL a ’rcraft similar to those bein il develol rd by
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possib i l i ty that  t hi s pro g ram i s the f ir st l i nk i n a cha i n of events
that will significantly shape the future of aviation.
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DISCUSSION

CRAGIN: (General Dynamics)

I noticed in your time chart there , you left out drive systems
and guidance and contro l systems .

BEAM:

I left out a lot of things !

CR.AGIN:

W e l l , my q u e s t i o n  to you is , do yo u r e a l l y  feel tha t , in light
of the materia ls and technology that you need in order to develop
these high powered gear boxes and the comp licated guidance sys tems
that we are goi ng to need between ships and airplanes, you can really
get out operational by 1990?

BEAM :

Let me first talk about the gear boxes and drive systems . The
designs that we have been working wi th , to date , have used state-of-
the—art gears and shafting ; we have used subcritical shafting , greased
packed shaft bearings , and spiral bevel gears at stress levels com-
parable to what i s bei ng use d i n today ’ s heavy hel icopters . We do
not see anyth ing there that requires any breakthrough at all. It is
pretty straightfo rward , simply scal ing up to larger sizes. So, w i t h
respect to shafting and gears , I do not really see a problem. There
wi ll ha ve to be some deve lopment work done to adapt to the particular
system and size that is selected , but nothing really new in technology
other than minimizing weight as we go along. With respect to co ntrol
systems , yes, I th ink a lot of work has to be done there. We are
going to have to integrate the propulsion system control system into
the aircraft; we are going to have to prov i de electronic controls
with triple redundancy .

CRAGIN:

But you think ,‘r’u can do all that acd get it operational ~v ~9~l C ’

BEAM :

-‘ • I ~ 1 1  i t  +1’, h~’ f

C RAGI’~:

Okay,  I h+i~ ’’ I ’  ~
41Pr i i ~~~ 
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response rate was concerned. How do you compare the two systems as
far as fan efficiency and surge margin are concerned?

BEAM :

Ou r tests to date - -  we na ve done su bscale tests on the v ari ab le
i n le t  an d t he gu id e vane , and there have been model tests done slightly
subscale on the variable pitch -- show that the efficiencies are quite

+ close . What was the other part of the question?

CRAGIN :

From a g i ven operat i ng po i it ,  wha t  effect does the use of var i a b le
inlet guide vanes versus variable pitch have on the surge margin of
the fa n , speaking relative to the control powe r ava i la b le?

BEAM:

We foun d that they are very close , very close. We are looking ~~~r

thrust variations in the order of 20-25 with the same aurge m argir 0’
each of them , comparing them on the same basis.

DELANY : (Rockwell International )
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BEAM:

We will use the centrifuge effect of the compressor to separate
the water and take the clean cooling air off the inside of the flow
path . That is fairly straightforward . Besides that we simply have to
make those passages big enough so that they will not clog, and that
is something we have had to dea l wi th , wi th sand and dust and salt
~ ter, as in the past. It is nothing new , but it is going to be a
very stringent problem.

JONGENEEL :

I think you are talking about an order of magnitude change .

BEAM:

I suspect we are.

DENNING:

I have a couple of questions . You said you had exami ned power
transfer with variable IGV ’ s as far as the control mode was concerned.
In the engine fail case , have you gone down to a situation where you
are at 50% of the design power?

BEAM:

Yes, we have. We can go below that. At 50 percent there is no
problem.

DENNING:

In the gas generator section, there is always the possibility ,
when you have a clutch and a gear box, that in the event of an engine
accidental disconnect under power, you might have a runaway situa-
tion on your power turbine if you have a free power turbine . Look-
ing at our configuration , we have an IP compressor attached to the IP
turbine shaft , which , of course , can run wi th blow off in a steady
state condition where there is zero power off-take.

BEAM :

Yes , that is one way of handling it. We had that same situation
in the Boeing heavy-lift hel icopter, and we handled it there by
providing sufficient integrity in the turbine wheels such that we
would lose turbine bl~des before we lost the wheels. In fact , we
put a centrifugal trigger in the blaoes so that they wouid come off
before the wheels burst. There we were using sprag type clutches ;
here we are using a more reliable type of over-running clutch , a
spline type . We are less likely to have a problem with this type
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of clutch. But there is that inherent possibility ,and it has to be
dealt with somehow in the system so that you do not have catastrophic
failures to those power turbine wheels.

BERNSTEIN: (Canadair Limited)

Whether you use variable pitch pads or variable IGV’ s for thrust
control , these are obviously primary flight controls in a low speed
regime. What requirements so you foresee for redundancy of these
systems? Do you have to see the hydraulics duplicated and triplicated?

BEAM:

They have to be prime reliable. Yes, I would expect the hydraulics
to be at least duplicated , possibly triplicated. Of course, the
control will be at least triple. The designs we have done so far
have had duplicate hydraulic actulators and triple redundant controls.



FLIGHT/PROPULSION CONTROL SYSTEMS FOR 1990 APPLICATIONS

L. D. Emerson and R. J. Miller

Pratt & Whitney Aircraft Group

West Palm Beach , Florida 33402

ABSTRA CT

Basic research guidelines and a schedule for developing an inte-
grated flight and propulsion control system with Initial Operational
Capability (b C) in 1 995 are presented . The value and probability of
success of the new ideas is discussed , utilizing the format suggested
by the Stanford Research Institute . Some new ideas are discussed
that apply to control hardwa re, software,and system integration that
may fit into the predicted schedule of development. A key require-
ment is identified in each case for meeting the mission objectives
in terms of quantified design criteria.

INTROD UCTION

Flight control arid propulsion control technology have evolved
in a relatively independent manner to satisfy the requirements of
conventional aircraft systems. It is generally recognized that a
successful verticle takeoff and landing (VTOL) system will require
a more cooperative approach to develop effective flight/propulsion
control coupling. The first step is mutual recognition of the time
schedule for propulsion system development and its impact on control
technology programs .

Based on current experience wi th aircraft enqines having limited
airframe integration, we can forecast that the design, development.
and operational suitability testing of a highly coupled , VTOL aircraft
propulsion system will take approximately 11 years. Figure 1 identifies
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Figure 1. Technology Forecasting for Propulsion Controls

the schedule for the supporting technology , presented in a manner
suggested by the Stanford Research Institute.

This schedule recognizes that,prior to design , approximately
four years is required to demonstrate an advanced concept and develop
the design tools required to use the concept wi th reasonable confi-
dence. Preceding the demonstration, we find that it takes about four
years to identify a new idea , relate it to a future program,and ob-
tain the necessary support for demonstrating its feasibility .

The value of an idea and its successful demonc~ration is related
to the start of propulsion system final design. An idea proposed too
early may be inappropriate and , therefore , have relatively low value
for the particular appl i cation. An idea demonstrated late has low
value because incorporation implies redesign and supplementary develop-
ment. Ideas presented today will probably have maximum value in a
system scheduled for IOC in 1995. The technology for systems planned
for 1990 IOC should be under test evaluation now .

CONTROLS TECHNOLOGY

The technologies supporting control system evolution draw from
a variety of disciplines identified in Figure 2. While some of these
disciplines are paced by progress wi thin the aerospace community , most
of them are now heavily influenced by the demands of the consumer
industries .
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As automati c controls become more commonplace in the consumer
market, industrial research will focus more on that need and will re-
spond less to the special needs of aerospace products . Although some
consumer products and techniques will be adaptabl e to our needs , and
we should be alert to this potential , the net effect will be a re-
quirement to expend more research dollars for aerospace special ty
items.

Research money alone will not, however, reverse the current trend
of specialty industries to ignore or reject the aerospace market.
Wi thin these industries , there is a rare consensus between the “managers ’
and the “innovators ” that aerospace products are not worth the trouble.
In addition to a low profit margin , the managers see a poor return on
the investment of time and limi ted innovative talent. This reinforces
their natural desire to constrain the innovations and react only to
the consumer ma rket. The innovators are not stimulated because long
range military missions , plans , and products are not visible to them .
In addition , their novi~ or revolutionary ideas are frequently hindered
by Military Specifications.

There are many other factors involved in this prob lem and a solu-
tion is not obvious. Research effort should be expended to define new
planning , budgeting , and procurement procedures plus new technology
management methods that will encourage these specialty item subcon-
tractors to participate in aerospace product development.

- .. . . —.- - -- S-- .- ~~~~~~~~~~~~~~~~~~~~ ,— -——-— --—-- - ——-—-~—---—.--‘- -~~ — -&--. —-----— — - -- -
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Component and system development costs are driving propulsion
control implementation toward full authority digital electronic
systems. Only very simple engines with no requirement for flight !
propulsion control integration or diagnostic data acquisition will
remain less expensive using hydroniechanical controls.

The major elements that constitute an electronic unit are shown
in Figure 3. These elements benefi t from a broad base of fabrication
technology that is not available to reduce the cost of the hydro-
mechanical counterpart. We have identified some additional support-
ing technologies that may further reduce the electronic control cost
with our assessment of potential design incorporation dates .

The power supply may be eliminated wi th the introduction of
high quality aircraft electrical power generation and distribution.
We assume that this power may be shared by all the aircraft and pro-
pulsion control units .

Development of high temperature power switches that can be
located with the servoactuator will remove a substantial heat load
from the electronic unit. With improved box insulation, the cooling
problem will be reduced to removing the internal heat generated by
the electronic components .

~ _
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Iu t  CPU Output

/ Today 1990 Pow., Cooling
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Compl ex ity —
~~~

. Electronic Contro l Unit
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Figure 3. Low Cost.
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Local , integrated chip cooling is suggested in Figure 4, wherein
the base material of the chip is fabricated to include a thermoelectric
cooling junction. The other junction is located outside the box in a
convenient part of the fuel system where the excess heat can be safely
rejected. While thermoelectric coolers are currently inefficient , the
total amount of heat being transferred is small and a practical design
should evolve.

By cooling and stabilizing the junction temperatures , the elec-
tronic component reliability could be improved. Eliminating the
internal thermal planes and air cooled or fuel cooled heat exchangers
will allow increased box packing density , and a smaller box will
further reduce the external heat load.

Electronic controls today are structured around a mul ti-chip
processor. The cost of the processor will continue to drop as more
complex architecture and instruction sets are included on each chip.
A dramatic improvement in reliability should also fol l ow wi th devel-
opment of a single -chip microprocessor and the associated reduction
in external circuit connections. The desirability of using a micro-
processor with a large market potential is understood ; however , for
propulsion contro l , the ideal microprocessor would contain the ele-
ments below :

_ _ _ _ _ _ _ _ _ _  

Hot

Thermoe lectric Junct ion

Figure 4. Localized Cool ing 
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Archi tecture

16 bit words
8 general purpose registers
Register-register arithmetic
Indirect and i ndexed addressing
Multiple level priority interrupts
Stack system for temporary storage
Floating point arithmetic
Direct memory access
Shared memory capability

Instruction Set (50 instructions)

Load , store
Add , subtract, multiply, divide
Shifts - long , short, left, right , arithmetic , logical , rotate
Tests - Value to value , zero, ± full-scale, overflow
Increments
Logicals - and , or, etc.
Double precision add
Jumps with program counter save

A “super microprocessor ” would include the additional instructions:

Arithmetic with overflow and zero protect

Absolute value
Mm , Max select
Fi l ter
Hysteri Si s
Log
Anti log
Curve search
Double precision integrator
Proportional plus derivative

To complement the “ideal” processor, an Electrically Alterable
Read Only Memory (EAROM) is desired to replace the Programable Read
Only Memory (PROMS) currently in use. This technology will have a
substantial Impact in expediting and reducing the cost of control de-
velopment. Flexibility to acconinodate propulsion system changes with
minimum reliability risk will be possible.
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The characteristics of this EAROM should be:

Cycle time (word access) 100 nanoseconds
*Word organization 16 bit X 1 000 words
Reads before refresh io’~ (20,000 hr)

These microprocessors and memory elements will be an overkill
for many subsystem control functions ; however , the tendency to use
special purpose designs will be reduced if the capacity is available
in the microprocessor chip. More complex subsystem controls should
be designed to use parallel microprosessors , as shown in Figure 5,
to maintain system compatibility .

Digita l computers are compatible wi th binary , pulse rate, or
pulse width output signals. The inherent precision of the computer
is compromised by analog output transducers . Contemporary electro-
hydraulic servovalves utilize electromagnetic transducers between
the electronic control and the load actuator. Regulation of these
servovalves by pulse rate or pulse width signals is limi ted by the
circuit inductance at high frequency . An alternative approach is
suggested in Figure 6.

This concept shows a piezoe l ectric stack used as the interface
transducer that appears as a capacitive load to the output power

Sensors 

~~~~ ~~~~~~~~~~~~ ~~~ 
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Figure 5. More Computing Power
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Figure 6. “Digital” Servos

switch. Stack motion is coupled to a high gain flow control orifice
to pulse modulate the output servo flow.

The technica l challenge here is to develop methods of fabricat-
ing the piezoelectri c stack in a manner similar to integrated circuit
chip constructi on. Piezoelectric material and conductive interface
material is sequentially deposited in very thin layers to obtain a
high electrical stress with relatively low app lied voltage (perhaps
28 volts).

In addition to bei ng able to operate at high frequency , these
transducers might be connected in an oscillating circuit to minimize
power consumption. Al so the hydraulic servo circuit could be arranged
to lock the load actuator in position if pulse modulation stops , re-
sulting in a fail fixed system.

Electronic computation presents both the Opportunity and the
capacity to interface with a wi de variety of transducers ; however,
classica l control design approache s have constrained our logic to
that which can use available sensors. Current investigations of the
appl i cation of m odern multivaria b le control theory are giving us
better insight into the benefits of sensing some state variables in
the propulsion system that were previously not considered .
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While the analysis is incomplete and we have no speci fic sensor
technology to suggest today, this general observation can be made .
The new transducers should fundamentally produce a high frequency
signal output that varies wi th the sensed parameter. The “solid
state optical” transducer , identified in Figure 7, is visualized as
one whose optical transmission frequency is changed by the engine
state variable and quantified by the computer input logic.

The first engineering problem for control system design is ade-
quate system definition. Economical analysis and devel opment of
flight/propulsion coupled controls will require cooperative team
effort between propulsion , airframe and control component suppliers.
Comprehensive studies of the VTOL control options will focus on
system dynamics, and nonlinear , dynamic models will be required to
evaluate design alternatives. Figure 8 identifies the interactive
studies required of the team members .

A nonlinear dynami c deck , programmed in “FORTRAN” for use on
contemporary general purpose computers wi th adequate fidelity for
VTOL control design , will be expensive to use. We estimate that on
our time-shared computer , 2 minutes of real time VTOL transient op-
eration will be “in residence ” for approximately 5 eight-hour shifts .
A better techni que is needed.

Acc uracy 
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and EngIne Reqrnts
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Figure 8. Improved Simulations

It is suggested that research effort be directed to define these
models as dedicated microprocessor “networks.” A compatible micropro-
cessor based system could be defined , procured and dedicated to com-
plex dynami c simulations by each team member . For real time , man -in-
loop simulations , the dedicated microprocessor network should allow
more realistic fidelity in system response to expedite mutual under-
standing of control and system dynamics and should be more cost ef-
fective to use than general purpose computer simulations.

Multiplexed , digital communication systems open new options for
overall control system operating modes and subsystem control logic.
Figure 9 gives a simplisti c view of the comunication links being
considered. MIL-STD-1553A , adopted in 1975, sets up a framework with-
in which the subsystems will be compatible and provides a model for
data bus specification in the 1990s.

The next generation of data bus should reflect requirements to
dynami call y blend the control functions of the weapon system . A
typical example for V/STOL operation would tie the radar , flight con-
trol , and propul sion control together to complete a landing with
minimum power excursions . Another example would couple flight con-
trol , propulsion control , and laser tracker to the weapon fire control
and optimi ze aiming precision or target range. 

-—-~~~~~ - —.- -- - -  - - - -.
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Perfo rman ce seek i ng control act i ons co u ld  be superv i sed by the
mission control system. Algorithms stored here could be selected to
maximize range , minimize time to target, or maximize flight time .
Contributing subsystems (flight control , propulsion control , inertial
navigation , and air data computer) could optimize their instantaneous
performance while simultaneously observing subsystem limi ts .

Research to define these blended control modes will require
cooperative “team” studies to assure that each subsystem is mode led
with adequate fidelity . The studies should derive data transmission
rates that support the control performance objectives and will
probably indicate optical data transmission is needed for speed and
noise immunity .

The major obstacle to universal acceptance of electronic systems
has been their relatively high failure rate while operating under
severe environmental stress. Today ’ s short haul aircraft use relatively
simple engines that are control l ed by hydromechan ical systems . These
systems are currently demonstrating higher reliability than can be
expected from electronic systems of equal complexity . As these engines
become more complex to satisf y demands for improved performance and
response , thei~ control complexity w ill approach that of current high
performance fighter aircraft engines. Experience in controlling these
engines shows that electronic systems accomodate the added complexity
wi th less degradation in reliability and , with proper development , can

- -~~~~.
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exceed the reliability of hydromechanical systems .

As shown in Figure 10, both contro l designs suffer a reliability
loss wi th increased complexi ty and , unl ess failure accommodation
techniques are used , mission reliability and fligh t safety will suf-
fer. Conventional aircraft, partic ularly those with multiple engines ,
can tolerate propulsion contro l performance degradation , and for these
installations single channel , “fail graceful ” electronic controls
will be acceptable. Single engine installations may require a simple
electronic or hydromechanical backup.

For V /STOL installations , where the propulsion system is part
of the aircraft prima ry flight control , failure accommodation will
be mo re cri tica l , demanding “fail operational” system capability .
It is not reasonable to forecast that a single channel electronic
control system will have adequate reliability to satisfy the fl ight
safe ty requirements of V /STOL operations by 1995. Redundant designs
similar to those used for flight controls will be necessary , increas-
ing the parts count, cost, and maintenance requirements .

To minimi ze the impact of propulsion control redundancy on life
cycle cost , research effort should be directed to increase the rate
at which electronic system reliability improves. Operati onal experi-
ence with electronic controls will accumulate rapidly in the 1980

Reliability 
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time period and a plan should be formulated to make full use of this
experience . The plan should lead to effective failure detection ,
analysis, information distribution , corrective action, and fol lowup.

Definition of methods for collecting, correlating,and distri but-
ing service information may not be as exciting as the invention of
solid state electronics, but it is critical to reducing their cost
and developing confidence in their use. A comprehensive plan should
be formulated now to assure there are no mis sing links in the data
collection and feedback system.

Simulta neous introduction of electronic propulsion controls and
on—board fault diagnosis systems will complement the reliability
growth plan. Figure 11 shows the electronic control used as the pri-
mary data collection interface for the diagno stic system. It is the
logical component to do the on-line , real time data correlation be-
cause most of the data and diagnostic al gorithms necessary for proper
control are already there . Error signals , system dynamic response to
internal and external stimuli , and system static performance relative
to the operating environment are normally available wi thin the con-
trol logic.

Integration of the diagnostic data acquisition wi th the control
function and developing it as one system will go a long way toward

1975 Today 1980 1985 1990 1995
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Figure 11 . Diagnostics
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improving confidence in the diagnostic data and eliminating component
removal wi thout cause . The special sensors and signal conditioning
methods will be exposed to the entire development sequence and will
provide a good link between observations made during development and
subsequent in-service observati ons.

Research programs should address the problem of extracting fault
patterns from data the diagnostic system will provide. This will re-
quire developing efficient “system identification ” algorithms that
can characterize a good propulsion system , methods of storing the
identified model , and methods of relating subsequent pattern changes
in probable faults.

An attemp t has been made here to identify some of the control
technology that can support the development and perhaps enhance the
operational suitability of a V /STOL type aircraft . I hope it is clear
that the long lead time for propulsion development makes it necessary
to identify and demonstrate this technology very early.

We could provide more effective guidance for research programs
if we had better visibility to future mission plans and objectives.
While securi ty problems present some difficulty , they can be handled ,
and the long range benefits are worth the effort.

Figure 12 outlines the procedural steps for a methodical selec -
tion of applied technology that was developed under contract
F33615-74—C-3042 for the Air Force Flight Dynamics Laboratory . This
was a team effort between A.F.F.D.L., Lockheed , Honeywell , and Pratt
& Whitney Ai rcraft.
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Maj or Mission
Design Guidel ines Performance

Factors
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Techn ol ogy/
Mode

1 EffectIveness

Sys lem BenefIt System
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Figure 12. Method i cal Technology Selection 
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This procedure is intended to quantify the relative impact of
technology on the cost/effectiveness of a given system. In reality ,
it is a computeri zed bookkeeping system that allows rapid comparison
of technology payoff.

The procedure does not perform the required studies; it simply
identifies what must be done. The first three blocks of information
are the ones most difficult to fill. In a sample case we studied ,
technology screening, benefit assessment , and calculation of cost
effectiveness required substantial anal ysis , but the work was straight-
forward ; however , obtaining real ist ic mission operationa l requirements
and relative performance weighting factors was a problem , and this
information should be made available if future technology forecasts
are to be more accurate.

DISCUSSION

KEMPER : (Vought Corporation)

You have made an excellent presentation of the problems of getting
where you think we ought to be , particularly with the control require-
ments which are fi ve years too late based on current schedules on
Type A for V/STOL . Most of your stuff comes home in the 1990s. Now
is this an idealized situation you are presenting?

EMERSON :

Yes . What I tried to address was the scriedule that I know to be
real and if I was asked , which I was , to present ideas that are in
need of research . i an~ not trying to identify that they are appli-
cable to the Type A VISTOL or applicable to the Type B VISTOL , because
I really don ’t have that firm a grasp of the schedules for those
missions ri ght now today. We are putting in an RFI response for one-—
everybody is--but I am not sure that schedule is going to hold , and I
don ’t know that anybody is. Furthermore , I just ignored that (V/STOL-
A Schedule) and backed out what I know to be the necessary time for
demonstrating and selling an idea , so that if we have the ideas today ,
they would see initial operation in 1995.

KEMPER :

That was very good. That was an excellent way to present it. 
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PROPULSION RESEARCH REQUIREMENTS FOR POWERED LIFT AIRCRAFT

A. D. Wel live r

Boeing Military Airplane Division

Seattle , Washing ton 98124

ABSTRACT

This paper suggests research areas offering the greatest return
for a research investment in terms of our ability to achieve optimum
aircraft configurations. Emphasis is on improving the means for exam-
ining potential design concepts . Research areas which offer the
largest potential payoff are identified as numerical fluid mechanics ,
testing methods, and propulsion simulation and control . Detailed
research objectives in each of these areas are suggested, and the use
of the resul ting technology to improve the design process is discussed .

LIST OF ABBREVIATIONS AND SYMBOLS

Symbol

B.L. Boundary layer
C.R. Contraction ratio
CTOL Conventional takeoff and landing
DAIS Digita l avionic s information system
EPCS Electronic propulsion control system
FADEC Full authority digita l engine control
IPCS Integrated propulsion control system
LCC Life cycle cost
LDV Laser Dopp ler veloc imeter
L/D Length/diameter
Mth Theoretical one-dimensional Mach number
MTBF Mea n time between failures
N—S Navier —Stokes

Ambient static pressure
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Fan stream total pressure

~tp 
Pr imary stream total pressure

R Ra di us
R0 Duct rad i us
S.0.A. State-of -the-art
STOL Short takeoff and landing

Total temperature
TtF Fan stream tota l temperature
Ttp Primary stream tota l temperature
V Veloci ty
VAXIAL Ax ial velocity component
VIP Ideal primary velocity
V/STOL Vertical/Short takeoff and landing
VTOL Vertical takeoff and landing
W Velocity component in the streamwise direction

An gle-of-attack

INTRODUCTION

Several aspects of propuls ion system integration for new STOL
and V/STOL aircraft need increased emphasis if we , the techn ical
comunity , are to achieve anything close to optimum aircraft config-
urations in the next decade . For example, assume that one has a new
a i rp lane concept , of great promise , which must be evaluated. How is
th is evaluation to be accomplished wi thout buildi ng and fly ing an
entire airplane or wi thout building and testing a large number of
scale models and then overcoming a difficul t scaling problem? Experi-
ence has shown that all too often , particularly in V/STOL aircraft ,
a concept will look great on paper; but, as the hardware evolves,
performance is eroded ,and weight creeps up unti l the usefulness of the
aircraft has disappeared and the concept is dropped .

The purpose of this paper is to suggest research areas offering
the greatest return for a research investment in terms of our ability
to achieve optimum configurations . The system aspects of the problem
will not be addressed . Research objectives must be defined that are
general and not tied to a specific aircraft concept and that will
significantly contribute to our ability to design better V/STOL air-
craft. The actual concept is important , but we are discussing the
path to define the best concept and, finally, the best configuration.
Emphasis must therefore be concentrated on providing a means for
examining potential concepts other than through expensive testing ,
which has been shown in the past to be misleading and which has a good
probability of missing the “best” concept.

One difficulty is that propulsion integration for V/STOL aircraft
is more complex than for CTOL aircraft. This increased complexity ,
following present design practice s , necessita tes very extensive para-
metric model and ful l scale tests to evolve a fina l practical design .
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For example, a typical CTOL airplane wi th pod mounted nacelles is shown
in Figure 1. The nacelle is usually placed away from the flowfield of
the wing to avoid airplane propul sion system interactions ; therefore,
the flow through and around the nacelle is reasonably well behaved and
understood . Contrast this installation wi th those of the YC-14 STOL
demonstrator , Figure 2, a V/STOL aircraft with rotating nacelle s and
nose fan, Figure 3, and a highly integrated STOL transport , Figure 4.
These powered lift aircraft differ from conventional aircraft in four
important areas.

1. They are generally propulsion domi nated systems ; therefore
engine inte~,’ation is a major concern .

2. Wing aerodynamics are strongly affected by the propulsion system .

3. Inlets and nozzles are required to operate effectively over a
much broader envelope than is necessary for CTOL aircraft.

4. Weight of the propulsion system is of critical importance.

A common characteristic of most V/STOL aircraft is a strong
interaction between the propul sion system and aircraft flowfields.
These interacting flows are in genera l very complex and three-di-
mensional. Present design procedure is based on an experimental
simulation of these flows and the creation of an empirical data base
through parametric testing. It is our belief that analysis can re-
place testing, to some extent at least, in the design process. How-
ever , our ability to analyze these flows needs to be improved . Another
important characteristic is that a signifi cant fraction of the air-
rraft ’s lift and control is provided by the propulsion system in low
speed flight through thrust management.

Three research areas which we suggest would offer a large return
on investment in terms of our ability to achieve optimum aircraft
configurations are as follows :

1. Numer ical fluid mechanics

2. Improved testing methods

3. Propulsion simulation and control

In the sections which follow , we suggest research in each of these
areas and discuss how technology resulting from this be used to improve
the design process.
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NUMERICAL FLUID MECHANICS

Analysis has traditionally been used as an aid to testing , not
as a primary screening tool . This was natura l , since analysis which
could accurately predict the flows characteristic of complex V/STOL
installation has not existed. Advances in computer technology, and
analys is ove r the las t  decade sug ges t now , howeve r , that  anal ysis
could replace test in the design process to an ever-increasing degree
ove r the next decade . The traditional and analy sis based design pro-
cesses are shown schematically in Figure 5.

Use of flow analys is in the design process is emphasized because
experience has shown that much of the presently available analysis is
not being utilized in the practical design of hardware. The highly
specialized skills required to develop the fluid flow analysis usually
precluded that same person from really understanding the needs of the
hardware design in applying the analysis. Thi s lack of understanding
often leads to analysis tools which are of little practica l value.

My comments are thus aimed at both the aircraft designer and the
flu id dynamicist. The designer wants innovative V/STOL designs but ,
us ing current design procedure , often finds that advantages of a design
may slip away due to nonoptimum installation effects. For the fluid
dyn3mic ist , it is important that he understand user requirements so
that new developments can be used with maximum effect.

The su bsonic in l e t  can be use d to i l l u s t rate p rogress ove r the
last decade in applying fluid analysis in the design process. Figure
6 shows typical inlet operating envelopes at high power setting for
CTOL , STOL a nd V/STOL,aircraft. In each case , the inlet must be de-
signed to avoid separation over the envelope . Note that the inlet
design task is more difficult for the STOL and VTOL aircraft because
of the higher angles-of-attack at which they are expected to operate .
Figure 7 illustrates the progress which has been made in utilizing
analysis in the inlet design procedure over the last decade. In 1965,
inlets were designed using axisymmetric incompressible potential flow
analys i s and emp irical design guidelines; very extensive parametric
model and f u l l  scale tests were conducted to ar ri ve at the f i na l inle t
configurations . By 1973 , compressible subsonic potential flow and
boundary l ayer analyses (axisymmetric) were being used in the design
process.

Even with an increased angle-of—attack requirement , a successful
inlet was designed wi th only four wi nd tunnel model tests to verify
and refine the design --a reduction in model configurations tested by
a factor of ten . In 1976 , transonic potential flow and boundary layer
analyses (axisymetric geometries at angle—of-attack) were applied to
the design of inlets for Navy V/STOL aircraft as shown in Figure 8.
It  i s clea r tha t the des i gn of th i s inle t  us in g 1965 ca pab i l i ty woul d
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Fi gure 6. Inlet Design Envelopes - CTOL Th rough V/STOL

have requi red a long and expensive parametric test program. It is
doubtful if a successful design would ever have evolved ,as the lines
required are subtly different than for a conventional design. While
this inlet experience illustrates progress in the use of analysis in
the des ign process , it also taught us how difficult it is to app ly
analysis in the design process . As much effort was required to make
the fluid analysis into practical design tools as was required to
develop the basic fluid flow computer codes.

Progress in the use of analysis for design can also be illustrated
for nozzles. Boeing has , in recent years , investigated various devices
for mixi ng and shaping the flow at the nozzle exit of a turbofa n en~ i n e
for jet noise suppression . As part of this project, axisymmetric
mixi ng analysis was used to predict the flow development through the
nozzle of the JT8D powered 727 airplane . Axisymmetric analysis , how-
ever , failed to yield nozzle exit velocity distributions that agreed
well wi th test data at one circumferential plane at the nozzle exit.
This led to full—sca le rotating rake flow surveys at the nozzle exit
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which showed a strong flow asymmetry not expected as a result of the
model test program. As i l l u s t rated in Fig ure 9, 3-D analysis was then
used to predict the flow development through the nozzle. Note that the
analys is successfully predicted the asymmetry of the flow at the nozzle
exit and explained the asymmetry as an interaction between the swirling
prima ry f low and the tur bi ne su pport struts .  The turbi ne su pports
struts are shown in Figure 10 in a photograph of the aft end of the
eng i ne , up the nozzle. Although extensive model scale tests had been
conducted , the swirl of the prima ry flow in the nozzle was not simulated
in these tests, and the asymmetry of the nozzle exi t flow was not present
model scale. At the beginnir.g of a test program , one may not understand
which elements may have a major influence on the flow development. It
i s typ ica l ly  d i ff ic u l t  to just i f y a sufficientl y complex model test pro-
gram to accurately simulate the full scale flow . Once the importance
of the prima ry swirl to the downstream flow development was understood 1
it could be accounted for in subsequent experimental and analytical
investigations in support of the jet suppressor development project.

As part of the Boei ng investigation of jet noise suppression , the
3—D viscous analysis (1) was used to conduct a parametric study to iden—
tify critical geometric design parameters for a lobed interna l mixing
device , as shown in Figures 11 and 12. W hi le the a naly ti cal s im u l a t i on
of the full-scale flow shows some need for further analysis development ,
analytical results were at least as good as a model scale test in the
full scale flow. The analysis also yielded a good simulation of the
model scale flow (not shown).

The cost to prepa re the inp ut  data a nd to ru n the anal ys i s was
$500 to $1 ,000.- the cost of the model scale test was $30K to $50K.
These results strongly suggest the trend toward the analysis based de-
sign process , illustra ted earlier in Figure 5.

Flu id Flow Problems of Powered Lift Aircraft

I n d i scuss in g the a pp l i ca ti on of nume ri cal methods to the des i gn
of powered lift aircraft , ! will use as an example a USB aircraft be-
cause this is a current activity at Boeing. It is also appropriate .
because it inc l udes many of the problems which must be solved in pre-
dicting the flow field associated with powered lift aircraft. The flow
field (Fig. 13) can be divided into two main parts , one domi nated by
vi scous effect and one largel y inv iscid. The viscous region is par-
ticularly difficult when conpared wi th that of a conventional aircraft .
Sta rt i ng from ins i de the tai lp pe at the engine turbine exit, a l t hough
geometry is axisymnie t~~c, the flow is highl y turbulent and strong ly
3-D. This. is due in p~r~ to residual swirl in the flow exiting the
turbine and in part t~ the interaction be tween the flow and engine
mounting struts . As the flow mov~’s ‘~ wnstrPa!11 the hot primary stream
starts to mix with the cooler fa n stream. This flow is then forced
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COMPLEX 3-0 GEOMETRY

SHOCK/B.L. INTERACTION

BOATTAIL SEPARATION

:II > JET /WING INTERACTION
-- FLOW ~ JET /BODY INTERACTION

CURVA TURE \
MIXED SUBSONIC/ \.

AT HIGH ,,L~ 3-0 vIscous SUPERSONIC FLOW \ ~FLOW TRANSITIONS

-

Figure 13. Fluid Flow Problems of Propulsion Powered
Lift Installations

through a duct wi th a changing cross section. This distorts and
strains the turbulence and generates a complex secondary flow in
the cross plane of the duct. After being accelerated by the nozzle,
the jet emerges to mix with the flow comi ng over the nacelle and wing ,
which may include separation regions. On the wing side,a 3-D boundary
layer starts to develop . This flow is now complicated by streaml i ne
curvature and divergence effects. At high power setting, this whole
region is criss-crossed by shock and expansion waves to further com-
plicate the flow. Downstream of the wing, the flow conti nues as a
curved 3-D jet which may or may not interact wi th the aircraft body .

A major problem wi th powered lift aircraft is the strong inter-
action between the viscous and inviscid regions of the f low.  Th i s is
illustrated in Figure 14 from reference (2) which compares the h f  t/
drag characteristics of powered l ift and conventional aircraft. On
powered lift aircraft ,it is not possible to analyze the wing and the
nacelle separately and then to design for minimum interference . Be-
cause of thi s, our ability for detailed analysis of such aircraft is
almost completely lacking.

Whether or not . it will ever be possible to obtain solution of the
full time-dependent Navier-Stokes equatiens fo~ problems of practicalinterest is a debatable question. There is no question , however , that
for many years to come, we must settle for much less detailed analysis .
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Figure 14. Lift /Drag Characteristics of Powe red Lift and
Conventional Ai rcraft

Because of this , most current work is concentrated on solutions of the
time averaged equati ons. At first consideration, this may not appear to
be a serious problem. After all , we are concerned primari ly wi th the
mean flow , and even if we nad solutions for full time-dependent N-S
equations , the first thing we would do is to time average them. The
problem is that the time averaged equations contain second order cor-
relations . Equations can be derived for these correlations , but these
equations contain additional correlations, so there are always more
unknowns than equations. This is the turbulence closure problem , and
it is the mathematical consequence of the loss of Information which
occurs when the Navier-Stokes equations are time averaged . The second
order correlations known as the Reynolds stresses , which appear in
the mean flow equations , appear as gradients , but since the Reynolds
stresses themselves are generally small  compared wi th the total pres-
sure, they can only affect the fl ow in regions where the gradients are
high. Therefore, much of the flow can be considered as inviscid. Un-
fortunately, these high gradient regions are often the critical regions ,
and the accuracy and utility of the solution as a whole often depends
on the accuracy wi th which the flow in these regions can be predicted.
Hence , the importance of turbulence models. 
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The di fferent levels of complexity of turbulent flows are illus-
trated in Figure 15. These range from 2-0 parabolic fl ows to solutions
of the full time-dependent Navier-Stokes equations. Since methods for
solving 2-D parabolic flows became available in the mid -sixties , there
has been a rapid growth in the use of finite difference methods, and a
number of fast and efficient methods are now available for solving
coupled sets of parabol ic equations. These solutions march downstream
from the starting plane, and computer storage is required for only one
plane of data .

The next level of comp lexity includes algorithms for solving 3-D
parabolic /ellipti c flows . The parabolic dimension can either be time
or one of the physical dimensions. These algor i thms can therefore be
used to pred ict 3-D parabolic flows or they can be relaxed in time to
give solutions for 2-0 elliptic flows . Turbulence models are required
in a l l  these cases. 3—D potential flow solutions are approximatel y
equ ivalent  i n comp lex ity .

2.D PARABOLIC AND POTENTIAL FLOWS

1986 30 PARABOLIC
________ — ALGORIThM — — — —

TURBU~~~~~~
Z

~~~~~~j  3-0 PARABOLIC 
3-0

________ — 

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

~~~~~~~~~ 

POTENTIAL 
— 

s o.

NAV IER — STOKES 3-0 FLOWS

PIAVIERSTOK ES 4-0 FLOWS

Figure 15. Current S.O.A. - Nume r i cal Flu i d Mechan i cs
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The next step is a big one. Solutio ns for the full t ime avera ged
Nav ier—Stokes equations require numerical al gorithms val id for 3—0
hyperbol ic! ellipti c flows . The major problem here is that full 3-0
computer storage is required for all variables. With present computers ,
solutio ns of this type are possible only for selected flows . If there
is no separation in the main flow direction ,a simpler procedure can be
used. If the 3—0 parabolic solution is iterated and the pressure is up-
dated at each iteration , it is possible to relax toward an elliptic
solution. Such algorithms are cai led partially -parabolic or semi—el-
liptic. Turbulence models are also required in these cases . The
principle advantage of this procedure is that full 3-D storage is re-
qu i red only for the pressure .

Solut ions for the ful l time-dependent Navier-Stokes equations are
so far beyon d the ca pac i ty of p rese nt compu ters that th i s type w i l l  no t
be discussed in detail here .

Overall Objective

The overall research objective is thus to develop methods to com-
pute the flows , and aerod ynam i c an d propulsive performance character-
istic of powered lift aircraft for the selection of designs. This
requ i res f u l l y 3-0 analysis of mixed subsonic and supersonic flows ,
including all of the relevant viscous flow processes . Testing will
still be required , bu t to val id ate the a nal ysis procedure rather than
to prov ide an empirical data base for configuration selection.

The transition from a test-based to an anal ysis based design pro-
cess will not happen suddenly. Each analysis development can be used
to improve the design process as it is available , and it is esse nt i al
that the analysts work wi th the designers each step of the way to
improve the design process. This incorporation of new anal yses, as
they become ava i la b le , into the design process was illustrated above
in the inlet example.

Ove ra l l  Ap proach

In develop i ng a research p la n, it is important that this overall
objective be kept clearly in mind a nd that  potent i al problem areas
be identified early and ,if poss ible ,anticipated. One of the most
difficult of these problems is the coordination of the various parts
of the research effort. The overall success of such a research pla n
frequently depends more on such coordination than on success in the
spec ialized research areas. For example, it is i mportant to insure
that the numerical solution algorithm and the turbulence model are
compatible and consistent wi th the capacity of the available computers .
An over simplistic turbulence model can severely limit the utility of a 

- ..~~~. . —.——.-—-————-~~~~~~~~~~~~~~~ ——-—
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design tool , while an unduly complex turbulence model may be useless
if its inclusion in the program requires a storage capacity which is
greater than that available. It might seem that such considerations
would be obvious , but in practice this does not seem to be the case.
There are surprisingly few groups working on numerical fluid mechanics
that successfully balance the competing requirements of the various
parts of the work .

I believe that a “broad front strategy” advocated here will
generally be more successful than a series approach ,where one portion
of the problem is solved before the other portions are considered.
With present computer l imitat ions , the development of the des i gn tools
of maximum utility require too fine a balance between complexity and
general ity to offer any reasonable hope of success for a development
effort that proceeds in a piecemeal fashion.

The analys i s elements wh ich must be coor di nate d for opt i mum
progress toward the overal l objective are as follows :

Numerical and computational mesh generation
Turbulence modeling

• Computing capacity
Data handling and display

• Analysis validation.

Comput i ng Capac i ty

Analysis to be developed and incorporated into the design process
in the next decade should reflect the growth in computing capacity and
speed to be expected. Analysis developed wi th today ’s computing speed
and storage in mind as constraints will not fully utilize the avail-
able computing resources when the analysis is finally ready to be
applied five or ten years in the future . While the analysts cannot do
much about the computer resources to be availabl e to him in the future ,
he should be cognizant of what is now and what is likely to be avail-
able to him.

Figure 16 is a sumary of where we are likely to be in computing
speed and storage . The new large , fast computers such as the CRAY and
CDC Star offer the potential that fully elli ptic solutions of the Navier-
Stokes equations, at least in local flow regions , may soon be feasible.
Current NASA plann ing is to make avai lable large computer resources
through Government research centers in much the same way as large wi nd
tunnel facil ities are handled today.

Numer i cal an d Computational Mesh Generat i on

Given that the model to represent turbulence for the flow physics 

— - -
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of interest is of adequate inherent accuracy , the power to analyze
physical phenomena wi th computer techniques is limited by the computer
speed of processing instructions , the amount of storage available, the
computer residency time al lowe d , and the computational efficiency of
the numerical model relative to various possible numerical mode l
formulations. Optimization of this latter parameter offers great
potential for raising the analysis power. Ways by which this may
be accompl ished are illustrated in Figures 17 and 18.

These figures present the powered lift installations from the
viewpoint of developing numerics for analysis, again onl y as an ex-
amp le. Th i s could be a V/STOL a i rc ra f t  or an af tbo dy pr ob lem for a
fighter as well. The chart suggests that we take advantage of the
parabolic or inviscid nature of some of the flow regions to reduce
our comput i ng requ i rements . The more complex anal ys i s the n wo u l d onl y
be used in regions of highly viscous transonic/supersonic 3-0 flow .
Also shown schematically is the use of a body-fitted mesh emp l oyed
for easy handl ing of boundary condition s by elimi nating irregularl y
shaped cells in the transformed plane and for improved computational
efficiency because the mesh can be concentrated only where it is
needed, such as in the steep gradient regions.

Local fitting and fi l tering (3) can be employed at shocks and
plume boundar ies to elimi nate numerical dispersion , wh i ch a l l o w s  h i ghe r
order schemes with less mesh points and therefore less computing
time . Covergence acceleration can be used to reduce the numbe r of
iterations to obtain a solution. A modular program strategy can be
used to avoid recoding components over and over and to allow modules
to be replaced as better ones become available, without disrupting
the overall program.

In all of these categor ies, ei ther the n umber of descrete poi nts
of the field of interest are reduced or the amount of work at each
discrete point is reduced to achieve computer residency time reduc-
t ion.  Incredible as i t may soun d, each of the above tactics may
yield orders of magnitude reduction in the computational costs in
practice at the expense of longer flow time to practicall y implement
the analyses in computer code form. Fortunatel y, the manpower time
consumption goes up onl y modestly for enormous reductions in com-
putational costs. Thus, substantial emphasis should be placed upon
the six areas listed below for future analysis powe r improvements.

Di scontinuity fitti ng employ s special techniques for treating
steep gradient regions such as sl ip lines , shocks , and contact
di scont i nui t ies.

Patch i n g techn iq ues involve  ap p lyi ng powe rful  ex pens i ve ana lys i s
only where needed. Cheaper methods are applied elsewhere .
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Convergence ac celerat ion rate tactics may be used for reducing
the numbe r of iterations required to obtain the desired solution.

Filtering techniques may be used to reduce the mesh required to
resolve steep gradients which are not conveniently amenable to
discontinuity f i t t ing.

Optimization of mesh gradation relative to the flow features of
inte rest may be used.

• Higher order accuracy may be used to reduce mesh requirements.

Figure 19 is an example of a 3-0 parabolic marching procedure
with a two equation 2-0 turbulence model used to predict the flow
through a “0” nozzle. The calculat ion shows the use of a numerical
mesh generator shown in the upper left. The right figure shows a
contou r map of the axial velocity at the exi t of this nozzle. The
lower left is a plot of the cross flow vectors showing the three-
dimensionality of the flow and perhaps is the most important part.
This is the result of a duct transition from a round engine exit
through an “S’ type duct to a 0 shape at the nozzle exit. This gives
an indication of the true thrust from the nozzle and a start for the
analysis of the flow as it continues over the wing and flap in a
powered lift aircraft. What we would like is to have the ability to
continue through the complete ~]ap analys is. A point is that in this
case, the internal character of the flow has a major influence on the
cond itions at the nozzle exi t and therefore has a signifi cant effect
on the downstream flow development.

Turbulence Model i ng

Recall that a turbulence model is necessary to suppl y the in-
formation lost when the Navier—Stokes equations are time averaged.
Good model ing is available for most 2-0 flows ; however , model in g of
the more complex 3-0 flows is really just beginning . The current
state-of-the-art , possible approaches to improved models, and model-
ing objectives are illustrated in Figure 20.

Phenomenolog ical turbulence models have traditionally been
dev ices used by experirnentalists to organize and classif y large
quant ities of experimental data . A turbulence model , as i ts name
implies, is a mathematical mode l of a physical process which ,of
necessi ty, mus t be based on a clear understa nding of the basic physics
involved. However , as turb ulence models have increased in complex-
ity , a widening rift has developed between experimentalists and those
attempting to develop improved turbulence models -- a r i f t wh i ch , if
allowed to cont inue , is certain to retard future programs .

In v iew of this , a class ification system for complex flows ,
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proposed by Bradshaw (4) and developed by him in a series of papers ,
must be regarded as one of the most important and interesting de-
velo pments in turbulence research in recent years . Such a classifi-
cation provides a blueprint for future development in turbulence
models and is an indispensable guide for the experimentalist seeking
to unravel the mysteries of complex 3—D flows .

Space here w i l l  not perm i t a deta i led d i scuss ion of th i s work or
comparison of ind i v i dual turbulence mo dels , b ut the re a re a few to pi cs
which should be discussed. The first is the difficulty of predicting
axi symetric and planar flows using the same turbulence model . A
resolut ion of this problem is a basic prerequisite for the accurate
prediction of general 3-0 flows . There is also a need for relatively
simple turbulence models capable of pre di ct i ng comp lex flows , in-
cluding flows in which more than one of the Reynolds stress components
is significant. It is probably inevitable that as turbulence models
grow in generality, they will also grow in complexity . For the
present, however , the degree of complexi ty which can be handled is
limi ted by the storage capacity of present computers .

Fig ure 21 g i ves a typ i cal example of today ’ s tu rbulence model-
ing capability for complex flows . The examp le i s f rom the 12 lobe
inte rnal mixe r presented earlier,where good total temperature dis-
tribution compari sons were shown . The detailed flow picture , howeve r,
shows the cells more ell iptical than the test data , but the peak
temperature levels are accurate . The di fference occurs because a
turbulence model , with constants optimi zed for planar flows , was
used. If the far downstream flow characteristics were important ,it
would be necessary to adjust the constants in the model . Mothe r
Nature wants the peak total temperature regions to become almost cir-
cular, but the turbulence model used caused the cells to retain their
ell iptical shape . This implies further development of the turbulence
model is required.

Data Handling and Display

Vast quantities of information must be manipulated if the in-
formation available from the analysis is to be useful . It is im-
portant to make the analysis yield results similar to that produced
from tests, such as velocity profil es , pressure and temperature .
The data ava ilable from the analysis must produce usefu l design in-
formation quickly and wi th a minimum of manpower. We feel computers
dedicated to data handlin g and display are a good solution to these
problems . Special software can be developed for data display to
make this as fast and easy as possibl e.

The use of a computer dedicated to display information from a
3—D viscous analysis of the flow development through a 727 nozzle
Is illustrated in Figure 22. This flow , discussed above , was assumed
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to be axisymetric for purposes of this illustrati on . Gi ven are the
3-0 contour plots of axial velocity as the flow develops through the
nozzle. Note the gradual mixing out of the wake from the turbine
centerbody as the flow approaches the nozzle exit.

Analys is Val idat i on

To be successful the above work must be accompanied by a series
of well-planned and professionally executed “bench mark” experiments
to val idate the analysis for the complex flows of interest. Th i s
experimental work will be discussed in more detail in the next section.
The point to be made here is that turbulence models and numerics can-
not be developed in isolation. A lack of experimental data , l i k e  the
poor , will probably be always wi th us, but at present there is a grave
shortage of detailed experimental data for 3—D configurations of
practical importance . To quote just two examples , there is no pub-
l i shed , deta iled experimental data for the 3-0 boundary l ayer in in-
lets at angle of attack , and the deta i le d exper imen tal  data ava i l ab l e
for 3—0 jets is limi ted to simple nozzle geometries such as elliptic
or rectangular shapes.

IMPROVED TESTING METHODS

In 1973, Professor Kl ine from Stanford chaired a committee to
reconiiiend critical experiment s for the NASA Langley Turbulent Free
Shear Layer Conference(s). This committee came up wi th two classi-
fications of experiments .

1. Technology Tests. The objective of these tests is parametric
data base for configuration selection. These tests are charac-
terized by the measurement of gross performance parameters
(thrust, drag, recovery , etc.), a lack of detailed flow measure-
ments, and a poor simulation of the flow in detail.

2. Test to Val idate of Support Analyses. The objective of these
tests is to provide information for analytical modeling of the
flow or for use in the validation of a flow analysi s. These
tests are characterized by simple , isolated flow processes ,
careful control of initial and boundary conditions , an d deta i le d
measurement of mean and turbulent flow properties.

Unfortuna tel y, it is seldom possible to combine both objectives
in the same experiment. Attempts to do this generally result in
exper iments that satisfy ne i ther objecti ve . 

.. .- -.- .- -. -..- .
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Technology Tests

Most appl ied experimental work differs from experiments to sup-
port analysis development in that the primary objective is the measure-
ment of gross performance parameters such as thrust, drag, pressure
recovery , etc . Detailed flow measurements are seldom taken. This is
partly due to the cost involved , most often because such measu remen ts
are either impractical or impossible for the flow being studied . How-
ever, as aircraft become more sophisticated and more complex , imp roved
test techniques which provide a more accurate simulation of the full
scale flow are becoming necessary . This includes the use of turbo-
powered nacelles, hot, blown nacelles,and the use of non-intrusive
instrumentation, IDV ’s, and laser holograph ic interferometry on a
production basis. As numerical analysis tool s are improving , th i s
applied experimental work is being used more and more to validate the
analysis , which is then used for parametric studies . In spite of
this trend,it is important to remember that there is a basic difference
in ph ilosophy between the two types of experimental works.

Tests to Val idate or Support Analyses

Even when the mean flow in turbulent fl ow is 2-0, the turb ulence
is always 3-0, so that three-dimensionality is not necessarily, in
i tself , a major complication. Because of this , many of the bas ic
features encountered in complex 3-D fl ows can be studied in simpler
2-D geometries. Thi s is not only possible, it is often desirable
if the feature being studied is to be isolated from other phenomena .
There are of course , certain flow phenomena which are inherentl y 3-D ,
3-0 wall boundarr l ayers for example. To be of use in the develop-
men t of impr’ved turbulence models , these experiments must be care-
fully plan , d professionally executed . This is generally
expens ive bo ;. i r  time and money . Very few such experiments exist ,
even for 2-0 ~‘ow~ , for 3-0 flows,we are faced with a major problem.It seems unl ik~,j that experimental data of the required quality and
quantity for these flows are going to be generated without a well -
coordinated long range plan. Because of this , Boei ng has recently
suggested that NASA undertake the plann ing and execution of a series
of Benchmark experiments. The objective of this work should be to
generate detailed experimental data for complex 3-0 flows to be used
to evaluate the performance of current turbulence models and to
prov ide the basic information required for future development.

The development of non-intrusive and flow-mapping test techniques
that can be used model or full scale to supply detailed mean and
turbulent flow information is also very desirable. Experimental
techniques whi ch should be further developed are as follows :
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LDV
Laser holo graphy
Hot film/hot wire
More use of translating/ro tating 

~t’ 
Tt rakes

An example of the use of laser holographic interferometry to
provide a detailed mapping of the density f i el d at the ex it of a
complex tube nozzle geometry is given in Figure 23.

PROPULSIO N SIMULATION AND CONTROL

Rising fuel costs and increasingly stringent aircraft mission
requirements will provide increasing incentive for optimizing air-
craft performance in a wide variety of environmental conditions and
operating scenarios . This situation,i n an era of powerful and
econom ical microprocessor-based computational capability , is expected
to lead to func t i onal i nte grat ion of a i rc raf t av i o ni cs , fl ight con-
trol , an d propulsion control systems . This integration is particu-
la rly important for V/STOL aircraft because of the relatively complex
propulsion/fl i gh t control interactions . The development of digital
systems to achieve the highest overall efficiency of an engine/air-
frame combination will require propul sion research in areas that range
from thrust modulation techniques for fl i ght control purposes , w i th
designs of highly reliable digital hardware and software , to the
adaptation of modern optimal control theory to the special needs of
propulsion systems.

Substant ial benef i ts may be real i zed f rom earl y identification
of the resea rch needed and the establishment of goals. The existing
state, as represented by current programs and recent research must  be
eval uated in light of requirements projected for the 1 980-1990 time
frame, as illustrated by Figure 24. The areas that we feel require
in—depth exploration are indicated irs the figure.

Increasingly stringent aircraft and mission requirements have
led to a proliferation of electronic “black boxes ” that have become
a n igh tma re i n terms of p rocu rement cos t , reliability , and ma i ntenance
cost. Since the requirements are going to get worse instead of better ,
we must seek relief through the only avenue open , integration of
cont rols and information systems . Controls integration is just now
becom ing feasible as a result of developments in digital data busses
and electronic microprocessors . The ground work for the app l ication
of integrated digi tal controls has already been laid by concurrent
research and development programs in propulsion and flight controls
as shown in Figure 2~ .

Incl ud ed are fl y-by-wi re and control configured vehicle testing
by NASA and the Air Force on F-8 , F-4 , and 8-52 aircraft. These
programs and others have demonstrated the feasib ility and advantage s 
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::::: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

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

REQUIRED PROPULSION RESEARCH

• THRUST MODULAT INGNECTORING TECHNIOUES
• CONTROL SYSTEM DESIGN FOR RELIABILITY
• CONTROL SOFTWARE DEVELOPMENT AND TEST TECHNIQUES
• MULT I.VARIABLE OPTIMAL CONTROL THEORY DEVELOPMENT

AND APPLICAT ION

Fi gure 24. I dent i fy i ng Resea rch Requ i rements

of electron ic flight controls. Direct application of this technology
has been used in the development of the F-16, F-14 , and YC-14 ai rcraft.
With the ground work laid , we now need to tie the elements together
into a viable operational system. The development of improved elec-
tronics is a signifi cant task that is being pursued in many areas.
The efficient application of the technology is also a big task that
must be addressed by propulsion and controls people. Areas of major
effort are summarized in Figure 26.

Perhaps the greatest impediment to the adoption of digita l con-
trols is concern over system reliability . Despite significant advance-
ments made in micro-circuit reliability in recent years , the MTBF of
most systems developed to date is only marginally acceptable for
operational aircraft applications. Additiona l research is necessary
to improve the reliability of digita l hardware . Potential areas of
investigation i ncl ude improved digital circuit design and hardware
packaging techniques to reduce the effects of temperature and vibration.
Also , improved testing methods, such as accelerated stress testing ,
shoul d be applied to screen out potentiall y faulty mi cro-circuits more
qu ickly and accurately. The reliability Situation IS summarized ii
Figure 27.

_ _ _
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Figure 28 indicates that as the computationa l capabili ty of
digi tal electronics continues to expand , the options available to the
controls engineer will increase . The classical control design tech-
niques , which involve the evaluation of each control loop on an
individual basis , were adequate fo r ol der simpler engi nes , but such
techniques will prove increasingly cumbersome and time—consum i ng if
applied to variable cycle engines. The advent of digi tal electronics
capable  of m a t r i x  mani pulation has cleared the way for adoption of
mult i-variable control techniques which offer potential improved
performance . The linear quadratic regulator (LQR) is one specific
area of modern control theory which is actively being investigated
for application to engine control. Th i s work needs to be expa n ded,
together wi th examination of additiona l areas of modern control
theory.

Al though simulation and wind tunnel testing permit veri f ication
of many of the concepts outlined above , o~ly testing of complete
systems will generate the confidence required to proceed to flight
status. Extensive ground testing of complete systems using iron bird
test rigs, such as that shown in Figu~-e 29, ca n ac hi eve many of the
goals of a fl ight test program at a much l iwer cost.

An extensive real-time simulation that interfaces with the test
rig, the aircraft control system,an d crew systems is required to
ach ieve maximum utility from the iro n bird rig. Figure 30 shows the
block diagram for a real-time simulation that might be used in con —
junction wi th an iron bird test rig to evaluate control l aws and
check out software and ha rdware .

Clos i n g Remarks

In conclus ion , I would like to summarize the key features of
the research areas discusse d above. Numerical fluid mechanics can
yiel d the most significant advances in improving the pr opu lsio
system installation design process. Continued emphasis on ~h 0 ~le-
velopment of analytical tools w ill result in replacing parametric
testing wi th parametric analysis. This will reduce the cost of the
design process by orders of magnitude . A broad front strategy is
advocated for the developme nt of computational analyses . By fol lr~i-
ing this approach ,developments in numerics and turbulence mod &ing
will be coordinated wi th advances in computing capacity and data
han dling and display, such tha t optimum progress will be made towa rd
develo p ing anal ytical tools for designing powered lift aircra 4t.
Improved testing methods need to be developed wi th the idea of using
testing to identify c .ucia l flow problems of powered lift aircraft
and for the val idati~ n of anal yses. The increasing cost of technology
testing to provide desi gn information has necessitated the emphasis
placed on nume rical analysis. lesting that leads to a better under-
stand ing of the fluid dynami c phenomena is needed for improving
anal ytical tools. 
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Research in propulsion simulation and control will lead to optimal
efficiency of the engine /airframe combination. An integrated control
system is particularly important for powered lift aircraft. This will
require developments in hardware , system design , component modeling ,
reliability, and control theory .

REFERENCES

1. Birch , S. F., Paynter , G. C., Spalding , D. B., and Tatchell , 0. G.,
“An Experimental and Numerical Study of the 3-D Mixing Flows of a
Turbofan Engine Exhaust System. ” AIM 15th Aerospace Sciences
Meeting, Paper No. 77-204, Jan. 1977.

2. Hefner , J. N. , and Bushnell , 0. M., “An Overview of Concepts
— for Aircraft Drag Reducti on,” AGARD/VK I Special Course on Concepts

for Drag Reduction , March 1977.

3. Forester, C. K. , “Higher Order Monotonic Convective Difference
Schemes ,u J. of Comp. Phys. 22, 1976.

4. Bradshaw, P., “Rev iew-Complex Turbulent Flows ,” Jou rnal of Flu i ds
Engineering, Trans . ASME , June 1975.

5. Kl ine, S. J., Coles , 0. E., Eggers , J. N., and Harsha , P. T.,
“Experiments in Free Shear Flows -Status and Needs for the Future ,”
Free Turbulent Shear Flows , NASA SP-321 , 1972.

DISCUSSION

SILVERSTEIN: (National Academy of Sciences)

Well done , I would say, very good . One question. One of our
current problems with many of our aircraft is associated with sepa-
ration at the rear causing base drag. In your analytic methods , you
fail to mention the importance of separation as a part of that tota l
process. I thin that it should be treated and that you need some
criterion for separation to apply to your solution.

WELLIVER :

That is a very good point. In fact, let me go one step fur th e r
than that. On that very point , one of the concerns that I have had
for a- long time is that in a lot of wi nd tunnel testing that has
been done , particularly in the aftbody problem , it is my observation that
the experimentor fails to establish what the initial conditions are .
You will have a difficult time validating any analytical tool based
on available data due to the experimental ist’s fa i lu re to establ i sh
the relationship between the aftbody separation and the imposed
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initial conditions . In reality , it you really want to compre-
hend some of the 3-0 problems associated wi th aftbody separation , I
believe you are better off spending a fair amount of money trying to
unders tand the governing physical phenomena for the purpose of design-
ing analytical tools. This becomes much more meaningful than just
runn ing a series of parametric tests. The bas ic ell i pt i c natu re of
the flow in the separated region requires solution of the full Navier-
Stokes equat ions , as I indicated in the presentation. Thus, I think
it is very critical to understanding the aftbody problem, that we
pursue a para l le l  approach w i th anal yt i cal model i ng and wi nd tu nnel
experimentation. The analytica l model must inherently treat the
separation phenomena, as I have attempted to describe in my presen-
tation. In add ition, we must have assura nce that the experimentor
performs the testing with the proper simulation and control of the
flow parameters that are affecting the interaction being studied .

PLATZER : (U.S. Nava l Postgraduate School )

Can you tell me a l ittle bit about the transonic inlet problem?
Is your solution obta i ned with a Murman -Cole type relaxation method ,
or are you us ing the Lieblein-Stockman correction?

WELL I VER:

Well , it is based on the full transonic equation , and it is a
fini te difference al gorithm . There is a pretty good description of
that published in the literature. It -is an MA.A paper presented by
Ted Reyhner at the 1976 Aerospace Sciences Conference in Los Angeles,
Cal ifornia.

HILL (Grumman Aerospace Corporation)

Being in the field of experimenta l research, I would like to point
out that you left out one big slot in the middle of your two parts in
the future. And that is, expe rimental investigation to basicall y find
out what is going on. You had a very good example of that in your own
results , in that you are computing an axisyninetric problem , but the real
flow was not com ing out that way . If that class of experiment is not
done , there is going to be a whole series of nice computations of things
that are not what ex ists.

WELLIVER:
I agree fully, as I stressed in the presentation. There are in-

adequacies in the computer models to simulate accuratel y certain
physical processes. In part i cu l a r , I emphasized through example tnat
the turbulence mo del emp l oyed for the axisynirnetric flow caused the
overall computed total temperature contour shapes to disagree wi th
measu rements. This indicates a turbulence model deficiency which rust
be remedied by further experimental flow analysis to define the ~nv sics
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and concurrent turbulence model refinement to accurately reproduce
the physical processes. In addition, as I mentioned , the a dve nt o f
LDV and laser hologra phy techniques renders ever more important the
future of the analytical /experime ntal partnership.

HEISER : (Arnold Engineering Development Center)

Would you care to comment on how the work at NASA -Ames Lies up
with the computational work you are describing?

WELLIVER :

Okay , I wil l  coment on that! I think that, as a lot of people
know, I have a very high respec t for Ames in particular for their
fluid mechanics work. For years they have done a good job. I think
one of the areas is , if I were pushing Ames, as I was last night , I
would push them in the area of trying to make the programs more user-
oriented and cover a broader front , rather  than some of the spec i f i c
areas they are working on. It is hard to talk in generalities, I
guess, but, for examp le , I th i nk that  turbulence model i n g nee ds a
broader , more general focus , and some other area s of the tota l analysis
based design process have not gotten attention ,to my knowledge . The
basic numerica l algori thms have received most attention , and tha t  is
one of the points I was mak ing. It is very popular to work the code ,
but the usefulness of a code depends on the extent to which the govern-
ing physics have been modeled and how user-oriented the code is. And
as I was pointing out in the discussion here this morning, people have
run the ful l time—dependent , three-dimensional Navier -Stokes equations ,
we know that, and they are operational. That is not particularl y
pioneeri ng. You can take a computer like the Cray I a nd , w i th that
glori ous program , you can analyze one cubic centimeter. Now what
are you going to do with that? And that is part of the issue .

L - -  _ _ _ _ _ _ _ _ _ _ _ _ _
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COMPUTATIONAL METHODS IN PREDICTING AIRFRAME

PROPULSION SYSTEM INTERACTION

Leroy L. Presley

NASA Ames Research Center

Moffett F iel d , California

ABSTRACT

With presently available computational methods and computers ,
complete solution of the total flow field about short-haul aircraft
cannot be obta ined -in sufficient deta il for use in engine-a i rframe
integration. A more realistic approach appears to proceed along a
path wherein components of the flow about aircraft are computed and
integration effects are predicted as a result of matching these
solutions along appropriate boundaries. This paper describes severa l
computational techniques that are currently available for computing
fuselage and inlet flows and typical results are presented .

Three d i fferent types of computational methods for forebody
flow fields are discussed : (1) a shock-capturing code for supersonic
f low , (2) a Navier-Stokes code for supersonic flow , and (3) a Navier-
Stokes code for transon ic flow. All of these methods are applicable
to three-dimensional configurations .

Two different types of computational methods for inlets are
discussed (1) a shock capturing code for supersonic flow and (2)
a time dependent method for transonic and supersonic flows . The first
method is capable of treating three -dimensional flows, while the
latter is applicable only to two-dimensional flows .

Schemes fo r ma tch ing fo rebody an d i n le t  f low f ield so lu ti ons
are discussed .

INTRODUCTION

Historicall y, neither the aerodynamicist nor the propu lsion
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system designers would admi t to the existence of airframe-propulsion
system interaction. When the airc raft being designed were either
simple or single point designs , such interaction effects were not
large and could be justifiably ignored. With the added design corn-
plexity of modern aircraft and the trend toward designs that perform
well i n several d i fferent fl ight modes , airframe-propulsion system
interactions cannot be ignored. Almost by definit ion , aircraft that
are designed to take off vertically, make a transition to horizonta l
fl ight , and have the ca pa bi l i ty of t ranson i c or superso ni c fl ig ht
will be aircraft whose performance is controlled by interaction
effects .

Most YTOL resea rch aircraft have been developed through exten -
sive wind tunnel test programs . Little design information has been
generated that i s suff i c ien t l y general to serve as a basis for the
design of the next generation of aircraft. To increase the design
base will require either more extensive and systematic wind tunnel
testing, an increasingly costly approach, or increased reliance upon
verified computation al methods . Although the fluid flow problems
that are encountered in airframe propulsion system integration are
very complex, numerical techniques are be i ng develope d an d com pu te rs
designed that will be able to analyze component flows wi th some
confi dence .

The purpose of this paper is to descri be some of the techniques
that are available or currently under development at Ames Research
Center to analyze the interact ion between the basic airframe and an
inlet , primarily at present , of a fighter-type aircraft. The material
is not intended to be comprehensive, but rather , representative of
current developments in this rather restrictive interaction problem .
A comprehens ive description of all methods applicable to the wi de
variety of interaction effects on typical airframe configurations
would be very useful to the VTOL/Short Haul community , but th i s task
will have to await the attention of an individual having a more peda-
9ogical bent. Three primary subjects are discu ssed in this paper :
(1) methods for obtaining the flow about isolated forebodies , (2)
methods for obtaining the flow about and through isolated inlets , and
(3) a discussion of coupling concepts for these two flows .

COMPUTATIONAL METHODS

Before describing the detail s of several computational methods
for analyzing either forebody or inlet flows or both, some general
coiriiients should be made . The overall objective underlying the de-
velopment of any computational method is to generate a tool that can
be used for predictive design. For the work described herein , the
driving objective is to develop computationa l tools that can be used
to predict airframe/propulsion system interactions for V/STOL aircraft.
It is being tacitly assumed that we do not have , or will not have in
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the foreseeable future, adequate computational capacity to compute ,
wi th a si ng le pro g ram , the flow about a complete aircraft wi th suf-
ficient detail to define i nteraction effects. In some cases, as will
be pointed out later , some of the computational algorithms for ob-
tain ing such solutions have been or could , with a reasonable effort ,
be developed. The prima ry limitations, in sp i te of some cl ai ms to
the contrary,are and will continue to be computer hardware speed
and capac ity . Until adequate computers are developed , the on ly
option is to develop techniques which can analyze aircraft components
separatel y and determi ne interaction effects by interacting the bound-
ary conditions of the separa te solutions. This so—called hybrid
approach allows individual programs designed for specialized tasks to
be used. Such an approach should permit discrete elements of the
flowf i eld to be analyze d i n d eta i l wit hout tax in g mach in e sto rage
requ irements , as is the situation associated with detailed ana lysis
of a complete flow system with one program. In addition , this ap-
proach will allow analysis of complex flow fields wi th existing
compute r hardware.

Forebody Flow Field Methods - Four different methods capable of com-
put ing forebody flow fields will be discussed. The first two are
l imited to supersonic flows , while the last two are applicable for
transon ic and subsonic flows .

Shock—Ca pturing Technique - Severa l recent papers, Ref . 1 and 3,
have reported methods wherein the Euler eq~ia tions are cast in con-
servat i ve form a nd solve d th rou ghout  a supe rso ni c f low f i eld us i n g
finite difference techniques. Due to their ability to define , wi th
no spec ial log i c , shock wa ves in a su person i c f low , these metho ds a re
broadly labeled shock-capturing techniques. Discrete shocks can be
fitted into the computationa l mesh , either as outer computational
bounda ri es , Ref . 1 , or floated in the computation mesh, as desc ri bed
in Re-f . 2 and 3. As shown in Fig. 1 , th i s type of com pu ta t iona l
method proceeds in a space marching procedure once the flow is defined
along some starting line . The three-dimensional Euler equations are
solved us ing, for the most part, MacCor mack ’s second-order accurate
di fferencing algorithm. The present version of the code, described in
Ref. 1 and currently in use at Ames Research Center, incorporates a
genera l geometry description package which utilizes paramet ric cubics
to fit the body contours. Wi th this generalization of the geometry
description , arbitra ry cross sections , representative of the fuselage
of modern fighter aircraft ,can be described and input into the computer
code . In mos t cases , proper representation of the fuselage is more
time-consu ming in both enginee ring man -hours and computer time than
the actual aerodynamic computation. An example of a fitted fuselage
conto ur is shown in Fi~~. 2.

Some con~uents should be made rogardiny the limi tations of the
code . As presently programme d , i t  will treat three-dimensio nal super-
sonic flows with a discrete bow shock wave . Since the technique
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— EULER EQUATIONS IN cONSERVATIvE FORM.
— MAC CORMACK 2ND ORDER ACCURATE DIFFERENCING.
— ARBITRARY FUSELAGE CROSS SECTION.
— ANGLE OF ATTACK ONLY .

Figure 1. Shock -Capturing Technique for Fuselage

FIgure 2. Body Fitted Contours
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— TWO-DIMENSIONAL NAVIER-STOKES EQUATIONS
— TIME DEPENDENT IN CROSS-FLOW PLANES
— ESTIMATION OF BOUNDARY LAYER
— LIMITED cROSS-SEcTI ON DESCRIPTION: M~ ~ 2

Figure 3. Navier-Stokes Technique-Hypersonic Equivalence Procedure

FLOW CONDITIONS
M = 2.5

Re~ = 9.1 x 1O~’/ft N
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7.5 REFERENCE LINE F—’

HORIZONTAL REFERE~~~~~~ NE~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I 
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STA 0.0” 9.0” 15.0” 19.5” CENTRAL AXIS

Figure 4. Fuselage Configuration
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Figure 6. Navier-Stokes Technique - Alternating Direction Expli cit
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obtains a numerical solution of the hyperbolic equations of motion
fo r superson ic flow , the flow must be everywhere supersonic. If the
flow becomes subson ic, a real step s i ze to adva nce the solu ti on ca nn ot
be obta ined and the technique fails. A scheme could be inserted that
would solve for small regions of subsonic fl ow in a supersonic stream ,
but this has not been incorpora ted into the existing code. Thus, the
present code is limi ted to supersonic flow s .

Nav ier-Stokes Solution (Hypersonic Equivalence Principle ) — This
technique has existed for some time (Ref. 4) but is still the only
techn iq ue ava i l ab le  whe reby s im ul taneous so lu t i on of the la min a r
boundary layer and inviscid flow field can be obtained for supersonic
fl ow. The foundat i on of th is approach i s the equ iva le nce between the
three—dimensional hypersonic flow about a slender body and a two-di-
mensional time dependent flow. As shown in Fig. 3, the so lu t ion
proceeds by computing the flow in two—dimensional planes wherein the
body cross Section changes with time--proportiona l to the distance
from the origin divided by the free-stream velocity . The full Navier-
Stokes equations for a laminar flow are solved in each cross sectional
pl ane. A comparison of a numerical solution for the typica l fighter
config uration, shown in Fig. I with experimental data (taken from Ref.
4), is made in Fig. 5. The gross features of the flow are reproduced
by the nume rica l method . However , significant differences in detail
ex ist between the numeri cal so lu t i on , and the da ta , particularly in
regard to the canopy shock wave. These differences are probably due
to a comb in at ion of shortcom in gs of the bas ic nume ri cal method , i.e.,
the hypersonic equivalence principle approxi mation , the excl u s ion of
axial viscous terms , and the lack of a turbulence model in the numeri-
cal method since the boundary layer in the experimenta l data was
tu rbulent. A further limitation that currently exists with this nu—
meri cal method i s lack  of generality i n  the code for describing the
fuselage cross section . As shown in Fig. 4, the f usela ge cross
section is described by a combinat ion of circles and straight lines.

Nav ier-Stokes Solution (Alternating Direction, Explicit Method ) - A
new computat ional tech niq ue fo r c a l c u la ting the f low abo ut fu sela ges
of arbitrary cross section is being developed on contract to NASA-
Ames Research Cente r by Numer ical Continuum Mechanics, Inc . This
technique will include a turbulence model and will be applicable to
subsonic and transonic as well as supersonic speeds. A general i zed
geometry package will be included that can fit arbitrarily shaped
fuselages.

An iterative method will be used to solve the time averaged
Nav ier-Stokes equations As shown in Fig. 6, the f i rst cross sect i o nal
iteration begins with a zeroth iterative approximate solution. The
e l l i p t i c der ivat i ves i n th e ax i al , Z , direction are approximated from
the zeroth itera te . Expl icit differenc ing is then used in the cross
sectional plane. The next iteration in the meridonal plane uses the 
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results of the first iteration to evaluate the el l ipt ic derivat ives in
the march i ng d i rect i on , now the me rid ona l angle , s, see Fig. 7. This
iteration between alternating directions continues until a converged
solution is obtained. Preliminary results for the flow in a centri-
fugal compressor indicate that a converged solution can be obta i ned in
two or three iterations and that flow details such as separation are
defi ned by the technique . It is estimated that approximately one hour
of CDC 7600 CPU time will be required for a solution.

Panel ing Methods.- Paneling methods, see for example Ref. 5, can be
used to solve for subsonic and slender body sup erso n ic f low  where i n
the flow fiel d can be described by the linearized equations of motion.
W i th i n the range of appl i cab i l i ty for the metho d , the flow abo ut complete
configurations can be defined. However, for de ta i led  calc u l a t ions such
as those often requ ired for integration effects , it is doubtful that
adequate resolution can be obtained . Perhaps the greatest value for
interaction problems lies in the use of paneling methods to define the
outer boundary conditions for more detailed fine-mesh solutions of the
ful l equations of motion , e.g., the Euler or the Nav ier-Stokes equations,
or for determ ining starting condition s for more exact solutions.

Inlet Flow Field Methods.- Two different methods capable of calculating
inlet flow fields will be discussed. Both techniques solve the inviscid
equat ions of mot i on , one for only supersonic flows and the second for both
subson ic and supersonic flows.

Shock Capturing Technique - Recently, a technique has been developed
which can analyze the supersonic flow in an axisymmetric inlet at angle
of attack see (Ref. 6). As shown in Fig. 8, th i s tec h niqu e solves the
Eule r equations in conservative form using MacCormack’ s second-order
accu rate finite difference algorithm. The computational domain is pa r-
titioned as shown in Fig. 8, an d the f low def i ne d th roughou t the in le t ,
as long as the flow remains everywhere supersonic. A comparison of the
flow in a typical supersonic inlet , Ref .  7 , at N = 2.65 and two ang les
of attack, 0 and 3 degrees, is shown in Fig. 9a and b. At a = 0, the
flow in th is inlet is nearly isentrop ic, with very weak shock waves.
At a = 3 degrees , stronger shock waves are produced , particularly on
the leeward side of the centerbody , as noted by the sharp increase in
pressure.

The inviscid method has been combined wi th the turbulent boundary
layer program of Ref. 8 to design a mass removal system . With an ap-
propriate mass removal system to control bounda ry layer separation ,
combined viscous inviscid solution s can be obtained by running the
inv iscid code over the origina l contours corrected by the bounda ry
layer displacement thickness. A comparison of a combined solution at

= 0, N = 2.65 with the original invi scid solution is shown in Fig. 10.
Only small differences in the pressure distribution are appa rent be-
tween the inviscid and combined solutions. This is due,for the ma i n
part , to the necessity for essentially removing the boundary l ayer in
the throat region to obtain a comb ined solution. 

-- --- - 



-.-. - - ._----..- -~~~ - ~~~~~~~~~~~~~

PREDICTING SYSTEM INTERACTION 253

~~~~~~~~

Figure 7. Navier-Stokes Technique

OUTER COMPUTATIONAL B OUNDARY

— EULER EQUATIONS IN CONSERVATIVE FORM
— MAC CORMACK 2ND ORDER ACCURATE DIFFERENCING
— LIMITATIONS

AXISYMMETRIC BODIES
M >1  EVERYWHERE
S M E A R E D  SHOCK WAVES

Figure 8. Shock-Captu ring Techni que for Axisymmetric Supersonic
Inlets 
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Figure 10. Comparison of Pressure Distributions at
a = 0° and M = 2.65

In add ition to the other limi tations discussed earlier for fore -
body solutions using shock-capturing techniques , the rest ri ct ion of
supersonic flow everywhere raises particular problems for internal
flows . As the Mach in the throa t approaches one , the characteristic
pressure osc illations that a shoc k capturing technique prc’duces near
shock waves often results in erroneous predictions of suUsonic flow
near strong shock waves. Some of these oscillations and pressure
overshoots are due to the differencing algori thms in the technique .
Presently, h ighe r or der di fferenc i ng al gorithms are being investigated
to determine if they can reduce the ampl i tude of the oscillations ,
often at the expense of discrete definition of the shock waves. If
higher order algor i thms are not effective in eliminating erroneous
predictions of subsonic fl ow , then elliptic -solver techniques will
have to be imbedded in the overall hyperbodies flow solution to treat
small , and perhaps unimportant , subsonic regions. Further , modifi-
cations are being incorpora ted into the code to allow inlet flow
solutions wi th nonuniform entering flow , as would be produced by a
fuselage forebody .

T ime Depen dent Techn i~~~ - This technique for solving subsonic or
superson ic two-dimensiona l (planar or axisyniiietric) flows has been
described in Ref. 9. The computer code has been set up to solve the
integra l form of the time-dependent Euler equations wi th any of
several numerical differencing algorithms . Most of the current 
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experience has been gained using the Godunov method , which is based
on an unsteady flow analysis. Modifications to the technique de-
scribed in Ref. 8 ha ve been made to allow for non-unifo rm entering
fl ow,and the techn iq ue i s cu rren tl y be i ng ex ten ded to ca lc u l a t e the
flow in arbitrary three-dimensional configurations.

Two solut ions* for a typical two-dimensional inlet configuration
are shown in Figure s 11 and 12. These two solutions, both of wh i ch
are at M = 2.0, are for two different mass flow ratios, as di ctate d
by the downstream boundary condition in the inlet passage . A low
mass flow ratio requires that the normal shock wave for the inlet
move forward to spill the required amount of flow to match the down-
stream boundary condition. As can be seen from the figures , the solu-
tions exhibit the correct physical feature of shock wave position ,
stream l ines and velocity vectors .

Perha ps the largest degree of in accuracy assoc i a ted wi th th i s
technique has to do with the finite differencing algorithms . The
effects of di fferent algorithms upon the flow field solutions are
presently being investigated. A question closely coupled wi th accu-
racy is how much computer time is required for a solution that is
sufficiently accurate for engineering purposes. The solutions shown
here required or the order of 10 mi nutes of CDC 7600 computing time
for the Godunov differencing method. An assessment of computing time
versus accuracy will be made as other d ifferencing algorithms are
incorporated into the code .

Coupling Concepts - Individual forebody or inlet solutions are of
little use for interference effects unless they can be coupled to-
gether in some fashion. For completely supersonic fl ows and some
transonic flows , coupling is a matter of bookkeeping , i.e., using
the output of one solution as the input and boundary conditions of
the other. However , for subson ic flow where upstream effects are
possible, the Inlet flow could possibly affect the forebody flow ;
thus under such conditions an iterative approach will have to be
employed. As suggested in Figure 13 , overla pping computational do-
mains will be requ i red with interaction effects resulting from the
i mposition of boundary conditions along common boundaries.

A postulated iterative scheme would proceed as follows . The
first step would be to obtain a so lu t ion fo r an i solated f uselage
in the fuselage domain. Output of this solution would be used to
define the bounda ry conditions for an isolated inlet solution in the
inlet domain. It should be noted that the inlet and fuselage domains
are three dimensional , and the inner side of the inlet domain would

*The autho r is indebted to F. P. Kirkland of General Dynamics , Fort
Worth Division for these solutions . 
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INLET DOMAIN

FUSELAGE DOMAIN
N

Figure 13. Coupling Concepts

correspond to the fuselage side wi th appropriate boundary conditions
from the fuselage solution. Next , the flow cond itions at the inlet
entrance and along the inlet surfaces are used to define the down-
stream boundary conditions for a subsequent solution of the isolated
fuselage in the fuselage doma in. This iteration would continue
until condit ions along the matching boundary are invariant to suf-
ficient accuracy wi th a successive iteration.

CONCLUDING REMARKS

From the previous di scussion , a computatio nal capability pre-
sently exists for: (1) arbitrary cross-section fuselages at super-
sonic speeds ; (2) three-dimensional supersonic flow in axisyninetric
inlets ; (3) transonic flow in two-dimensional inlets ; and (4) complete
aircraft solutions at low subson ic and supersonic (slender body )
speeds , but wi th limited resoluti on.

Complete computation of airframe-inlet interaction effects will
require completion of current work on the calculat ion of the flow
about fuselage and through inlets of arbitra ry cross section at
transonic speeds. Techniques of coupling these two types of flows
where large upstream (or ell iptic) effects are present will have to
be developed. Coupling methods for completely supersonic flows are
currently being developed. 
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DISCUSSION

Wel liver: (Boeing Military Airp lane Division )

I have two questions. One is , in your hypersonic program that
you are ta lking about , you said that the free-str eam Mach number had
to be greater than 2. Is that because you need an attachment , or
what is the reason? 

- - . - ~~~~~~~~ . - - : ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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PRESLEY : 
-

Practically; of course , that approximation is good only at
hypersonic speeds , so N - 2 represents a l ower value. Some people
say you can stretch the approximation , bu t the bas ic eq uat ions of the
technique are not applicable at low supersonic speeds. That is the
primary reason; plus , the shock wave must be attached . You coul d
run a detached shock wave by combining with a blunt body starting
solution , but we are not doing that right now.

WELLIVER :

The other quest ion , in your inlet program where you were talking
about the blee d , I d id not understand , do you include bleed in the
program now? And does it run automatically wi th bleed , or do you
patch that in somehow, in terms of defining boundary l ayer effects?

PRESLEY :

I should have made that point clear. We are not coupl i ng together
vis cous and inviscid solutions automatically. We obtain a shock
capturing solution , the same as Sieberg and Hickok do , obtain a method
of characteristics solution to get an inviscid pressure distribution.
We then input that pressure distribution into a turbulent boundary
layer program , calculate the bounda ry layer wi th a chosen bleed dis-
tribution , and determi ne displacement thickness. We then add that
displacement thickness on to the original contours and input these
corrected contours into the inviscid code and recalculate the invisc id
flow . We presently do this entire process in the computer by writi ng
f i les. It was i n i t i a l l y  q uest i ona b le whether or no t we coul d take the
displacement thickness distribu tion straight out of the boundary layer
code , add i t to the or i g inal contours wi thout any artistic manipulation
by an engineer and obta in a subsequent solution. However , the tech-
nique works . As a general rule, fo r f in ely tuned ax i symmet ri c i nle ts
where throat Mach numbe rs of 1.4 are being approached , you have
essentially to remove all of the bounda ry layer. This means , of course .
you drive the displacement thickness to zero.

HEISER : (Arnold Engineering Development Center)

I understand the physics of the problem better than I understand
the administrative situation! What steps are being taken by NASA to
make this material availabl e to peop le who don ’t have access to the
Ill iac IV or have not participated in the development of the procedure s

PRESLEY:

Well , anybody who wants a copy of our 3-dimensional inlet
solution can have it now. Everything I am describing for you now is
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computer codes running on a 7600. None of this work i nvolv es the
Illi ac . —4. Essential ly, a nyone who has a CDC 7600 can use these
same codes, and he will suffer about a 4—fold or 5-fold increase in
computer time to get the solution. The real difficulty arises when ,
for some of these codes, you must have 7600 class machines to have
the storage and the computationa l speed to obtain a solution in a
reasonable time. For a typical solution of a fuselage forebody at
transon ic speeds,we are estimating that about an hour of 7600 time
will be required. Eventua lly, Ames is going to have to bite the
bullet (and I don ’t think they have really done it , but perhaps D i ck
Petersen can answer these questions) on outside use of our computa-
tional capabil ity . We are going to have to face, the questions of
mak ing our computers , our p rog rams, and our program maintenance
capability available to outside users either on a fee basis or on
a cooperative basis where,within a reasonable length of t i me , the
resu lts can be released and go to public domain. Currentl y, if any-
one wants a 7600 code , we will provide a deck and do our best to tell
you how to use the code. However , we are not i n the bus i ness of
docu ment ing and ma i nta i n ing these codes other than to wri te up br i ef
user manuals on how to use the codes. The administrative structure
is not set up yet , as I unders tand , on how to make Ames ’ total com-
putationa l capability available to the public.

GOETHERT : (The Univer~~ty of Tennessee Space Institu te)

For some fl ight regimes , the range of l arge angles of attack is
part icular l y impo rtant , as we know. My question is, to what exten t
is your method developed to calculate the flow field on parts of the
aircraft--on the forebody , particularl y, I th i nk at h igh  a ng les of
attack , 40 degrees or so, where you get highly separated fl ow? Do
you see any prospect for such flows , such as around forebodies where
you don ’t have symmetrical solutions , but  you have mu l t i ple stab i l i ty
when the vortex moves to one side of the body?

PRES LEY:

The only th ing we are working on that can give us information
on vortex separation is a Navier-Stokes code . We are hopefu l that
the transon ic Navier-Stokes code using explicit technique will re-
produce the ri ght physics of that problem. We are trying it right
now for a missile forebody which we will be testing in a transonic
tunnel at a very high angle of attack. We know already , from com-
pressor solut ions that were done for the Lewis Research Center ,
that the code does a very good job predicting separa ted flows at
fairly low effective angles of attack. The other problem you get
i nto , and we will have a lot of problems , is that no Navier-Stokes
code is any better than the physics that we put into it. The under-
standing of turbulence modeling and separated fl ows is at a very
primitive sta ge right now.
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GOETHERT :

The specific problem which I am referring to is not only that
you have an osc illating vortex from one side to the other , but re a l l y
an asymetric steady state condition which might jump from one side
to the other unpredictably.

PRESLEY:

We will try to solve that type of flow with the Navier-Stokes
techn ique. We have no major effort going on in non-Navier-Stokes
techn iques that require more physical insight to solve these kind
of problems .

LOTH: (West Virginia University )

Do I understand you include a norma l shock wave in your com-
putational method as the last shock?

PRESLEY :

I d id not want to give the impression that the shock wave I was
describing was a normal shock wave; it is just a very strong oblique
shock wave. The shock—capturing technique cannot capture a norma l
shock wave , since you cannot treat subsonic fl ows wi th this particular
computat ional scheme. To expand upon your question , proper resolution
of shock waves is one of the problems with the shock-capturi ng tech-
nique . Across several mesh points , the Rankine -Hugoniot jump cond i-
tions for a shock wave are reproduced. However , entropy never enters
into the shock capturing calculations . It is there implicitly by the
fact that you have the right pressure density jump across the shock
wave , so you can calculate what it is. The rea l problem arises in
determining what the entropy is on the walls , and that is the largest
uncertainty with the shock-capturing technique . You essential l y have
to hold entropy constant on the walls as a boundary condition.

--- -~~~~~- - - ~~~-- -~~~~~ _____ .  ~- - -~~ - -— -~ -. .
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engine nacelle forward and above the wing , a potentially quieter
airplane will result from the shielding effect of the wi ng.
Improved take-off and landing performance can also result if the
jet exhaust is deflected onto the wing upper surface and flap
system,producing substantial increases in maximum lift i n a manner
similar to upper-surface-blown nacelle configurations . Since the
engine-nacelle is mounted relatively high above the wing, however ,
scrubbing drag penalties associated with the jet exhaust can be
minimi zed or eliminated at cruise and climb conditions .

The interferences due to installing the over -the-wi ng
propulsion system on the airframe can be broken into two components :
those interferences caused by the jet exhaust flow and those inter-
ferences caused by the nacelles and pyl ons . An investigation
reported in Reference 1 has shown that the jet exhaust flow from
over-the -wi ng nacelles can reduce the drag-due-to-lift and increase
the lift of the wing and fuselage of an airplane configuration.
(See Figure 1 for typical results of this investigati on.) These
effects of the jet exhaust fl ow on wing-body lift and drag increased
with increasing ratio of nozzle total pressure to free-stream static
pressure. The results of Reference 1 also show an increase in zero
lift drag with jet total pressure ratio. This phenomenon caused by
the jet scrubbing the wing occurred because the nacelle locations of
Reference 1 were all relatively close to the wing. However, the
favorable effects of jet blowing on drag-due-to-lift were of
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sufficient magnitude to produce a net improvement in drag at lift
conditions representative of climb and cruise.

Experimental investigations and analytical calculations have
shown that installing the nacelles and pylons on the airplane
configuration can produce large unfavorable effects on airplane
lift and drag. Reference 4, for example , indicates that these
unfavorable effects may be larger for the over—the—wing nacelle
location than for the conventi onal under-the-wing nacelle location .
It has been suggested (Ref. 3) that these unfavorable interference
effects may be minimized by contouring the nacelles and pylons to
make them essentially invisible to the flow about the wing and
fuselage. As a result , the nacelles and pylons could be installed
for only their skin friction drag.

The purpose of the present paper is twofold. Since Reference 1
was published ,there have been addit ional investigati ons,both
experimental and analytical, of the effects of the jet exhaust from
over-the-w ing nacelles . (See References 4 through 8, for example).
The present paper w i l l , the refore , summarize the results of several
of these recent investigations which show the effects of the jet
exhaust flow from over-the-wing engines on airplane wi ng-body lift
and drag characteristics at conditions representative of the take-
off , landing , cl imb , and cruise. These results and the analytical
methods of Refe rences 2 and 3 will be used to show , in particular ,
the effects of nozzle total pressure ratio , free-stream Mach number ,
and nacelle locat ion on the jet-induced interference lift and drag .
Secondly , the present paper wi l l  show the eff ects of nacel le and
pylon contouring on the performance f a high-wing transport
configuration us ing an&~ t ical  ca lc ulat io ns and s ome limi ted
exp rlmental ~i’a.
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pressure coefficien t

c local wi ng chord

c~ secti on lift coefficient

D nozzle exit diameter

M Mach number

NPR rati o of nozzle exit total pressure to free-
stream stati c pressure

V velocity

WB wi ng-b ody

WBN wing—body-nacelle

longitudinal location of nozzle exi t relative to
wing leading edge, positive aft

y spanwise location

z vertical l ocation , positive up

angle of attack

V ratio of s pecifi c heats

fr •ct lon of win g semis pan ,

¶iwbscr~ pt %

~ 1~

- .• .-.
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THEORETICAL METHODS

In this paper and for the past several years at the Langley
Research Center , the methods of References 4 and 5 have been used
to predict the effects on airplane aerodynamic performance of jets
exhausting from over-the-wing engine nacelles . The algori thm
developed by Putnam (Ref. 4) is based on a vortex lattice repre-
sentation of the wing lifting surface and lin e sink-source
distribution to represent the effects of the exhaust jets . ( Seerig. 2.) The method assumes that the flow external to the jet
exhaust is steady , i rrotat ional , invi scid ,and incompressible. It
was also assumed that the jet is not deflected by the free stream ,
the jet exhausts do not intersect or wash the wing, and the jet
cross-sectional shape is not distorted by the flow field of the
wing or by any cross fl ow components of the free-stream velocity .
The line sink-source distribution consi sting of a series of
triangular elemental singularities was located on the longitudinal
axis of the jet. The strength of the line sink-sources was
adjusted to give the predicted inf low velocity caused by the
entrainment effect of the jet.

Lan (Ref. 5) has develope d a method of predicting the jet
induced effects caused by blow ing over a wing that accounts for the
effects of the presence of the jet on the wing flow field , the
presence of the wing on the jet flow , the effects of difference
in Mach number of the jet and the free stream , and the effects of
the jet entrainment. (See Fig. 3.) Lan used a quasi-vortex lattice
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Figure 3. Analytical model of reference 5 for predicting jet
exhaust interference effects

representation of the wing surface . To account for the Mach number
nonuniformity between the jet and the external fl ow , two vortex
sheets were used to represent the jet exhaust flow: one to account
for the perturbation in the outer flow and the other for the jet
flow . Jet entrainment effects are accounted for in this algori thm
by specifying a normal velocity distribution on the outer vortex
sheet representing the jet exhaust. The main assumptions used in
developing this theory are that the flow perturbations , both i n s i d e
and outside the jet,satisfy the Prandtl -Glauert equation,and all
boundary conditions have been linearized , the j et is either of
circular or rectangular shape with constant cross section and
constant properti es In the unperturbed flow for the purpose of the
Interaction calculat ions ; and no fuselage , nacel le s , or w in ~jth ickness are inc1.~-i.- i i n the solution .
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Figure 4. Comp arison of exp eriment and theore tical predictions of
Referenc e 4 (p utnam) and Reference 5 (Lan) .  M 0.2.

the jet flow and the wing fl ow and the neglect of the Mach num bernonunifo rmity between the j et and the external stream .

DISCUSSI ON

Jet Induced Ef f ects  on Airplane Perfo rmance

To i l lus t ra te the e f f ec t s  of th e je t  exhaust from ov er- the-wing
n ac e l l es n ai rp lane perf ormance, results fr om Reference 6 are
presented as F ig ure s 5 and b, and a ~~~~ - t - , ; rap h  of the exper i ,nenta lepj~or at~ and rI~-,~~ ~~ - ~~ ~ ‘ - -

~.nc e - i i - . . - ~- - - ent i~d as 1 -  .~res 7
t h ’ ~~~~ ~ “ te t ne ’ th ese ~ • - - 4~’ - .44 ’ ‘- .-~ - f l 1 ~j ( I ~ - l b  $

na pl - 
- nunn~t r l - SQ ~~ .it • p i i’~ and J r . - - , shown ar, u r y  f o r ~~~

~~~~~~ •c~~ ~~~~~~~~ ‘‘Ip ,~ ‘ I q 4 r ~~-. t h. ., !b. ~~~~~ -. .~
‘ ~~ b lo ~ ’~ -#~~~ ~~~~~~~~~~ pr ’j~~~~r. ~~~~~ 

$~~~ r p r ~~çs .  ‘ 4 ’ I ~~ .~~ 4 t 3 rj  • 
~ ~~~~~~~ Ii~

• q 4 ~ . ~~~~ ~~~~~~ ~~~ ~~~~~~~~ 
‘ !, ~‘•. ~~~~g ~ U .  — “1 t $ ( ’

~~~~~ •~ ~ ~~~~~~ ‘ If 
~~~~~~~~~~~~ ~~~~ ‘~t t t t e  ~~~~~~~ ~•‘‘~ c0, ~~~~

A~~~~~g~~~~ ~~~,• 1 ,
~~~~
. h..,, ~~~~~~ - 

~~ -s. ~~~~~~~~ t~~’.I ~~P5~~-.- .j rø I t  •
-• •~~~~~~~- - ~~. ‘ ,, ,~~~ ,~~~. ~~ ~~~~~~~ 

,,,, •~~~
.
~~~ • ‘ * 4  ~~ 

• . S •
~~4• -

~~~~~~~ . ‘* -  • • 3 4 . • ._ ‘.- -

- . , - - - - •% - - -. - • ‘~~~~ ~~~ A ~~
- , I - • ~~ ~ • •

- - - . - . I -

I. -—-~~~~ -



272 L.E. PUTNAM , D.E. REBUSH AND E.E. LEE

:~~~~~~~~~~~

2.2 SECTION A— A ’
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Figure  5. Effects of V,j~~ /V 0. on l i f t  and drag of configuration of
Reference 6 wi th flaps deployed. M 0

of the ratio of dynami c pressures of the two streams . Using this
definition, a relationship between velocity ratio and nozzle total
pressure ratio can be obtained and is given by the following
equation :

__________ 
- 
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in drag at lift,as shown in Figures 6 and 8. The data for a velocity
ratio of 4.4 on Figure 6 is representative of engine operation at
the start of climb . The data at a velocity ratio of 7.5 is shown
only to illustrate effects on increasing this parameter on lift and
i nduced drag . (See also Figure 4.) At a lift coefficient of 0.7,
the jet exhaust induces a 6 percent increase in lift-drag ratio with
a velocity ratio of 4.4 (a decrease in drag coefficient of .0030)
and 20 percent increase wi th a velocity ratio of 7.5 (a reduction in
CD of 0.0110). Increasing Mach number causes a reduction in the
favorable interference effects on drag . (See Fig. 8 and also note
change in CD scale from Fig. 6.) The data of Reference 7 shown in
Fi gure 8 shows only a reduction of 0.0004 to 0.0008 in drag
coefficient at a Mach number of 0.5 for the Configuration shown in
Figure 7. At Cruise conditions (Fig. 9), the jet exhaust flow has
essentially no effect on the drag of the confi guration of Reference 7
with over -the-wing nacelles . This decrease in the favorable
interference effect on drag wi th increasing Mach number results
primarily from the decrease in the ratio of jet velocity to free-
stream velocity . As show n in Figures 4 and 6,the magnitude of the
beneficial interfe rence effects increases rapidly with increasing
vel ocity ratfo. Examination of equation (1) shows that the
effecti ve velocity ratio is inversely proportional to the free -
stream Mach nu mber and d i r ectly proportion al to the square root of
the nozzle total pressure ratio. Since the nozzle pressure ratio
only increases slowly wi th free-stream Mach number (Fig. 10), the
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Figure 7. Experimental apparatus of Refe rence 7
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Figure 9. Effect of NPR on lift and drag for configuration ofReference 7 at M = 0.80
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velocity ratio decreases rapidly wi th increasing Mach number , caus i ng
the rapid decrease in favorable interference effects . As a result ,
the over-the-wi ng pylon-mounted engine would be expected to provide
greater benefits for configurat ions that spend a large percentage
of their flight time at low speeds and in climb such as the short-
haul airplane .

Effect of Nacel le  Locat i on

The effects of varying the longitudinal location of the nacelles
are illustrated in Figures 11 and 12 using the data from ~eference 7.Moving the nacelle exi t ahead of the wing leading edge causes an
increase in drag due to lift for the wing-body of the configuration
(i.e. nacelles were nonmetric). Moving the nacelles rearward causes
a decrease in drag due to lift. (Here drag-due-to-lift is defined
as the drag at lift minus the drag at zero lift for each configur-
ation . Because of model-support -system interferences in the data
of Reference 7,it was not possible to determine the effect of nacelle
location on drag at zero lift.) These changes in drag-due-to —lift
may be caused by changes in wi ng circul ation due to the jet exhaust
flow or possibly by the presence of the nacelle effectively changing
the camber of the wing. Note also that reductions in drag on the
wing may be counteracted by increases in drag of the nacelles.
However, because the nacelles were nonmetric in Reference 7, data
are not available to determine whether this actually happens. (At
present , there does not appear to be any data available which will
clari fy the situati on.) If the presence of nacelles effecti vely
changes the camber of the wing, the drag at zero lift would change
and thereby change the relative level of the drag curves. Unfor-
tunately, because of the previously mentioned experimental
difficul ties of Reference 7, it is not possibl e to determine the
validity of this possibili ty . Shown in Figure 12 is the effect of
nacelle long itudinal location on the interference drag due to jet
blowing. (The increments in lif t and drag shown in this figure
and others to follow are the difference between the value of the
coefficient at the scheduled nozzle total pressure ratio preserlted
-in rigure 10 and the nozzle total pressure ratio for nozzle total
pressure equal free-stream tota l pressure.) In general , the effect
of moving the nace lles rearward is to decrease the favorable effects
of jet blowing on drag coefficient. This trend is opposite that
shown in Figure 11 for the variati on In drag-due-to-lift with nace l le
longitudinal location. It is also opposite the trend predicted by
the theory of Ian. Ifl Reference 4, a decrease in j~ :-induced drag
Increment was predicted for a forward movement of th r  nacelle similar
to these experimental results. However , both theoretical metiods
V’efs. 4 and 5) predIct only small changes in  drag ~-th lu’~’1i~udinal
location, and the absolute magnitude ~ ‘ the differences in interference
drag predicted by the two methods would be small . In ~ r-~ case, since
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the variation of jet induced effects shown in Figure 12 wi th nacelle
longitudinal location are opposite to those shown on Figure 11 , the
changes in drag-due-to-lift with nacelle longitudinal location are
not caused by the jet exhaust flow. Complete understanding of these
phenomena awaits further experimental and analytical research.

The effects of nacelle spanwise location in the wing-body drag
of the configuration of f~eference 7 are shown on Figures 13 and 14.
Moving the nacelle outboard caused a reduction in drag-due-to-lift .
The magnitude of this reduction decreased with increasing Mach
number. Generally the jet induced effects were more favorable with
the nacelles located inboard. (See Fig. 14.) Here the theory of
Lan is in good agreement wi th the experimental results in both
magnitude and trend.

The effects of nacelle vertical location on drag are illustrated
in Figures 15 and 16. Changing the vertical location of the
nacelles had only small effects on the drag-due-to-lift of the wing
body at Mach numbers of 0.50 and 0.80. The favorable effects of
the jet exhaust flow increased sli ghtly as the vertica l l ocation
of the nacelle was reduced until the jet exhaust began to scrub
the wing. Once the jet begins to scrub the wi ng,further reductions
in nacelle height above the wing caused an increase in drag. Again
the theory correctly predicts these trends with vertical l ocation
and the magnitude of the jet induced effects on drag.

The data presented in Figures 11 through 16 have shown that
there are some large effects of nacelle l ocation on the drag-due-to-
lift of the fuselage and wing of transport airplane configurations
at Mach numbers representati ve of climb and cruise. Unfortunately,
because of experimental limi tations and deficiencies of the
investigations conducted to date , it is not possible to determine
optimum nacelle location . The effects of the jet exhaust on airplane
wing-body lift and drag are adequately predicted by available
analytical methods .

Effects of Nacelle Contouring

To achieve satisfactory high-speed performance wi th an airpl ane
having over-the—wing pylon-mounted engine nacelles , it is necessary
that any disturbance of the wing flow field by the nacelle should
be in a favorable direction. (See Ref. 9.) Specifical ly, the nacelle
must not cause any i sobar unsweeping but may be allowed to cause
increased isobar sweep on the wing. If the nacelles were symetric
in the plan view , the inboard wing fl ow would feel the nacelle
curvature, and the wing isobars would unsweep as they approached the
nacelle. Any resul ting wing shock would thus have less sweep and
hi gher drag. If the nacelle inboard contour foll uws a wing-body
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stream sheet, the nacelle would be essentially invisible to the wing
flow Inboard of the nacelle and the isobar sweep and the resulting
shock sweep at cruise will be similar to that of the wing-body .
Since , because of nacelle thickness , the outboard contour of the
nacelle cannot also follow a wing streamsheet, the outboard nacelle
contour will present a boattail to the wing flow. The resulting
stagnati on conditi on at the nacelle exi t on the outboard side will
terminate the supersonic flow over the wing at that point , causing
a shock wave to form in the wing flow. This wing shock will form
with a sweep higher than the wing alone-shock as it moves outboard
to join the wing-body shock pattern and result in a decrease in wave
drag.

This design technique has been applied to the transport airplane
concept wi th over-the-wing, pylon-mounted nacelles shown on Figure 17.
The analytical methods of Reference 5’ were used to complete the
wing-body alone streamsheets and to thereby design the nacelles .
Computed wing isobars wi th and without the contoured nacelles are
shown in Figures 18 and 19 for the wing l ower surface and upper
surface, respecti vely. The wing l ower surface isobars with contoured
nacelle are very similar to the wing alone isobars . On the upper
wing surface, the contoured nacelle causes only a small perturbation
to the wing flow field inboard of the nacelle. The wing pressure
isobars Indicate that since the nacelle boattail is app lied to the
outboard side , a shock wave will form lying roughly along the line

Figure 17. Conceptual transport configuration with over-the-wing
pylon-mounted engine nacelles
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Figure 18. TheoretIcal isobars on lower surface of wing of transport
configuration . M = 0 .7 , a = 00 . 
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Figure 19. Theoretical isobars on upper surface of wing of transportconfiguration . M = 0.7, a 00.
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Figure 20. Effect of contoured nacelles on theoretical spanload
distribution of transport configuration. M 0.70,a = 00 .

from the nacelle exit to the break in the wing trailing edge. The
effects of the nacelle on the total lift , induced drag and span l oad
distribution are shown in Figure 20. Because the over-the-wing
nacelle carries a noticeable amount of lift and also induces a
favorable lift increment outboard , the addition of the nacelle
causes a slight increase in lift at zero angle of attack. Inte-
gration of the span load distri bution indicates , al so, that there
Is only a small Increase In induced drag .

Computed pressure distributions on the contoured nacelles are
shown in Figure 21. The effectiveness of the nacelle contouring
can be seen by comparing the pressure distribution on the nacelles
with pressures for the keel and inboard streamline determined from
the wing alone solution. The good agreement indicates the invis-
ibility of this portion of the nacelle to the wing-body flow field.
The discrepancy in the pressure distributions near the aft end of
the nacelle is due to the trailing edge stagnation point predicted
by the inviscid theory.

A comparison of the effects of installing a syninetric nacelle
and pylon and the effects of inst alling a contoured nacelle and
pylon on the drag performance of a transport configuration is shown
in Figure 22. These experimental results were taken from Reference 5.
Installation of the syninetric nacelles and pylons caused a sub-
stantial reduction in the critical Mach number and an increase In
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drag at cruise lift. The configuration with contoured nacelles and
pylons had a critical Mach number slightly higher than the wing-body
alone and a substantially lower installation drag penalty than the
syni~etrica1 nacelle and pylon . In fact , above a Mach number of
approximately O.83,there was a favorable effect of installing the
contoured nacelles and pylons on the airplane drag.

CONCLUSIONS

Increasingly stringent requirements for fuel economy and noise
reduction are forcing the airplane designer to consider unconven-
tional locations for the engines on future transport airplane
configurations. An engine location that shows promise for reducing
noise and increasing airplane performance is over-the-wing on pylons
mounted on the upper-wing-surface . The present study of the effects
of the engine nacelle in this l ocation on airplane lift and drag
performance , based on available experimental results and analytical
predictions , has shown the following :

1. The jet exhaust flow from the over-the-wing nacelles causes
an increase in wing-body lift and a decrease in wing-body
drag-due-to-lift. These interference effects increase with
increasing nozzle total pressure ratio.

2. At typical turbofan engine operating nozzle total pressure
ratios, the jet exhaust flow interference effects decrease
rapidly wi th increasing free-stream Mach number. This result
implies that such an engine location would be more beneficial
to airplanes that spend a l arge percentage of their flight
time at low speeds and in climb .

3. Nacelle location had large effects on the variation of drag
with lift. Available experimental data are inadequate to
determine relative merits of various engine l ocations .

4. Contoured nacelles and pylons can be install ed on a transport
airplane configuration without significantly changing lift ,
drag-due-to-lift , and the critical Mach number.
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DISCUSSION

BRADLEY : (General Dynamics)

Were the data you presented those for an unpowered case, or was
the jet flow simulated?

PUTNAM:

The calculations were done for a flow through case. The experi-
mental data on the last point was a flow through case .

BRADLEY:

In one of your ear ly figures ,you varied the spanwise position
of the nacelles. Was this in constant percent wing chord? In other
words, did you move the nacelles in the chordwise position when you
moved them spanwise?
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PUTNAM:

Yes , when the spanwise position of the nacelle was varied , the
exit was always at the wing leading edge.

BERNSTEIN: (Canadair Limi ted)

Was there any difference between the results with the high wing
and low wing location?

PUTNAM:

The VFW worked with the low wing configuration. The researc h
that we did was high wing, and there really has been no direct data
obtained that you could compare directly. There have not been any
consistent experiments conducted that I am aware of. There have
been very few experimental investi gations conducted and published
on this kind of arrangement.

GOETHERT: (The University of Tennessee Space Institute )

You showed that in your nacell e experiments , you got low addi-
tional drag; as a matter of fact you even got a drag reduction. The
question is , how do you expla in that? You obviously measured this
in a wind tunnel wi th jet flow through the nacelle.

PUTNAM:

No jet flow. That was flow through data . The inlet was just a
duct , and the internal drag, I guess , was taken out.

GOETHERT :

Oh , I see , it is just a solid blockage .

MARSH : (Vought Corporation)

Did you do any measurements of stability effects as a result
of the nacelle posit ion?

PUTNAM :

In the data that we measured (we took pitching moment measure-
ments), there were very few effects. There were some small changes
in pitching moment coefficient at zero lift.

GOETHERT :

I would l ike to go back to my question. I am really amazed that yc
have a sol id body for necessarily low flow through. If you have a 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~
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real installat ion, you have the sol id displacement greatly reduced
by the flow through in this area. Therefore, the interference effects
should be greatly different. So I just wonder, what is your opinion
of the valid ity of your data comparison with full-scale flight?

PUTNAM:

Well , that was flow through. It had an inlet , a stream tube
entering the nacelle,and a stream tube leav ing the nacelle. And the
Boeing experiment was flow through , had an inlet, and the flow was
going through the nacelle. The only thing that was not simulated
correct ly was the mass fl ow. However , that is a flow through condition ,
so that there is inlet flow and exi t flow. Does that clarify?

GOETHERT :

And you correcte d fo r the drag of the through flow?

PUTNAM:

I do not know if they actually subtracted that internal drag
term out or whether it is in that data or not.

WELLIVER : (Boeing Military Ai rplane Divisi on)

The interna l drag on the flow in the nacelle was taken out.

I might add another thing to that statement. There was a
question here relative to over the wi ng, high wing, and low wing in-
stallations. There is quite an effect. We have done some testing
on that, and in the spanwise direction on the low wings because of
the fuselage , it has more to do wi th that than anything else. When
the nacelle starts getting close to the fuselage,you get a channel ing
effect,and then things start to happen in a hurry . So there is
qu ite an effect there , and you do not get the chan nel in g obv iously
if you do a high wi ng version that is done carefully.
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UPPER SURFACE BLOWING AERODYNAMIC AND ACOUSTIC CHARACTERISTICS

D. N. Ryle , Jr., J. A. Braden , and J. S. Gibson

Lockheed-Georg ia Company

Marietta, Georgia

ABSTRACT

In the development of powered l ift systems , the upper surface
blown (USB) system appears relatively attractive in terms of sim-
pl icity and noise generation. However, the data base for IJSB is
incomplete ,and the problem of high speed cruise performance presents
a serious technical challenge . The basic objectives of the USB
Cru ise Program were to identify key installation variables affecting
USB cruise performance and to quantify aerodynamic effects through
a systema t ic variation of nacelle geometric parameters . As an
additional facet of the program , optimum cruise configurations were
i dentified to evaluate needed comprom ises in the system when
operating in the low-speed flight regime . Specialized testing
designed to augment and clari fy the origin and suppression of
observed cruise drag penalties were also key elements of the program.
Results from the transon ic force tests demonstrate that jet-related
aerodynamic phenomena can be effectively related to previously
observed jet—flap effects . Additiona lly, a semi-circular (D-duct)
nozzle is found to be a reasonably optimum shape from a cruise-drag
standpoint. During transonic surface pressure testing, a bas i c
phenomenon observed in the pressure measurements was a jet-induced
pressure drag acting over the width of the nozzle and growing with
the two-dimensional ity of the jet. Addi tional vectoring of the jet,
found at wind-on conditions relat ive to that found statically, is
observed from the wake-flow measurements . An analytic al program was
used to provide support and guidance for the experimental effort and
utilized a vortex-lattice techni que for theoretical modeling. Good
agreement is shown between the experimental and theoretical pressure
distributions adjacent to and within the jet.
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INTRODUCTION AND BACKGROUND

The challenge of shortened airport field lengths is an
inherent part of the aircraft development cycle and is represented
by several decades of related effort by the aerospace community .
Generally speaking , conventional flight or cruise characteristics
dictate the aircraft design requirements,with ai rport performance
either a secondary requirement or simply a fall-out of the
established design. This was acceptabl e in the early days of
aviation unti l more efficient wing structures and engines brought
about heavier aircraft wi th higher wing loadings requiring longer
runways . At that point , the mechanic al flap appeared to improve
the maximum lift capability of the wing and thus improve takeoff
and landing distance . Continuing increases in aircraft size led -:
to multi-engine arrangements wi th wing-mounted engines and
propeller s . This accidental foray into powered lift , through the
deflection of the propeller slip-stream by the trailing edge flaps ,
represents an evolutionary part of the high-lift development cycle.
The cycle continue d and was accentuated by the advent of the modern
high-speed jet aircraft . High—wing loading and thin , swept-back
wings are usually characteristic of these aircraft,wh ich precipitates

• a dilema for the designer since these same characteristics are
detrimental to ai rport performance.

In response to this challenge , the aerospace industry developed
sophisticated and complex high—lift systems currently utilized by
such aircraft as the C-5A , B-747, DC-lO , and other modern hi gh-speed
turbofan aircraft . These systems produce maximum -lift coefficients
two to three times as high as those of unflapped wings; but in spite
of this accomplishment , we see l iterally hundreds of vast airport
complexes throughout the worl d incorporating runways of 8,000 to
12 ,000 feet in length . This tremendous investment in real estate
and the ever—increasing pressure on these facilities generated the
most sign ificant motivation for STOL. There have been earlier STOL
studies prompted by military tactical requirements , such as the

- ‘ Lockheed-Georgia Company investigation of STOL C-l30 derivatives
during the Air Force Rough Road ALPHA Program , Reference 1. Wh ile
significant , these stud ies lack the economic impetus of commercial
STOL operation which offered the promise of smaller , less ex pens i ve
ai rf ields , relief from serious air-traffic congestion , and better
city center service . Add itionally, STOL operation is presumed to
more efficiently handl e the short-haul traffic through the use of
smaller aircraft operating from noncompetitive runways . These
circumstances , augmented by the military ANSI requirements ,
produced the flurry of STOL activity which peaked in the late 1960’s
and early 1970’s and continues to this time in the NASA-Ames QSRA ,
NASA-Lewis QCSEE , and Air Force ANSI programs .

This period produced a number of studies which were designed to

-~~~~~~-
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more accurately assess the economic impact of STOL, define STOL
vehicle requirements, and develop the required technology . These
resul ts are typified in References 2 through 5. In general, these
studies concluded that quiet , short-field aircraft can be econom-
ically viable , provide benefi ts to short-haul transportation , and
also aid long-haul transportation through relief of airport
congestion . Figure 1 is a schematic representation of the type of
STOL vehicles used in these studies . This transport is designed to
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2.0 ‘ I
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Figure 2. Comparison of High-Lift Concepts

accomodate 148 passengers and is selected on the basis of minimum
direct operating cost. It employs a Lockheed-Georgia Company -

developed powered-lift system consisting of over-the-wing/internally -
blown-flap concepts (OTW/IBF). Figure 2 illustrates the economic
comparison of this powered-lift aircraft with that of a conventional
mechanical fl ap System. The ordinate scale is direct operating
costs in cents per available seat statute mile calculated for
realistic airl ine short-haul operations. For field lengths less
then bout 3000 feet, the powered-lift system is economically
superior to the conventional system.

The aerospace comunity responded to the circumstances of this
time period (1965—1975) by technologically explori ng an array of
powered high — lift systems, some of which are illustrated in Figure 3.
This figure omits the deflected slipstream arrangement in deference
to the prevailing sentiment against propellers , a sentiment which
was especially strong several years back, but which has moderated
as fuel -costs have escalated.

Extensive wind—tunnel and analytical investigat ions were
implemented wi th the prima ry emphasis on the low-speed , high -lift
characteristics of these powered-lift systems . References 6-11
summarize results from some of this work. Although not the intent
of this paper , It Is appropriate to compare some of the character-
istics of several systems. This is partially accomplished by
reviewing Figure 4, which presents the landing configuration
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maximum lift coefficient as a functi on of thrust coefficient for
five concepts . At a typical STOL land ing thrust coefficient , Tc ’ of

_ _ _ _ _ _ _
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1.0, all of these systems demonstrate maximum lift coefficients of
5-7 or about twice that of unpowered high-lift systems . Furthemore ,
the p rformance of these systems are roughly comparable ,which
implies that the selection of a STOL powered -lift system could
depend on other factors such as system weight , complexity , structural
loads , and noise. The upper—surface-blowing (USB) or over-the-
wi ng (OTW) concept utilizing Coanda turning appears attractive when
these factors are considered. This is especially true when consider-
ing the difficulty and design penalty associated with noise abatement
for high—powered STOL aircraft . It is intuitive that a l ow-fan
pressure ratio engine and a nozzle shielded by the wing are condu-
cive to airport noise reduction. Both of these conditions are
implicit in the USB concept. Early testing verifi ed these obser-
vations , as illustrated in figure 5 from Reference 12 , which shows
a ten PNdB reduction in sideline noise for a USB nozzle relative to
an externally blown fl ap arrangement.

In summary , the advantages of the USB system , as listed in
Figure 6, appeared sufficient ly promising to warrant a technological
attack on the disadvantages , ~1 so shown in Figure 6. The cruise
problem is especially difficult ,since the nacelle and wing upper
s urf ace f low fields are juxtaposed at freestream Mach numbers of
0.7 or greater. The engine exhaust introduces still another
unfavorable flow-field element. Engine performance is, at best ,
questionably impacted by inlet immersion in the wing upwash and

500 Ft Sideline
110 -- - ~— - -

~~~otse 

~~~~~~~lOO Ft/Sec 5 6 7 8 9 10
rn/Sec 151 183 213 244 274 302

Nozz le Exhaust Velo c ity

Figure 5. EBF and USB Noise Comparison
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USB ADVANTAGES

Competiti ve High-Lift Performance

Adaptive to Hybrid Systems

Mechanical/Structural Simplicity

Competiti ve Acoustical Performance

USB DISADVANTAGES

Inherently Poor Cruise Configuration

Sensitivi ty of Wing Flow Field at Cruise

Lack of Comprehensive Aero/Acoustics Data Base

Conflicting Hi gh/Low-Speed Geometries

Conflicting High-Lift/Acoustical Performance

Figure 6. USB Advantages and USB Disadvantages

nozzle operation in the airframe fl ow field. Figure 7 illustrates
the chaotic flow which can exist without proper recognition of
these factors. This photograph was taken during Lockheed-Georgia
Company wi nd-tunnel tests of an S-3A model incorporating a USB
flow-through nacelle. The tunnel Mach number is 0.7 and visual flow
is accomplished through the use of an emulsified solution of
titanium dioxide , olaic acid , and oil. There are substantial areas
of flow separation indicated , along wi th the development of a strong
vortex system. These flow-field properties assure a large lift loss
and drag increase which the force tests verified. Subsequent
filleting and relocation of the nozzle vastly improved , but did not
eliminate , these penalties . This illustration is not presented to
imply that these problems are unsolvable. Rather , it is to indicate
the di fficulty of developing a satisfactory USB cruise configuration
and the lack of a USB data base.

The Air Force , NASA , and the aerospace industry acknowledged the
potential advantages of an upper-surface-blowing STOL configuration
through a series of development programs designed to broaden the
data base and resolve known problems . A good example is the
excellent NASA-Lewis work in ioise , propulsion effects, and inter-
ference as a part of the QCSEE engine program . Reference 13 gives
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Figure 7. Potential B Cruise Problems — S3A Oil Flow

an overview of this program. The Boeing YC-l4 AMST transport
represents a hardware manifestation of this concept. One of the
key ele ments of the NASA-Langley USB research program was the
development of a generalized and systematic USB data based in high —
speed aerodynamics and acoustics. The program was implemented
through two competitive contracts awarded to the Lockheed -Georgia
Company . These research contracts were structured to develop effects
and an understanding of aerod ynamic and acoustic characteristics as
influenced by design and operating condit ions . This is accomplished
through variations of appropriate para m eters such as nozzle shape ,
nacelle loca ti on , engine pressure ratio, and others . I further
object i ve was to i so l a te USO co nce pt ual  a rr an gements wh i ch enha nce
high-speed cruise performance and airport noise levels.

The remaining sections of tn is paper ~uI inar ize completed portions
of these contr acte -J research progra~~ and related activity . 
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USB CRUISE PROGRAM

The overall objective of the USB cruise program is to acquire
a high-speed technology data base which identifies and evaluates
those design variables affecting drag and engine performance. The
selection of attractive USB nacelle and nozzle arrangements is an
implicit element of the evaluation process. Secondary objectives
incl ude limited studies of the structural feasibility and mechan-
ical practicality for selected candidate configurations.

Figure 8 illustrates these objectives in terms of the major
tasks of the program . Task II is organized to establish effects
and trends produced by paramet ri c var i ati ons of operati onal and
geometri c character i sti cs of USB in stallat i ons. Th i s i s
accomplished experimentally with a high-speed wind tunnel program ,
augmen ted by a theoretical analysis. The results of this task
indicate which USB configurations produce relatively good , high-
speed performance. In Task III , these are su bjec ted to “real world’
analyses to assure satisfactory low-speed aerodynamic characteristics
and design compatibility . The parallel acoustics program merges
with the cruise activities at this point to complete the USB
evaluat ion in terms of high-speed performance , airport performance ,
design realism , and ai rport noise . An additional element of Task
III is the special tests which provide a limited evaluation of
l ow-speed aerodynamics and high-speed wing scrubbing drag aft of the
nozzle. The final part of the program , Task IV , i s an i dent i fi cati on
of add itional areas for research and development.

The objectives of this program are structured ~n accordancewi th the ex i sti ng defi ni ti on of sus pected problem areas. The
follow ing list summari zes some of the variables impacting USB
hi gh-speed cruise.

1. Relative nozzle size 7. Nun~h er  of nace l l e s

2. Nozzle aspect ratio 8. Pylon leogth

3. Nozzle discharge position 9. Jet deflector angle

4. Afterbody boattail angle 10. Wing sweep

5. Nacelle shape 11. Wing camber

6. Nozzle pressure ratio

EXPE WIML NTAL INv~ST I GAT IO NS

Tcst Facilities

-

~ 

~~~~~~~~~-.---~~~~~~~ ~~-. -...--—~~~~ - -.- - . -~~~~ -- -- - —- rn ~~~~~~~~~~~~~~~~~~~~~ - -~~~~~- ---



-— . -~~~~~~~~~
- - - . -

UPPER SURFACE BLOWING 301

~~$A~ • - ~-%y ~ ~~~

I
I W~~~~j~~ jjJ

ii? . ~
- - -

~
- - - _ _ _ _  

~~
.

C 

- -~~- - - -- - --— -- - -~~~~~- - — - ‘- -. - ----- — . - - --- - - —
~~
- --- - - .  

~~~~ 
-



~—-—-----~
---

~
,- -—  -~~~

302 D.M. RYLE , JR., J.A. BR A DEN AND J.S. GIBSON

The experimental investigations represent the major part of
this program and are accomplished in the Lockheed-Georgia Company
Compressi ble Flow Facility . This is a transonic blowdown wind
tunnel and is illustrated in Figure 9. The 20 x 28-inch test
facility features high Reynolds number capability , variable test
wall porosity , and the ability to accommodate both two- and three-
dimensional models.

Test Models

The wind tunnel models are designed to permi t powered testing
by duct ing high-pressure nozzle discharge air in through a floor
balance force system. Figure 10 schematically illustrates the
“tinker—toy ” concept wh ich permi ts parametri c variation of the
effects noted thereon. In addition to the effects shown , it is
possible to vary wing sweep and camber , forebody configuration ,
and nacelle number and position .

Nozzle aspect ratio is an especially important parameter , si nce
low—speed studies indicate the desirability of spreading the engin e
effl ux through a hi gh aspect ratio nozzle. The model has the
capability of varying this quantity from 1.25 (circular) to 6.0.
Nozzle boattail angle is important in a USB application due to the
interferinc flow fields. The tested range varies from 6° to 36°,
and exit position is varied from 10% to 50% of the wing chord .

Fi gure 11 shows the buildi ng block concept as appropriate to a

Nozzb~s
Aspect Rat io

FuseI3~~ -— — — -

Wj t ,p or /7 Lengt hWi mh~’ut ci -

- - - - — - - Angle

\I,th c r  1 -
ILO T ) 

S. P 1

- 
~~Ze

FIgure 10. USB Cruise Program - Aerodynamic Effects Studies 
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Figure 11. Typical Test Model

two-dimensional straight wing configuration . The nozzle discharge
air is carried through the tunnel wall by way of a wing duct , which
exhausts into the hollow , faired-over forebody . It then expands
through a choke plate , which acts as a screen , and into the exit
nozzle. These components can be tested in a three-dimensional mode
by adding an airfoil tip and rotating the wing so that it is
mounted on the wind tunnel floor.

Figure 12 shows the two-dimensional wing/nacelle pressure model
installed in the tunnel wi th a traversing wake rake in place behind
the nozzle exit. The pressure data identify the presence of shocks ,
separated flow , wi ng-lift distribution , and other phenomena. For
this mode of testing, the floor and ceiling of the test section are
porous,while the side walls in the vicinity of the model are solid.

Figure 13 shows a swept wing, three-dimensional , semi-span
model wi th a simulated fuselage mounted on the tunnel floor. This
Installation is used to measure force data in the powered mode for
a four-engined USB aircraft. It is appropriate to call attention
to the large fillets between the nacelles and wing , and the wing
and fuselage . These are empirically developed for minimizing nacelle
interference utilizing visual flow techniques.

It should be emphasized here that the basic intent of the USB
cruise experimental program was to parametrically develop data 
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~~~
-

~~~~~~“



-.

304 Ui-’. R~LE , J R ., i A .  UJ-~A D E ~ AND J .S.  GIBSON

F igure 12. ~ing -~~cel le rriss ~ re ‘ od el

trends ind i ativ e r~ t a A- or dL le cr~~ se Jr ~e r - ~ Ain ce. Toe
unrefined n a t u r /  of the odel C o - -) ’ L -  ani t ic- t i nker - toy ’ concept
of conf icur a t ion bui ld- up -~o .ld ~ ex pe~ t rd u cj - i i n e 50 as
produce re la t i v ly ~ i q ’ i drag 1f l -. -~ /L - t 5  - ~~~~ ~ ce1l e instal la-
tions. The degree bj  -.-~hi ch t h ese cii~aj  1 n~ r~ : - ~nt s  ccJi d be reduced
through design reui fll~r ~‘~t was ct  recess ar i  Jy a ajor consi deration
in these i n i t ia l  inve- ~ t i ga t io n- . .
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J”\~A 4 1
~ ‘—i-i— 2 L.S. Overvelocities

“ ./ x~’c 3 Nacelle Exi t ~Saddle~
4 Press Drag at I-l gh H/P

/ 
- 

- 5 Vortex/Scrubbing Eftt ;ts

Figure 14. USB Cruise Design Problems

of, and immediately behind , a semi—circular , convergent nozzle
operating at a pr:~-sure ratio of 2.6. The Mach number is 0.68,
which is near the drag rise condition for this combination .
Following the numbered callouts on the figure , (1) the presence
of the nacelle generates “over-velocities ” near the wing/nacelle
intersection promoting strong leading edge shocks wi th increased
chance for local , downstream separation. This effect can be
minimized by the appropriate contouring and filleting of the wing/
nacelle junctures. Similarly, (2) the presence of underwing support
structure creates interference flow fields on the wi ng undersurface.
A supercritical airfoil section is particularly sensitive to such
interference . Again , local contouring which recognizes the nacelle
presence will moderate such effects. Near the nacelle exit ,
(3) the pressure distribution adjacent to the nacelle and jet takes
on a “saddle shape ” in responding to the choked exit condition of
the nozzle. This “kink” in the distribu tion tends to force the
leading edge shock to remain In a forward location with attendant
high pressure losses and an increased potential for flow separation.
The spanwise extent of this region can be suppressed to some degree
by reducing the closure angle between the jet and wing upper surface .
Along the jet centerl i ne , (4) the pressure distributions reflect
the compression and expansion shock patterns of the supersonic jet.
When the jet follows the curvature of the airfoil closely, simple
momentum considerati ons for the wing alone would suggest the onset
of a pressure drag penalty which grows with increasing nozzle
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pres sure ratio. The magnitude of this effect wil l depend upon the
desi gn pres s ure ratio and the thickness of the wing, wh i ch tends to
set aft-curvature of the wi ng upper surface. The vortex and
scrubbing effects, (5) are associated wi th the entrainment and the
roll —up of the three-dimensional jet along with surface friction
los ses .

Cruise Drag Accounting

The number and complexity of the phenomena just discussed
impose a substantial burden on functional analyses of the exper—
mental results and the isolation and possible treatment of

— specifi c problem areas. Both force and pressure data , static and
wind-on tests , as well as analytical modeling have been used in
combination to develop logical analysis techniques. The basic
analytical approach has been to break down USB cruise drag penalty
into its various components and then to analyze each of them
individually. Brief discussions of the major drag/thrust-penalty
components are contained i n the follow i ng paragraphs.

Nacelle Friction Drag . The friction drag of the isolated nacelle
is estimated by conventional techniques. No further assumptions
are made here as to increased friction due to the high—veloc ity
wing flow-field or to the use of a faired-over forebody in lieu of
an operating inlet.

Nacelle Installation Penalty. The installation penalty is
normally associated with jet momentum ‘osses due to scrubbing of
the wing surface by the jet. Such losses are quantif i ed by a
comparison of static test results from the isolated nacelle and
similar tests made on the wing wi th nacell e installed. In terms of
an effective cru i se drag penalty and under the normally held
assumption that such losses are essentially invariant wi th air--
speed , a typical thrust degradation would be in the range of
A~CD .0010 - .0050 at C 0.10 (isolated nacelle thrust at

— 
H~/p~ 2.6, M = O.68 )Y

Drag-Due-to—Lift. Drag penalties associated with lift genera-
tion fall into categories of either potential fl ow induced drag
effects or those effects ass ociated wi th changes in the viscous
interactions. In the present ccntext , these are l umped together
to form a total drag-due-to-l i f t  increment. It is identified by
conventional means after reducing the measured lift and accelerating
forces by the reactive thrust components.

Pressure ~~~~~~~~ A pressure drag component results from the high-
velocity jet turning over the arc formed by the aft-wing surface .
This effe c t is mo re clearly demonstrated in Figure 15 , where the
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Figure 15. Aerodynami c Components - Pressure Drag

pressure distribution on the clean wing is compared with jet center-
line pressures at several nozzle pressure ratios. Except at the
nozzle exit , the centerline pressures approach the clean wing
levels at a flow-through pressure ratio. As the nozzle pressure
ratio advances to 2.60, the average (negative) pressure level
increases and , in acting across the upper surface thickness , ~t,creates the pressure drag component .

As noted earlier , scrubbing losses evaluated from static tests
are often assumed invariant wi th airspeed. Wake traverses behind
a typical blowing nozzle , shown in Figure 16 , indicate that
substantially more jet vectori ng can occur “wind -on ” than is
observed statically. Therefore, both pressure drag and scrubbing
losses can vary with the test condition . The left side of
Figure 16 , deri ved from static tests, shows the jet cross-section
as lines of constant , local total pressure-to-freestream total
pressure ratio (Hi/ H). The right side of the figure provides the
wind —on (M0 = 0.6) cross-section at the same nozzle pressure ratio
and angle of attack. Compared with the static case , the wino-on jet
has a more concentrated form and closely follows the wing surface
up to the trailing edge . In addition , a greater wake penetration
by the high-speed core is indicat ed due to reduced mixing at the
jet boundaries in the cruise condition . 
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Figure 16. Jet Wake Isobar Comparison

Nozzle Geometric Effects

Boattail Angle/Aspect Ratio. Figures 17 and 18 portray typical
variations in cruise drag penalty wi th the design geometry of the
nozzle. The data are provided in ratio f o rm, norma li zed to a

— selected value of the variable and as a function of nozzle pressure
ratio. The effects of nozzle boattail (or roof) angle and nozzle
exit aspect ratio are given in Figure 17. The limiting boattail
angle (s ) ,  being somewhat pressure-ratio dependent , varies from
about 20 to 25 degrees ; at larger angles , separation effects become
pronounced. At practical nozzle pressure ratios , the right-hand
plot indicates that the 0-duct (semicircular) exit shape appears to
offer the best compromise between the high-pressure drag associated
wi th  the wider (high-aspect ratio) nozzles and a circular—shaped
nozzle , which integrates poorly with the wing.

Size/Exit Position. Similar design variables of nozzle size2and exit positi on are given in Figure 18. The parameter , (chord) /
nozzle area , defines the relative wing chord and nozzle size as
tested ; the drag coefficients are based on the frontal area of the
nacelle in the form ~C0 . These trends indicate that the drag per
unit are a of frontai ar~a diminishes as the nacelle becomes larger.
Thus , i rrespective of mutual interference between nacelles , a two-
engine large-nacelle ) configuration would be favored over a four-
engine small-nacelle) installation .

_ _ _  _ _
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Figure 17. Nozzle Geometri c Effects - Boattail Angle and Aspect
Ratio
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Also shown in Figure 18 is the effect of nozzle exit positi on.
The trend of these data indicate , as i s generally true w i th
conventional , underslung installations , that the cruise-drag penalty
diminishes as the nozzle exit is moved forwa rd . Using data trends
such as provided in Fi gures 17 and 18, the geometry of a candidate
USB confi gurat i on , del i neated on the f i gures , was selected for
initial trade-off studies.

Theoretical Model i ng

The analy tical program performed a number of supportive
functions relating to data analysis or data extrapolation while
simultaneously prov iding essential clarification to otherwise
obscure fl ow phenomena. The emphasis in this element of the program
centered around develo pment of effective mathematical modeling
techniques reasonably representati ve of USB installations operating
in the cruise regime .

Wing/Nacelle. A thick -wing program was selected for use as a
base on which the nacelle and power package models could be super-
posed. The thick -wing model uses a variant on the vortex-lattice
technique employing separate upper- and l ower-surfaces wi th gaps
at the leading and trailing edges. A single—surface , vortex-
latt ice representation was found to be adequate for describing
the nacelle. Figure 19 illustrates the modeling technique as
appl ied to a semicircular nozzle combined ~~th an unswept wing;the surfaces of the power-effects model are also included.

Power Simulat ion. Power effects are simulated by combining
vortex-cylinder and vortex-lattice methods . Figure 20 demonstrates
how this combination can be effectively used to model the jet alone
or the simulated powered nacelle. The “s ink effect ” produced by a
su i table tapered vortex cylinder can also provide entrainment
typical of flow into a real jet. As portrayed ir Figure 19, the
jet emerging at the exit is represented by an expanding , decreasing-
strength ring vortex system. This system is tailored to conserve
axial momentum wh ile permitting entrainment of fluid from the
local fl ow field at a rate consistent with standard results for
axisymmetri c jets. The figure shows the jet plume reshaped near
the exit to refl ect impingement effects caused by the relatively
high boattail angle of the nozzle. The primary variable involved
with this reshaping is the spreading angle in plan view as
determined via flow visualization. In the case shown , a rectangula r
sheet at the wing tra iling edge is assume d with the height of the
jet determined by known area requirements. The remainder of the
jet (i.e., between ex it and tra~l ing edge) is fai red in accordance
with mass-fl ow and momentum rela~ ionshi ps. In the present work , no
attempt is made to simulate free-jet turning, wh i ch has the effec t



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

-
~~~~~~~~

-- ‘
~~~~~~~~~~

- - -

312 D.M. RYLE, JR., J.A. BRADEN AND J.S. GIBSON

Math - Model - Jet Efflux
Geometric Arrangement
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Figure 19. Theoretical Model of Wi ng-Nacelle-Jet 
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of removing Coanda-turning forces from the basic fl ow model . These
may be added retrospectively if des- red. Use 0f these modeling
techni q ues f or the rea li s t i c  simulation of areo/propu lsive inter- -

actions has provided gratifying corre lation with the experimental
results .

Conclusions

1. Relati vely large cruise—drag penalties were encountered as a
result of jet scrubbing losses and a pressure drag produced
by the vectoring jet.

2. USB nozzles designed for cruise wi th high boattail angles
(i.e. B > 25’) or utilizing deflector plates can be severely
penalized by scrubbing losses , boattail separation, and
reduced l ift augmentation.

3. A favorable cruise configuration would be represented by a
contoured 0-duct arrangement with the nozzle located as far
forward as structural and weight considerations permit.

4. For a specified nozzle thrust, the more favorable nacelle
confi-juration , from an interference drag standpoint , would be
represented by a twin-engine configuration with larger nacelles
rather than a four-engine version employing small nacelles.

5. Use of cruise flaps for additional jet vectoring provides no
signifi cant advantage to cruise performance of the tested
configurations.

6. Pylon-mounted ,upper-surface nacelles offer a potential cruise
advantage at high nozzle pressure ratios by avoiding scrubbing
and pressure drag penalties .

ACOUSTICS PROGRAM

The pr ima ry objective of the acoustics program is to provide a
unified data base of USB noise trends and effects due to geometrical
and operational parameter variation s , which can be used in the
design of practical USB aircraft configurations with low-noise
characteristics. This program specifically excludes the usual
i n t ernal engine  no ises , such as fan , turbine , and combustion noise ,
comon to all turbine-powered aircraft. The emphasis is on the
unique noise created by the jet exhaust flow and its interaction
with wing and flap sl4rfaces. Secondary objectives are (1) to assure
that recoriinended low-no ise design information is compatib le with
low- and high-speed aircraft operat i ons and (2) to develop
recommendations for further investig ation of those technical areas
where the state of the art is lacking. 
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Figure 21. Acoustics Program Organization and Fl ow

The organization and fl ow of the acoustics program are shown
in Figure 21. Task I was the initial planning and scheduling work
that served all the subsequent technical and reporti ng tasks.
Task II , which addressed the primary objective and represented about
70% of the enti re contract effort, was itself divided into two major
s u b d i v i s i o n s  - Experimental and Analytical. The larger experimental
effort was further broken down into four distinct test programs ,
each in a different test facility . The concurrent analytical
program utilized the results of all the test phases and provided
continuity among all the elements of Task II. Task 111 consisted
of studies to assure compatibility among l ow—noise characteristics
and l ow-speed and high-speed aerodynami c performance , a jo i nt effort
with the USB aero contract. Task IV consisted of developing
recommendations for needed further study for those technical areas
which were beyond the scope of the current work effort. Task V
includes all reporting activit ies.

As indicated in Figure 22, there are actually several sources
of noise in a USB flow system. These include (1) the undisturbed
jet flow , (2) wall-jet flow , (3) roll -up of the wall-jet fl ow,
(4) the downstream wake of the entire jet flow , (5) impingement of
jet turbu lence on t he wing for th os e c o n f i g u r a t i o n s wher e the je t
nozzle is evaluated above the wing, (6) trailing edge fl ow
unsteadiness and shear gradient turbulence , and (7) aeroacousti c
resonances that can exist in certain flow geometry situati ons. The
fi rst six source areas all produce broadband random-type noise ,
whereas the seventh source causes discrete frequency or tone-type
noise. Source 6, the trailing edge flow , is believed to be the
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1 2

- 2 Wall Jet
- 
.‘ ~‘- 3 Wall Jet Roll-Up

- 4 Trailing Edge Wake
5 Jet Impingement
6 Trailing Edge
7 Aeroaccusti c Resonance

Figure 22. USB Noise Sources

predominant noise generating mechanism and,consequently, work in all
phases of the overall program focused on that part of the IJSB fl ow
field.

Experi mental Investiga tions

The first test program was entirely a static investigation of
USB f low fields to provide a better understanding of the basic
steady and unsteady flow phenomena important to noise generation.
The second test program was also static and was oriented entirely
to acquiring parametri c acoustic data . The third program was again
static and utilized larger models for the acquisition of acoustics ,
f low-field , and propulsive -lift performance data. The fourth
program was performed in an anechoic wind tunnel to obtain effects
of simulated forward speed on USB noise generation and propagation
patterns.

Flow-field Tests. This series of tests was performed on a
static model wi th a two-dimensional wing of 6-inch (typical) chord
and 20—inch length and is shown in Figure 23. Primary test
p arameters and parameter value ran ges were :

Nozzle Pressure Ratio 1.1 to 1.5

Nozzle Shape Round , El liptical , “0” Shaped ,
Rectangul ar (Aspect Ratio 2, 4, 8)
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Figure 23. Flow Field Test Setup

Nozzle Impingement Angle 0° to 30°

Nozzle Chordw ise Location 2O~ to 5O~
Fla p Deflection Angle 0° to 600

Fla p Radius of Curvature to 4’

Fl p Length 1.5” to 4.64 ’

In add i t i on , limi ted data we re take n a t seve ral jet temperatures
and nozzle vertical locations.

All  poss ib le comb i nat ions of these var i a b les coul d not be
eva l uated due to time limi tations. Therefore , the various parameters
were usually evaluated relative to a baseline or representative
configuration which utilized 2.55” flaps with a 3” radius of
curvature and deflection ang l e  of 60° , with an aspect ratio 4 rec-

-
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tangular nozzle wi th the nozzle l ocation at 20 chord and a nozzle
impingement angle of 200.

Several types of flow—field data were obtained, including flow
visualization photographs. The firs t type of photographs were
taken of wing—flap surface oil flows , as illustrated in Figure 24.
This sequence shows how flow spreading and attachment vary as a
funct ion of nozzle i mping ement ang le. The second type of photographs
were obtained with a schlieren system . Typica l examp les of these
photographs of the flow field are shown in Figure 25. The three
cases shown correspond to the surface oil -flow photos just discussed .
Flow separation prior to the trailing edge is rather obvious at 0°;
at 10°, it is just barely attached at the edge , and i s well a t tached
at 200 .

The major parts of the flow -fie ld data base were obtained with
a hot—wi re system. This included measurements of velocity profiles ,
turbulence profiles , and a limited amount of turbulence space-time
correlations. Typical turbulence profiles are given in Fi gure 26.
These profiles are at severa l spanwise locations in the area Just
above the flap trailing edge. For the profile exactl y on the nozzle
cente rlin e , the rela ti vel y quiescent jet potential core extends aft
of the trai l ing edge , result ing in the peculiar shape of that prof i le.

_

~: 
____

IMPINGEMENT ANGLE

Figure 24. Oil Flow Visualization 
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IMPINGEMENT ANGLE

Figure 25. Schlieren Flow Visualization
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Fi gure 26. Trailing Edge Turbulence Profiles

• Limi ted static surface pressure measurements were also taken to
supplement the hot-wi re data .

In addition to supplying flow—field data to assist in the basic
understanding of USB noise generation , a major task was to define
configurations wi th attached flow at the trailing edge for subsequent
acoustic testing.
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Parametric Acoustic Tests. This series of tests , which is the
largest single el ement of the entire USB noise program , was
performed in the anechoic room shown in Figure 27. The model is
shown inverted and attached to a polyurethane -foam-covered and
muffl ed air supply at the l ower le ft center of the figure . Support
arch es with attached data acquisition microphones can also be seen ,
as well as the sound absorbing wedges lining the surfaces of the
room. The model could be rotated in order to obtain noise data
at other th an the pl an es in space shown in the figure . However,
the data illustrated in the following discussions were taken at
one point only for simplification . That point is directly opposite
the bottom of the wing, which simulates noise trends and effects
for a ground observer directly under a USB airc raft. Trends at
this location , in most cases, are imi lar to trends at other points
below the win g as well. In addition , the acoustic results descri bed
are for attached fl ow cond itions. The model s, test parameters , and
parameter ranges discussed in the previous section were the same
for this test program.

Nozzle Exit Velocity . Nozzle exit velocity has a major effect
on USB noise. Both noise level and peak frequency increase as
jet velocity (Vi) increases,as indicated in Figure 28. The
spectral data sF~own are for a ser ies of jet velocities with all other
parameters constant. The overall level of noise is typically
proport ional to Vj5 5  directly under the model , proportional to
Vj5 0  in the forward quadrant , and varies to V j7~

5 in the extreme
aft quadrant.

Nozzle Impingement Angle. As the nozzle angle relative to the
top of the wing is increased , the flow is spread out more over the
wing and flaps. The noise spectrum , as can be seen in Figure 29,
is affected mainly in the mid-frequency range , where the l ower noise
levels correspond to higher impingement angles.

Nozzle Shape. The only nozzle shape parameter that appears to
be significant is aspect ratio. Higher aspect ratios mean more
flow spreading causing mid-frequency noise reductions similar to
the nozzle impingement angle results.

Flow Path Length. The subject of flow path length is concerned
wi th two geometric parameters : (1) nozzle horizontal location on
the wing and (2) flap trailing edge length. Either parameter
changes the total flow path length between the nozzle exit plane
and the flap trailing edge. As flow length increases , higher
frequency noise decreases regardless of which of the two parameters ’
length was varied , as illustrated in Figure 30. Next to jet
velocity, flow length is the second most i mportant basic parameter
which affects USB noise.

_
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Figure 28. Effect of Jet Exit Velocity
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Figure 29. Effect of Nozzle Impingement Angle
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• FIap AngIe 6O’ I AR.4Nou~.
• No,,~. E,~1 V~ oc~ty  250 U/S
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Figure 30. Effect of Surface Flow Length

Flap Angle. Flap angle is one of the more obvious variables
in  a USB system , but it has a rather small effect on noise under
the wi ng. There is a slight spectrum shift to the low-frequency
range. The sound field , or directivity pattern , moves with the
flap as the flap is rotated downward. However , this directivity
effect is relatively insensitive over the 60° range investigated.

Flap Radius of Curvature. While flow path length is an
important parameter, the shape of the path is apparently not
important at all to noise for attached flow conditions. Over a
wide range of flap knee radius of curvature , no systematic trend
could be found,and the variations observed were inconsequential.
This corresponds to the results of the companion flow -field study
where radius of curvature had a small effect, in  fact  the smallest
effect of any of the experimental variables . Even in cases where
flow separation “bubbles ” were noted on the flap, no significant
noise trend was seen as long as the flow reattached prior to
leaving the trailing edge .

Scaling and Noise Reduction Tests. This third test program
was conducted on the static outdoor model test stand shown in
Figure 31. The model wi ng and flap system was two and a half times
larger than the previously discussed model . Flow-field measurements ,
In the form of hot-wi re velocity and turbulence profiles an-d oil
flow patterns , were made which compared well wi th the smaller scale
model data . Acoustic data also scaled well where noise intensity
was directly proportional to nozzle flow area and frequency was
Inversely proportional to the linear dimensions . Both these trends 
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Figure 32. Typical Trailing Edge Blowing Results

are essentially the same as for ordinary subsonic jet noise. In
addition , lift , drag , and thrust measurements were made to
correlate wi th noise characteristics .

One of the more successful noise reduction tests was an active
air blowing concept. The idea was to blow air through a slot just
upstream of and on the l ower surface of the flap trailing edge.
Based on previous testing of simil ar concepts , it was speculated
that a thin l ayer of air injected just below the trailing edge
would thicken the trailing edge shear l ayer and thereby reduce the
velocity gradient and resultant turbulence and noise production.
Typical results obtained are shown in Figure 32,which indicates
overall noise reduction in decibels versus the ratio of slot-jet
velocity to main-jet velocity for two slot thicknesses.

Anechoic Wind Tunnel Tests. The final test phase was conducted
in the free-jet type anechoic wind tunnel shown in Figure 33. The
model used was the same scale as that used in the flow-field
parametric acoustic tests . The model wing was cantilevered from a
fairing for noise testing. Later , limi ted aerodynamic performance
data were obtained by mounting the wing from a force balance , and
velocity profiles were also obtained with a multi-tube pressure rake.

Typical noise results are indicated in Figure 34. Generally,
there Is a low-frequency noise reduction ,whereas the high-frequency
range is essentially unaffected. 
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Figure 33. Free Jet Anechoic Wind Tunnel
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Figure 34. Typical W ind Tunnel Results 
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Analytical Investigations

The companion analytical program performed several functions
including data analysis, development of an empirical noise
prediction technique , development of a theoretical approach to
mathematically model blown—flap noise , and the use of the empirical
noise prediction procedure in the noise-aerodynami cs compatibilit y
stud y .

The empirical prediction technique is based primarily on the
parametri c acoustic data . Consequently, input data for a specific
prediction job consists of geometric and operational parameters ,
such as nozzle pressure ratio, nozzle location , flap length , etc .
This method was deri ved from the empirical collapse of data of the
type shown in Figure 35. This figure shows how spectrum shape and
sound pressure level data collapse at a specifi c angle (115° from
leading edge) in the vertical fore and aft plane. The empirical
technique is especially good for aircraft design studies, since it
is essentially based on design-type parameters . It can predict
noise at a given point or at a matrix of points from which ground
noise contours or noise “footprints ” can be machine plotted .

The theoretical approach is based entirely on relating radiated
noise to steady and unsteady trailing edge flow parameters . The
parameters needed are fl ow Mach number , flow thicknesses , flow
velocity gradient, turbule nce convection velocity , scale of
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anisotrophy , decay rate , and turbulence spectrum shape . Appropriate
data of this type were provided from the flow-field tests , and the
result ing noise calculations compared well with the experimental
noise data . The theoretica l model is most useful for the investi-
gation of basic generati on processes and noise reduction concepts.

Low Nois e Aircraft Design Conclusions

The primary parameters which control USB noise and the
appropriate design variables are :

Trailing edge flow velocity (nozzle pressure ratio)

Flow path length (nozzle chor-dwise location and/or flap
len gth)

Flow sprea ding (nozzle aspect ratio, angle with wing,
vertical location )

Trailing edge flow velocity at the flow-field centerline is the
single, most importa nt low-noise parameter. Flow path le ngth an d
flow spread ing h-ave small effec t s on trailing edge velocity , but
exhaust nozzle pressure ratio ~deterrniuc~.i by basic engine cycle)
has the predominant effect (see Figure 28). Therefore , in the
des ign of a blown-flap aircraft , consider ation should be given to
utilizing as low a nozzle pressure ratio (as iqh a bypass ratio)
as poss ible.

Flow path length can be extended by mov ing the engines forward
on the wing or by utilizing a flap system of longer chord.
Lengthening the flow path ove r the wing and flap structures
primarily reduces high frequency noise (see Figure 30), which is
highly beneficial from the community noise standpoint , since high
frequency noise is more annoying than low frequency noise.

Flow spreading is a complex phenomenon primaril y controlled by
nozzle as pec t rat i o , nozzle an gle relative to the wing, and vert i cal
locat ion relative to the wing. These three design variables are
not necessa rily independent variables. For instanco , if the nozzle
is located above the wing surface , it must also be angled down
toward the wing or flaps in order to achieve flow attachment and the
desired lift augmentation . Flow impingement angle, controlled by
bas ic nozzle angle relative to the wing (or nozzle roof ang le or a n
external deflector) i~ important to the peak noise area, as indicated
in Figure 29. Nozzle aspect ratio is the ove rriding variable
concern ing nozzle shape. As en exa,mp le, elliptical DI shaped , or
rectangular nozzles , all wi th the same aspect ratio , have essentiall y
the same no ise characteristics. However , high aspect ratio nozzles

L - —  . - -
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are l ower in peak noise level than low aspect ratio nozzles , since
high aspect ratio nozzles spread the flow much like an increase in
nozzle impingement angle. Vertical location relative to the wing
is also important because, as the nozzle goes higher , flow mixing
turbulence increases prior to jet impingement on the wing and the
shielding effect is less. Therefore , even if elevating the nozzle
locat ion and i nc r ea s ing  the jet impingement angle causes increased
flow spreading, the noise below the wing generally goes up.

As in all aircraft design programs , trades must be made
between the various desired features in the overall design . Unfor-
tunately, low noise design features generally cost aircraft per-
formance in some way. Consequently, there is no truly optimum
low noise design when it comes to an integrated powered-lift
system. A best compromise design can be evolved , but only after a
complete aircraft design study including the evaluation of factors
such as noise, weight , system complexity , cost , aerodynamic per-
formance, mission requirements , etc.

RECOMMENDATIONS

As the overall USB aerodynamics and acoustics programs
progressed , deficiencies in the state of the art of several
technical areas became obvious. As a result, a number of recom-
mendations were evolved regarding future research needs. The types
of reconiiiendations addressed relate to:

(1) An improved understanding of characteristic phenomena
associated wi th noise generation and aero/propulsive interac-
t ions

(2) The development of improved aerodynami c concepts and noise
reduction methods

(3) Better understanding of speed effects on noise and the
compromises necessary to effective utilization of USS at both
low and high speeds.

(4) A more complete definition of USB as a total system component
wi th special emphasis on sonic fatigue and soundproofi ng , along
wi th structural , mechanical , and subsystem interfacing

(5) Improved methods for integrating low-noise , high-performance
characteristics into effective prop ulsive -lift configurations

Specific research needs in the aerodynami cs and acoustics areas are
discussed in the paragraph s which follow. 
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Rec orr~nendat i~ ns - Aerodynamics

Pyl on-Mounted (Over-the-Wing) Nace lles , High Speed. Additional
experimental/analytical studies are in order to provide guidel i nes
for the optimum integration of the powered OTW pylon /nacelle with
the wing at cruise conditions. Limits of potential fl ow theory in
providing realistic trends in pylon shape , nacelle position ,and
contour in the presence of the jet need additio nal study and
experimental verif ication . -

Pylon—Mounted (OTW), Low Speed. in concert wi th item ( 1)
above , low-speed investigations are needed to explore the effecti ve-
ness of various mechanical means of deflecting the jet down onto
the wi ng surface for powered -lift benefits. A more extensive survey
of known devices such as “eyebrow” deflector plates w i th the
simultaneous recognition of high-speed desi gn compromi ses, are
mandatory to fur ther  ref i nements of th i s conce pt.

Integration Configuration Design Studies. The USB Cruise
Program was designed to provide an exploratory data base from
which more refined cruise designs could evolve . A recommended
program would utilize the experimen tal findings and the analytical
tools developed under the present study to prov ide second-level
refinements to the fully integrated wing/nacelle/jet combination
with minimum cruise drag as a basic objective .

USB OTW Aircraft Design System Study. An element of the USB
Cruise Program involved a preliminary system study of the USB
concept from the standpoints of aerodynamics and acoustics operating
under both cruise and airport environments . A more comprehensive
study of this  type should  be made w i th the subjec t concepts
broadened to i nclude OTW designs .

Analytical Model Correlation. The basic elements of the
computati onal technique were developed under the USB Cruise Program.
More extensive correlation of the math model with experimental data
would delineate areas of needed refinement.

Jet Efflux Analytical Modeling . The theoretical modeling of a
j et fully responsive to varying pressure fields and boundary condi-
tions was beyond the scope of the data base program. To real ize
the full potential of the analytical techniques developed represent-
ing typical reactive systems , present constraints on jet behavior
downstream of the nozzle need to be relaxed.

Jet Pl ume Boundarj Optim izatIon. As a consequence of the
isolation of the pressure drag penalty as a major contributor to
cruise drag, investigations fo’ suppressing this effect are needed .
Figure 36 postulates several approaches to airfoil modification
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Figure 36. Jet Drag Reduction - Airfoi l Modifications

behind the nacelle wi th the objective of minimizing pressure drag.
Since pressure drag and scrubbing drag penalties are both associ-
ated with the attached jet, the recommended investigations should
include more intensive studies of the latter penalties.

Recommendations — Acoust i cs

Basic Understanding of USB Noise. There are four areas under
this (,eneral heading that need additional work. First, over—the-
.‘ng or OTW (i.e., nacelle and jet exit above the wing , but jet

- ~ ored down onto the wing for high -lift performance) noise and
~low data are needed to bring that configuration ’s data base up to
U.- l evel of that of the bl ended or faired nacelle. The second
i tem is the need of more sophisticated flow data (more space-time
turbulence correlations , for example) for both the blended nacelle
and the OTW configurations. Thirdly, there is a need for additional
acoustics tests of the effects of upstream temperature and turbulence.
Last, there is a need to further develop the basic acoustic theory
to assist in basic understanding, predicti on accuracy , and in noise
reduction efforts.

Noise Reduction Techniques. Once a better understanding of
USB acoustics is in hand , efforts should be made to pursue noise
reduction concepts including (1) geometry and operating parameter
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optimization , (2) passiv e devices (e.g., i rregular trailing edges),
and (3) active devices (e.g., trailing edge blowing).

Flight Effects. The flight effects observed were generally
typical of other similar tests for locations under the wing .
However , the magnitude of the effect at different angles (fore and
aft, as well as laterally) relative to the model is quite variable
and the reasons for this variability are unknown . Therefore , more
diagnostic testing of the true nature of flight effects on noise
is needed.

Fuselage and Wing Environments. Near-field noise and
fl uctuating surface pressures are indicated to be rather severe for
USB installations . The experimental data to date are primar ily of
the spectral- distribution -at-a-point variety . Additional data of
the time - and spatial-correlation type are needed for better
definition of structural vibration and sonic fatigue problems and
in fuselage soundproofing analyses and design .

Low-Noise Configuration Design Studi. The results of all the
prev i ous technology areas (basic noise source understanding and
characteristics, flight effects , noise reduction concepts , near-
field effects , etc.) are ultimately used in the search for optimum
l ow—noise desi gn in a USB system. An optimum system desi gn or best
compromise must also consider low-speed aerodynamic performance , as
well as possible cruise performance effects. Such a system
optimization can be most effectively done as an i ntegral part of a
complete aircraft system study , and a study of that type is
recommended.

Concluding Remarks. It is hoped that NASA will be able to make
comparisons of the extensive data base from this and several other
recent USB noise programs and the data that wi l l  emerge from the
NASA/AMST cooperative program and the QSRA program. To date , all
published research work has either been done analytically or done
with models on small - and large —scale test rigs. The missing link
between the existing bank of data and real aircraft data (statically
and in flight) should be investi gated at the earliest possible date
i n order to conf i rm model and analytic al techniques to advance the
state of the art .
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DISCUSSION

CHASZEYKA : (Office of Naval Research)

You made several recomendations there wi th respect to research
and development on acoustics. I am wondering, at what level are you
casting these reconiiiendations? Is it more basic information or a bet-
ter understanding of what is already known and published?

RYLE:

I think it has to be both because I do not think you develop a
better understanding of what exists until you have the basic research
which provides that. And I do not think you pick up the one or two
PnDb noise reduction until you understand what it is exactly you are
working on. Does that answer your question?

MAUS : (The University of Tennessee Space Institute)

Can you tell me to what extent the wing acted as an effective
noise shield?

RYLE:

There is pretty conclusive evidence to indicate several PnOb re-
duction in noise due to wi ng shielding . Very early NASA-Ames results
(which were presented at NASA-Ames a number of years ago) showed a
significant reduction in noise , all other factors being equa l , be-
tween a USB arrangement and an EBF arrangement.

MAUS :

I guess I was thinking of a comparison of sound pressure data ,
above the wing and below the wi ng in your experiments .

RYLE:

No, I am sorry I cannot answer that question.

BRADLEY: (General Dynamics)

You showed force tests wi th parametric movement of the nacelles .
Were all of these data taken wi th faired-over inlets?

RYLE:

Most of the data were taken with faired—over inlets. This is the way
these drag data were measured. tie took the isolated nacelle, put it
on a force balance, measured the data , and correlated it with
nozzle pressure ratio which was recorded at the nozzle exit. Then

_ 
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we put the nacelle in combination with the model itself and repeated
it again in the static case in order to pick up the scrubbi ng drag,
and ,I guess , you could call i t the propuls i on effect fo r the stat i c
case alone. Then,of course , we tested it wi th the wi nd on , and the
difference between the two is what you are actually seeing here . We
did measure some flow-through cases , some hard-bodied representation
of the flow-through nacelles , simply for correlation . We also used
an upstream pipe flowing into the nacelle in order to see if this
made any particular difference. We get a great big difference be-
tween flow-th rough data and fai red-over nacelle data ,bu t we are pretty
well convinced that the ex it cond iti ons are by far the most important ,
and therefore if you have those reasonably well simulated , then you
get the major effects.

BRADLEY :

I have the general feeling that the parametric results are
quest ionable if they are based on faired-over inlets, in sofa r as local
interference between the wing and the nacelle is concerned . I believe
that attempts to contour the nacelle and wing to achieve favorable
i nterfe rence woul d be i ncorrect if based on experimental data wi th
faired-over inlets. But you say you did correlate your data wi th flow-
through i nlet data ?

RYLE :

I guess I feel that the powe r effects are so much more significant
tha n any othe r paramete r that  once those are simulate d,you probably
have reasonable trends .

BRADLEY :

Maybe so , but I am not sure I agree with that.

RYLE :

Well , you work on fi ghters anyway,and we work on trans por ts!

BRADLEY:

That is right. We do look at a little higher speed regimes some-
times. Howeve r , the fundamental fl ows are the same in transonic flow.

WEINR A UB: ( Naval Air Systems Command )

Have you developed any methodology to determine what the impli-
cations of the model scale acoustic data would be on full scale?

RYLE :

Wel l , the only scaling data that we had was just the scaling

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~
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data between the anechoic room and the data which we got from the
outdoor rig , and that is two and a half times. This correlation was
as expected wi th the noise level bei ng proportional to the flow area ,
with the spectrum being altered , from a frequency point of view , in-
versely proportional to the dimensions . That is fairly standard with
respect to scaling.

DENNING: (Rolls-Royce (1971) Limi ted)

I wonder if you could explain why you have the flap angle in the
Struhal number correlation. Is it a flap angle measured in radians ,
by the way?

RYLE:

Yes , I think so. It must be flap angle in radians .
DENNING :

I do not understand the physical significance .

RYLE:

I am not sure that I do either. It is an empirical factor which
collapses the data . It just works!

I
I 
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THRUST AUGMENTATION AND NOISE ATTENUATION OF EJECTOR SHROUDS

Bernhard H. Goethert and James R. Maus

The Un iversity of Tennessee Space Institute

Tul lahoma , Tennessee 37388

ABSTRACT

Results of a study on the static aerodynamic performance and
acoustic characteristics of a shrouded slot nozzle are presented
(no external flow). Experiments were carried out on a slot nozzle
of aspect ratio w/ h = 27 with an ejector shroud having a total cross
sectional area of about four times the area of the primary nozzle.
The aerodynam ic performance of the nozzle-shroud system is charac-
terized by the ratio of entrained secondary air to primary air and
the thrust of the system compared to that of an unshrouded reference
nozzle. The acoustic data taken during the tests consisted of over-
all sound pressure level (OASPL) contours in a plane perpendicular
to the nozzle span (flyover plane) and contours in the nozzle plane.
The noise output of the device is generally characteri zed by the
max imum sound pressure level in the flyover plane (OASPL max). Some
of the principa l fi ndings of this study are : (1) Both the aerody-
namic performance and the noise attenuat ion characteristics of the
ejector shroud were found to improve with increasing shroud length
over the range tested. (2) Thrust performance of the longest
ejector shroud configuration improved with shroud divergence ang le
up to an area ratio of 1.2 and thereafter decayed . Noise attenuation
generally decreased as the shroud walls diverged. (3) For high-
temperature primary flow at high subsonic Mach numbers , the noise-
attenuating liners in the shroud were significantly quieter in
comparison to the hard -wall shroud , possibly due to the increased
no i se generation by the higher velocity of the hot primary jet,
rather than a direct effect of temperat ure .
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INTRODUCTION

This paper is concerned with an investigation of the noise
characteristics and thrust performance of a shrouded slot nozzle. A
schematic diagram of a shrouded nozzle consisting of a primary
nozzle that exhausts into a constant area duct is shown in Figure 1.
External air is ingested by the ejector action and mixes with the
primary air producing, ideally, a well -mixed flow stream at the end
of the duct. The entrained secondary air flow provides an increase
in the momentum of the exhaust jet, causing an increase in the thrust
of the system as compared with the prima ry jet alone. The duct may

-

Secondary Entrained Air

Figure 1. Schematic of Ejector Nozzle
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be o,ierged or a diffuser added to improve the pressure recovery
and cause a greater entrainment of secondary air.

Acoustically, the ejector represents an effective noise
suppression device for three reasons: (1) the large secondary flow
causes a reduction in the mean shear near the nozzle exit , (2) the
jet stream exiting from the shroud has a velocity that is substan-
t ially reduced compa red to the primary jet and (3) the shroud walls
act as a noise shield. Further noise reduction can be obtained by
fitting acoustic lining to the inner wall of the shroud.

A shrouded nozzle such as was investigated in the present study
is more likely to be employed as a powered lift device for STOL
aircraft. Such a device would be deployed during take-off and
l anding  and folded bac k into the wing for cruise. Figure 2 shows
a sketch of an augmentor wing in a take-off configuration and fol ded
away for c ruise. In powered lift operation air from the turbofan
is ducted through the wing section and exhaust from a nozzle through
the augmentor wi ng shroud. The enhanced thrust generated by the
eject or action more than compensates for the duct losses and makes
the augmentor wing one of the more attractive powered l i ft devices
being considered for STOL aircraft. The aerodynamic advantages
of this device have been discussed in some detail by Whittley
(Ref. 1).

The pri mary impetus for the present work was the investigation
by Goethert and Borchers (Ref. 2) in wh ich experiments were carried
out on a pair of circular nozzles in a rectangular shroud . Sound
power measurements were made by Goethert and Borchers using both
hard wall and acoustically lined ejectors of various shroud lengths.
Results for the hard wal l ejector showed an increase in sound power
reduction ,with increasing shroud length confirming the earlier
results of Middleton (Ref . 3). The sound power reduction appeared
to be approaching an asymptotic valu e of about 7 dB for hard-wall
internal surfaces (no liners ). A comparison with a theoretical
calculation suggested that a substantial portion of the noise was
being generated in the mixing region beneath the shroud and thus
would be reduced by acoustically lini ng the ejector channel.
Subsequent tests wi th a lined ejector produced a substantial further
reduction in noise output, but caused unexpectedly large internal
f low losses impairing the thrust gain by the ejector.

The results obtained by Goethert and Borchers were considere -~to be quite encouraging and worthy of further invest~gatior . Based
on the experience ga ined in these tests , a new experimental program
guided by theoretical calculations was undertaken to attempt to
optimize the acoustic and aerodynamic performance of a shrouded
nozzle.
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._e_~ ~~~~~~~~~~~
Cruiee Configura tion

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~k e C ontr~~~~~~~~~~~~~~
\

Take—off and Land ing Conf iguration

Figure 2. Augmentor-Wing Section

THEORETICAL ANALYSIS

Fluid dynamically the augmentor wing can be modelled
satisfactorily by a simple ejector as shown in Figure 3. The ejector
consists of a primary nozzle exhausting into a constant or variable
area shroud. It is possible to apply the equations of one-dimen-
sional fluid mechanics to the ejector to calculate the rate of air
entrainment and the thrust augmentation . One of the first analyses
of this type was performed by von Karman (Ref. 4) for incompressible
flow . This work has been extended by Goethert and Borchers (Ref. 2)
to take Into account compressibility effects when the stagnation
temperatures of the primary and secondary streams are equal. This
analysis was further extended in the present study to include the
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F i g u r e 3. Shrouded Nozzle

effects of different stagnation temperatures.

In order to estimate the noise reduction and thrust
augmentation obtainable with the shrouded nozzle, the results of
the theoretical calculations for that system must be compared with
a suitable reference nozzle. In the present analysis , as in Ref . 2,
the reference nozzle was taken to be an isentropic nozzle operating
at the same stagnation pressure and temperature as the shrouded
primary nozzle and passing the same mass flow. The physical
variables for the reference nozzle are typically indicated by a
prime and thus the above conditions may be expressed by

Pop 
= 

~op

T0~ = ~~

m = rn’p p

To satisfy these conditions, the area of the reference nozzle
generally must be slightly different from the area of the primary 

— - - —  - - - ~~~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- - ~~~~~
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OP O~~

A — m

Figure 4. Reference Nozzle

nozzle. This is illustrated in Figure 4. The equality of the
stagnation pressures , assumi ng that both systems exhaust into the
same atmosphere can be expressed in terms of a reference Mach
number , Mi,, SUCh that 

1
9.P. = ~~~~~~~ = (1 + M 

2

~a ~a 
2 p

This basis of comparison is carried over to the experimental
part of the research in that the results for the ejector are
compared with a reference nozzle operating at the same reference
Mach number , M~.

In order to calculate the noise reduction and thrust augmenta-
tion for the shrouded nozzle , flow variables must be determined to
sa t is fy  the following equations (see Figure 3):

a) Continuity Equation

+ p 5A~
V5 

= p 2A2V 2
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b) Momentum Equation (parallel shroud walls )

2 2 2
+ p 5A5V5 

+ P
1A 1 p 2A2V2 

+ P
2A2

2
For non-parallel walls, an additional term J PdA must be added to
the left hand side of the equation .

c) Energy Equation

r~i h  +~~~h = m hp o p  s o s  2 o 2

d) Pressure Conditio i

~
‘2 ~a —

~ 
—

~~~~ 

1
Os Os

In addit ion , isentropic flow is assumed to prevail between the
stagnation chambers and the nozzle exit at station 1.

The geometry of the shrouded nozzle system is specified by
the ratio of the secondary to primary flow areas , AR = A5/A0, and
by the shroud divergence ratio , DR = A2/A1. it is assumed that the
primary nozzle lip has no area so that

A 1 = A
5 + A ~

This is correct for the station ini~ediately downstream of the
nozzle l ip.

The algebraic manipul ations used to prepare the system of
equations for an iterative solution are similar to those carried
out in Reference 1 and wil l not be presented. The results of the
theoretical calculations are expressed in terms of three parameters :

the mass flow ratio

K ~~~~~~~
m

the sound power reduction based on Lighthil l ’ s V8-Law

-___ - - -- -- - -. -- 
~~~~~~~~~
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A’ v ’ 8

~PWL = 10 log 10 A

2

2 2

and the static thrust ratio of the ejector system to
the reference nozzle

TR = ( l + K m)~~4

It should be noted that the theoretical expression for the
sound power reduction assumes that all of the noise generated by
the turbulent mixing of the primary and secondary flow streams is
absorbed beneath the shroud. Thus the ~PWL values obtained fromthe analysis represent maximum values that would only be obtained
for a perfectly absorbing shroud. Similarly, the thrust calculation
assumes that the shroud is sufficiently long so that complete mixing
occurs and does not take into account losses due to viscosity or
flow separation . Thus , the calculations are for an ideal ejector
and provide optimal values against which experimental results can
be compared.

EXPER IMENTAL I NVESTIGATI ON

Descri ption of Model

A sketch of the shrouded nozzle used in the experimenta l
investigation is shown in Figure 5. A rectangular geometry was
chosen for both the primary nozzle and the shroud to take advantage
of the better directional characteristics of the sound radiated
from a high aspect ratio slot nozzle. Also , the noise radiated
from a slot nozzle has a greater high frequency content than the
noise from an equivalent area circular nozzle. This higher
frequency noise is more easily attenuated.

The primary slot nozzle has an exit area of 2.4 in 2, an aspect
ratio of 26.67, and a slot height of 0.3 inches. The shroud duct
has a basic height of 1.2 and the same width , 8 inches , as the
nozzle. This gives a nominal area ratio for the ejector A IA = 3.0
which is not unreasonable for STOL applications. ~ p

The shroud is made in three sections , each 5 inches long , so
that shroud lengths of 5, 10 and 15 inches could be tested . The
sketch in Fi gure 5 shows two sections of the shroud in place. The

- ___  — —-— -~~~ 
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shroud walls can be diverged by r o t a t i n g  them about p i n s  in the side
w a l l s  at the primary nozzle exit station. In this way, the shroud
divergence ratio can be varied continuously from A2/A1 = 0.9 to
A2/A1 = 1.4 for all three shroud l engths.

The inner surfaces of the shroud were made of solid aluminum
blocks which could be removed and replaced by acoustically absorbing
liner blocks . The liners were constructed from two sheets of a
porous felt metal material spaced apart by stainless steel honeycomb
and bonded to a steel backing plate . The liner construction is
illustrated in Figure 6. The liner assembly was bonded together
by using a high temperature solder applied by hand around the edges
of the block. Two sets of liners were constructed in this manner
wi th nomi nal facing sheet resistances of 10 cgs Rayl s and 30 cgs
Rayls. Great care was taken in the construction of the noise
attenuating liners and the fabrication of the solid aluminum blocks
to assure that the interior surfaces of the shroud were as smooth
as possible.

Test Procedures

The acoustic data presented in this paper were taken in the
UTSI aeroacoustics free field facility which is described in detail
in Reference (5).  A coordinate system for the test configuration
is shown in Figure 7. The jet exhausts in the X direction along
the axis 0 = 00 and the Y and Z axes lie in the exit plane of the
primary jet as shown in Figure 7. The XZ plane is sometimes
referred to as the flyover plane and the X V plane as the sideline
plane.

The acoustic data taken during these tests consisted of overal l
sound pressure level directivity plots in the XZ and YZ planes and
the frequency spectra at selected points in these planes as shown
in Figure 7. These selected points included values of a = ±300 ,
±600, and +900 and values  of ~ = 00, + 250 , + 450 , + 65°, and +900 .
The directivity plots in the XZ plane ranged from a = _600 to +90°
and in the YZ plane from ~ = 00 to 1 80°. The microphones were
located at a radius of 13 feet centered at the primary nozzle exit.

Initial acoustic measurements on the test model showed that the
sound radiated to the 0 = + 900 , ~ = +90° position (See Figure 7)
contained noise which was radiated from the ejector inlet. Since it
was the purpose of this study to investigate the noise reduction
potential of the ejector geometry exclusive of any sound radiated
from the inlet,a sound s h i e l d  was mounted as shown in Fi gure 7. The
shield was made of 8 ft. x 4 ft. x 1/2 in. thick plywood with 4 inch
thick foam glued on both sides. The shield was mounted on the
model so as to make an angle of 0 + 120° to the jet axis. This

-- - --- “-~~ _ _
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Figure 7. Coordinate System for the Augmentor Wing Indicating
Pl anes and Positions in the Planes For Acoustic
Measurement

set-up blocked the inlet noise ,but did not affect the sound
radiating from the ejector exhaust to the 0 = +900 position .

In the experimental investigatiori,tests were conducted for
various primary flow Mach numbers ranging from 0.5 to choking and
stagnation temperatures from ambient to 1200° R. Parameters varied
during the tests were shroud length , shroud divergence area ratio ,
and acoustical impedance of the shroud wall.

EXPERIMENTAL RE SULT S AND COMPARI SON W ITH THE ORY

Fluid Dynamic Results

In order to determi ne how well the model ejector shroud was

L _ _
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functioning fluid dynamically, measured values of the ratio of
secondary mass flow to primary mass flow (~~~~~ ) and thrust ratio (TR)
were compared to the values predicted by one dimensional theory .
Experimental values for the primary and secondary mass flow rates
were determined from the static pressure measured at the nozzle exit
plane and the primary and secondary stagnation pressures .

Figure 8 compares the mass flow ratio (Km) obtained from the
model ejector system for both hot and cold shrouded jets with the
theoretically predi cted values. For low divergent ratios ,
A2/A1 ~ . 1.2 , the 15 inch shroud data shows excellent agreement with
the prediction . This indicates that these shrouds are sufficiently
long so that the primary and secondary streams mix thoroughly
beneath the shroud. Although the mass flow ratio for the 15 inch
shroud increases wi th increasing area ratio over the entire range
tested , for the larger values of A2/A 1 the data is r~oticeably belowthe prediction. The trends for the 10 inch shroud are similar to
those for the 15 inch shroud ,except that the divergence between
experimental and predicted values of K~ begins to occur at an arearatio slightly greater than one. Obviously, the 5 inch shroud is
not long enough to produce gooo mass induction ,and this config-
uration was therefore not tested extensively .

Figure 9 shows the measured values of the thrust augmentation
compared with theoretically calculat ed values . The experimental
values peak at A2/A1 = 1.2 for the 15 inch shroud and at A2/A1 =

for the 10 inch shroud. However, these values are considerably
below the predicted values even for the 15 inch shroud. This is

s..a ~~~ $t. ro.4
0,/A . 3 . 0  

-
5 . 0.5

~~ :~i:::m,,.a *,.. Raitc , * 3 /0 3

Figure 8. Comparison of One-Dimensional Theoretical and Experimen-
tal Results of Mass Flow Ratio for Shroud Nozzle
(Hard Wal ls)  
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Figure 9. Comparison of One-Dimensional Theoretical and
Experimental Results of Thrust Ratio for Shroud
Nozzle (Hard Wal ls)

because the thrust ratio depends on the product KmV 2 and pumping
at a lower rate than ideal Km will also cause the shroud exit
veloci ty V2 to be l ower than ideal . Hence the product KmV2 is
considerably below the ideal case.

Acoustic Results for Cold Flow

Figure 10 shows the acoustic directivity in the XZ plane of
the ejector shroud with hard walls compared to the basic slot
nozzle. These data were obtained at the same reference Mach
number , M1~ 0.9, that is , the same ratio of primary stagnation
pressure to ambient pressure . The actual jet exit Mach number for
the shrouded nozzles is somewhat higher due to the reduced pressure
at the nozzle exit.

The data show clearly the noise reduction ability of the 10
inch and 15 inch long shrouds . While the reduction due to the 10
inch shroud is mainly around the peak radiation direction , the 15
Inch shroud has l ower sound pressure levels throughout the plane .
The 5 inch long shroud actually causes an increase in noise
throughout the XZ plane. Figure 11 show s that the noise reductions
obtained wi th the longer shrouds are primarily due to decreases
in the components above 1000 Hz.
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Figure 12 shows that as the divergence ratio (A2/A1) increases ,the overall sound pressure level increases throughout the XZ plane.Figure 13 shows that this increase is due primarily to the increaseof noise components near the peak frequency. This trend is contrary 
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Figure 12. OASPL Directivities in XZ Plane for 15 Inch Shrouded
Nozzles with Different Area Ratios (Hard Walls)

to what is predicted by the theory, since Increasing the divergence
ratio does cause a reduction in mean shroud exit velocity and hence
should produce a reduction in noise generated by the shroud jet. 
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Different Shroud Are a Ratios (Hard Wal ls)

The result suggests that the Increasing divergence rati o allows
more of the noise generated beneath the shroud to escape to the far
field. Indeed , the diverging channel may be acting as a horn to
amplify sound generated by the primary jet.

FIgure 14 gIves a suninary of the acoustic data for hard wall
shrouds and cold prima ry flow . The ordinate in this figure is 
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Figure 14. Maximum Sound Level Vari ation with Reference Mach
Number for 10 and 15 Inch Shrouded Nozzle

maximum overall sound pressure level in the XZ plane - this
normally occurs around 45° to the jet axis for cold flow . The
abscissa in Figure 14 is the reference Mach number , which allows
the most meaningful comparison between the shrouded nozzle data
and data for the primary nozzle alone. In addition to re-emphasizing
the trends cited previously with respect to shroud length and
divergence ratio, this figure shows that the noise reduction
achieved by the shroud relative to the primary nozzle increases
wi th increasing reference Mach number.

Since noise reduction and thrust augmentation are the most
important quantities characterizing the performance of an ejector
system,it would be interesting to examine the variation of one
wi th respect to the other. This is done in Figure 15 for both the
10 and 15 inch long shrouds operating at different pressure ratios
and shroud divergence ratios. The 15 inch shrouds are clearly
superior in thrust augmentation as wel l as noise reduction
capability. The 15 inch shroud wi th shroud area divergence ratio
equal to 1.2 produces maximum thrust augmentation at all operating
pressures . The noise reduction , however , was measured to be a
maximum when the shroud area ratio (A2/A l) was equal to 0.9 and
might further increase as the area ratio decreases. For any given
shroud geometry , the noise reduction increases with increasing
reference Mach number. The thrust augmentation remains constant or
decreases only slightly (5%) with increasing nozzle pressure ratio. 
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The ejector system thus seems to be more efficient at higher
operating pressure ratios. This should be particularly noted for
the 10 inch shroud which is successful in attenuating the noise
only at higher reference Mach number.

Effect of Noise Attenuating Liners

Figure 16 shows the OASPL directi vi ties in the XZ plane for the
15 Inch shroud wi th noise attenuating liners compared to corre-
sponding -data for the hard wall shroud (R = t o) .  The use of acousti c
lining is seen to reduce the noise level throughout the plane by
about 2 dB below hard wall shroud for the test conditions shown .
There is no significant difference , under these conditions , between
the noise attenuation obtained from the lines made from 30 Rayl
facing sheet and those made with the 10 Rayl mater ial. Figure 17
shows that the further attenuation achieved with the lined shroud
is due to reduction of components above 2000 Hz. Similar compara-
tive for the 10 inch shroud showed no further reduction due to the
liner. *

Figure 18 shows a comparison of the lined and unlined ejectors
as a function of shroud exit velocity . Al so shown in this figure
are data taken for the 15 inch shroud alone; that is with the
primary nozzle removed and a contoured transition provided between
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Hig h Temperature Primary Flow

The effect of increased stagnation temperature on the sound
directivity of a shrouded jet at constant reference Mach number is
shown in Figure 21. The secondary flow is , of course, entrained
from the ambient air. The most striking feature of this figure
is the increased sound levels that occur at higher jet temperatures.
This is mostly due to the increased sound generation of the higher
velocity prima ry jet. The difference in temperature between the
exhaust jet and the surrounding air also results in an increased
refraction of sound generated by the jet. This causes the
direction of maximum noise radiation to be rotated farther from
the jet  axis  for high temperature primary flow .

Figure 22 shows the directivity patterns of the 10 inch and
15 Inch hard wall shrouds compared with unshrouded primary jet. -

The peak noise for the two shrouds is very nearly the same, but the
directivity of the 15 inch shroud has a much sharper peak. Away
from the direction of peak radiation the longer shroud is quieter
by about 3 dB. For o < 60°, both shrouds produce a substantial
reduction in sound pressure level compared to the primary jet.
Figure 23 shows that this is primarily due to reductions in the
mid and high frequency components.

Figure 24 summari zes the acoustic results for hard wal l shrouds

~ .
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Figure 19. Effect of Shroud Wall Resistance on the Thrust
Augmentation of 15 Inch Shrouded Nozzle

both the 10 and 30 Rayl lined shrouds , the thrust augmentation is
clearly decreased with decreasing shroud wall resistance . This is
thought to be due to increased friction and to reversed flow
occurring in liner blocks. Al though care was taken in the
construction of the liner to minimize these effects, they could
not be eliminated entirely.

Figure 20 summarizes the acoustic and thrust data for the lined
shroud using the 30 Rayl facing sheet. The noise reduction figures
on the abscissa are wi th respect to the unshrouded nozzle at the
same reference Mach number. The general features of these figures
are the same as for the hard wall shroud,although the noise
reduction values are somewhat larger and the thrust ratio values
smaller.
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Figure 18. Variation of Maximum Sound Level with Shroud Exit
Velocity for Hard Wall and Lined Shrouded Nozzles

produce a modest Improvement for this configuration . The maximum
sound pressure level for the 15 Inch lined shroud at high velocities
is only about 1 dB above the noise floor.

The effect of shroud liner on thrust augmentation is shown in
Figure 19. Although the same noise reduction was obtained with 
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Hard Wall and Lined Shrouds

the stilling chamber and the ejector shroud. The noise from this
configuration should be due enti rely to the shroud exhaust jet and
should represent the noise floor for the ejector system, attainable
only for complete absorption of all noise generated beneath the
shroud. The data show that the 15 inch ejector wi th hard walls is
wi thin 5 dB of the noise floor over the entire operating range .
Consequently the addition of noise attentuating liners can only
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FIgure 21. OASPL Directiv itles in Flyover Plan e  of 15 Inch
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with high temperature primary flow. This figures shows that a 5 dB
reduction in the maximum noise level can be achieved wi th the 10 
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Lined Shrouds with High Temperature Prima ry Flow
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attenuating liners .

Figure 28 shows the effect of shroud wall impedance and primary
stagnati on temperature on the thrust augmentation of the shrouded
nozzle. Increasing the primary jet temperature causes a slight
degradation of the propulsive performance of the shrouded nozzle.
The 10 Rayl liner causes about an 8 percent drop in thrust ratio
compared to the hard wall shroud.

Figure 29 sumari zes the performance of shrouded hot jets wi th
hard walls and acoustic liners . The 15 inch shroud with 10 Rayl
liner wall and shroud divergence ratio (A 2/A 1) equal to 1.2 is seen
to have excellent performance - noise reduction of about 13 dB and
thrust augmentation greater than 2O~.
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Comparison wi th Theory

Comparison of measured acoustic data for the 15 inch shroud
with the theoretical predictions based on one dimensional inviscid
fl ow calculations are presented in Figure 30 for cold primary fl ow
and in Figure 31 for T0~ = 12100 R. The predicted noise levels
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given in these figures were obtained by scaling the primary nozzle
data according to the V° law .
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A’ V ’  8

~OASPL = 10 10910 A~~

This relation assumes that the maximum intensity scales just like
the sound power and thus does not account for the forward focussing
effect due to source convection . Also ignored in this calculation
is the effect of nozzle aspect ratio on the directional character-
istics of the radiated sound. Considering these shortcomings , it
was felt that the theoretical prediction could not be used to
reliably determine the noise floor of the ejector system. For this
reason the shroud inlet was modified and acoustic data was taken
for flow only through the shroud. These data were taken on the
15 inch , parallel wall shroud (A2/A1 = 1) for ambient stagnation
temperature and a stagnation temperature of 810° R corresponding to
T00 = 1210° R. The cold flow data were presented in Figure 18 as
a function of shroud exit velocity . The change in stagnat ion
temperature had no measurable effect on the data shown in that
figure . The data have been replotted in terms of M~ in Figures30 and 31. These data represent the actual noise floor for the
15 inch shroud wi th A2/A1 = 1. In all cases the measured noise
floor is above that predicted on the basis of scaled primary nozzle
data . The calculated values are, however , always wi thin 3 dB of
the experimentally determi ned values.

Of particular interest in Figures 30 and 31 is how closely the
noise level for the parall el wall 15 inch lined shroud approaches
the noise floor . For the cold flow case the lined shroud noise
level is with ic ’ 1 .5 dB of the noise floor at “~ 

- Q. -~ Thi s
c ) rrV ’ s ,n3,ids to a ~I I I~~ ~ redj( ~ Io n of ~ li- - compar. -1 t ,  t h -  ~- r 1 r ~,d rI
nozzle At ,~ I~~ 

A I~~ , 4 ~ f n ~~ IA II cflrou-1, d fl~ 
I

W I  ‘11,1 ‘) J~. ‘ tP~e - - ,~~ ~locjr L rg~~.)- . • - to fl i ‘~t~~~~- J ~ 1 1 ) I
, -

~~~,j  ~ t b ,  .-r$m4 r~ ~Oj Z ~~ 
- W1 , 4 - •

I~

- . 
“a. • - ~4 ’ ‘ ‘ ‘hp rs g o,- ‘‘ - ‘ ‘  -

- S - ‘ . - •
, Ø,_ , _~ , , ,P .  -

- - 5 - - - - 

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



374 B. H. GOETHERT AND J. R. MAUS

total temperature .

The overall best results were obtained wi th  a shroud length
of about 12 times the shroud height. A solid , parallel wall shroi~of this length produced a noise reduction of about 7 dB and a
thrust augmentation of about 35% for a near choked , cold primary
jet. A shroud length of about 8 times the shroud height gave
substantially inferior values for noise attenuation and particularly
for th rus t  augmentation. Obviously, the primary jet is not capable
of mixing as well under the shroud of reduced length .

A few tests were conducted for a very short shroud with a
length of only 4 times the shroud height. The results imply that
the nozzle flow does neither substantially entra in secondary air
nor mix appropriately with it. Thus , the short shroud is not only
ineffective in noise attenuation , but was also generally found to
be accompanied with a thrust reduction instead of a thrust increase.

Theoretical calculations on ejector shrouds were carried out
assuming inviscid , one-dimensional flow with complete mixing
underneath the shroud. A comparison of experimentally determined
values of secondary air entrainment and thrust augmentation with
these calculations shows good correlation for the longest shroud
with parallel or slightly diverged walls.

Use of noise attenuating liners in the shroud produced little
further noise reduction for cold flow . However , for high tempera-
ture primary flow at high subson ic Mach numbers the lined shroud
was sig n 1~ icant 1 y qui~’t~- - than the hard wall S b A  4d . Th is is
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of ejector shrouds even further beyond the potential identified in
the current experiments .

The effectiveness of super-mixing devices should be examined
to shorten the mixing length between primary and secondary flow
and thus also the required length of the shroud. Based on
experiments of other investigators (Ref. 6), the shroud length
could be reduced to at least 1/ 2 of it s current length witho ut
penalty of thrust augmentation . However , the effect of super-
mixing on noise is not known and needs to be determi ned.

The des ign of noise attenuating liners for ejector shrouds
should be studied in more detail to define optimum liner config-
urations. Such improved configurations are expected to increase
further the noise attenuation of shrouds and reduce the sizeable
penalty ca used by the current liner design .

In the current experiments , the shrouds are designed either
wi th constant area throughout their length or with constant
divergence or convergence. It is be lieved that a more effective
design for rapid mi xing would be to have a constant area upstream
secti on followed by a suitably selected divergent part .

ACKNOWLEDGMENT

Appreciation is expressed to the Federa l Aviation Administration
for support of this research under Conti- act )DT-FA72WA-3D53. The
authors are especiall y indebted to Messrs . R. S. Zuckerman ard
R. Padgett ~~ r their review I~~ ~~ reseo r~ b ~~ - 

~~
- - ~~ 

j i - .~ on ‘ j -

.-dlua ble e n-oi ~ nII~~ Mr . R , ~ai~,ett ~~- rve~ as the ‘ec. - cal
4f ic er  ‘ ,. ~hi~ projec t 111 ~h~- FM A r ~ .- r1~ ‘~e ice Recea ‘

‘ ‘ d i V  - 
• 

‘- i - R. Z uc ker ~4 r.



_

376 B. H. GOETHERT AIiD J. R. MAUS

Reissner Anniversary Volume , J. W. Edward , Ann Arbor ,
Michigan , 1949, p. 461—468.

5. Dunnill , W. A . ,  “Aeroacoust ic Facil i t ies of the Univers ity of
Tennessee Space Institute ,” Section 2.0 Report No.
FAA—RD- 75 —1 62—I , Federal Aviation Administ ration , 1975.

6. Bevi laqua , P. Fl. , “An Eva luation of Hyperniixing for VSTOL
A i rcraft Augmentors ,” A IAA Paper No. 73-654 , 1973.

7. Goethert, B. H., Maus, J. R., et al., “Shrouded Slot Nozzles. ”
In print as FAA-Report Volume III , 1977.

DISCUSSION

CRAGIN: ( General Dynamics )

In the fi rst part of your presentation you were showing the nozzle
wi th the plate underneath and different lengths of plate . If you
said ~t I missed it , but over what pressure ratio ranges were you
operating those nozzles?

GOETHERT :

Under this contract we are re tri ct ’d tr st- ~onic ‘1 I~~~~ ~~~~
maximun~ point  “- our curv es was I~ St hel a cho~ nq ‘ ‘i’-

nozzle.

CRAGi’~

a _ I- --
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COMPATIBILITY TECHNOLOG Y RE QUIREMEN T S

B. Br imelow and W. G. Steenken

General Electr ic Company

Cinc innat i , Oh io 45215

A BSTRACT

The ach ievement of successful engine-airframe integration on
short-haul aircraft imposes a broad spectrum of compatibility pro-
blems introduced by the propulsive system concepts presentl y being
explo red or envisioned for future use. In this paper , prop u ls i on
system concepts are reviewed for their potential engine stability
problems . Based upon this review , some of the compatibility tech-
nology requi rements for future Systems are discussed . The implications
for testing and analytical studies are addressed, and the apparent
technology voids are identified .

Nomenclature

CDGC Ci rcumferential Distortion Generation Coefficient
CDGo Ci rcumferential Distortion Extent Generation Coefficient
CDTC Circumferential Distortion Transfer Coefficient
CDTo Circumferential Distortion Extent Transfer Coefficient
EX Extent Funct ion
KC Circumferential Distortion Sensitivity
KR Rad ial Di stortion Sens i tiv i ty
PS Static Pressure , Also Used as a Subscript
PT Total Pressure , Also Used as a Subscr i pt
RDGC Rad ial Distortion Generation Coefficient
RDTC Radial Distortion Transfer Coefficient
TT Total Temperature , Also Used as a Subsc rip t
~PRS Loss of Surge Pressure Ratio
b Superposition Function for Combining Radial and Circum-

ferential Distortion Components

377
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Subscri pts

C Circumferential
R Radi al

INTR ODUCTION

The development of short-haul aircraft for the 1 980-1990 time
per iod brings wi th it a concomitant set of new engine-airframe i nte-
grat ion problems. Some exa mples of these prob lems are the cont rol
complex i ty introduced by new cycle concepts, geared fans , and thrust
vectoring nozzles ; the proper determination and allocation of surge
margin for internal engine factors such as engine transients , contro l
tolerances, and deterioration to mention a few; and the proper deter-
mination and allocat ion of surge margin for externa l engine factors
such as the va rious types of flow distortion (nonuniformity). This
paper addresses only the problems associated with the flow distortions
to which engines in a short-haul aircraft will be exposed ,although the
importance of the other aforementioned problems is recognized . In the
past , the flow distortion prob lems, with their associated impact upon
engine stability,were generically described by the phrase “inlet-engine
compatibility .” As will be shown in this paper , th is phrase is too
restrictive when applied to many short-haul aircraft.

It is important to recognize that inlet-engine compatibility has
been ach ieved successfully for a number of CTOL aircraft inlet -engine
conf igura tions where the challe ngi ng compat i b i li ty problems have bee n
posed by the maneuve ring and/or maximum Mach number requirements for
the aircraft. Examples of recent aircraft -engine systems where success-
ful compatibility has been achieved are the B-i/Fb i and the YF-l7/
YJ1O1 . During these development programs , the stability characteristics
of fans and low pressure compressors were explored experimentally for a
wide variety of inlet total-pressure distortion patterns , and the sta-
bility cha racteristics of core compressors were explored experimentally
for a variety of total-pressure and total-temperature distortion patterns
correspond ing to representative fan discharge conditions . Thus, i t was
lea rned what the important parameters were that must be included in cor-
relations which describe the distortion-sensitivity , d istortion—transfer ,
and internal-distortion-generation stabili ty characteristics of compres-
sion components. It is this depth of experience upon which one can build
for develo ping methods for correlating the more complicated interactions
between types of distortion which can occur in short-haul aircraft pro-
puls ion systems .

L _ _ _ _ _ _ _ _ _ _ _ _ _



COMPATIBILITY TECHNOLOGY REQUIREMENT S 379

DISCUSSION

Potential Short-Haul Aircr aft Compatibility Problems

Perspective of potential short-haul aircraft inlet—engine compat-
ibility problems is gained by examining proposed short-haul aircraft
configurations. The potential sources of distortion which may cause
compatibility problems are illustrated for some aircraft concepts in
Figu res 1 through 4. These concepts include a V/STOL A aircraft with
a li ft fan , a V/STOL B aircraft wi th lift fan plus lift cruise enq 1nes,
a V/STOL B aircraft with a remotely augmented lift system (RALS), and
a hel icopter.

As shown in Fi gure 1 , the V/STOL A aircraft concept is subjected to
the most severe distortions during V/TOL operations when ground effects
are significant. The engine in the rotating nacelle will be subjected
to inlet total—pressure distortion resulting from large mass flow ratios
and total-temperature distortion resulting from ingestion of recirculated
engine exhaust. The lift fan located in the nose of the aircra tt will
be subjected to inlet total-pressure distortion , inlet total-temperature
di stort ion due to i ngest i on of the exhaust from the engine s loc ated ~nthe rotating nacelles , and exit static-pressure distortion resu lt iny
from the exit fl ow control devices used for thrust vectoring. Because
of this latte r type of d i sto rt ion , it is clear that the term inlet-engine
compatibility is too restrictive when discussing short-haul aircraft.
Inlet static-pressure lift-fan distort~on i s of concern for short length
inlets as this aircraft configuration transitions to forwa rd f l ight.

The sources of d istortion to which a V / S T O L  type B aircraft wi th a
lift plus lift cruise propulsion system would he subjected are shown in
Figure 2. The cruise engines may be subjected to inlet total-p ressure
distortion resulting from high mass— flow ratios ar~ inlet total-tempera-
tore distortion resulting from ingestion of the cruise-engine exhaust
during V/TOL operation. Further , the lift fans may be subjected to in le t
total- pressure distortion resul ting from high mass-flow ratios , inlet
static-pressure distortion resulting from the short inlet and crosswi rd
flows occurring during transition to forward flight , and inlet t3t 31-
temperature distortion resulting from ingestion of the cruise-en y ine ex-
haust gas during vectored lift operation. The exit of the lift fans may
be subjected to static-pressure distortion due to the thrust vect orinq
wh ich will be required for control purposes.

A V/STOL B aircraft concept wi th a RALS (Figure 3) presen ts a
particular ly severe inlet total-temperature distortion problem resu l t ing
from inge s t ion of the exhaust  gases from the remote au gmente r and the
vectored lift exhaus .. from the cruise engine during V/TOL operation .
The cru i se eng i ne w i l l  also b~ subJected to inlet total-pressure distor-
tion associated with norma l in l et operation.

_ _ _ _ _ _  _ _  _ --~_ _
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Figure 1. V/STOL A Aircraft with Lift Fan
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

P1 A ND TT INLET DISTOR flON

Figure 3. V/STOL B Ai rcraft with RALS

One type of short-haul aircraft , the helicopter (Figure 4) is
beginn ing to experience inlet/engine compatibil ity problems as the
turb ine engine becomes more closely coupled to the rotor flow field.
The exte rnal flow f i el d sw ir l i nduce d by the rotor lea ds to asymmet ri c
engine-exhaust flows and can result in exhaust gases being ingested by
the inlet and subjecting the compression system to inlet total-tempera-
ture distortion. In addition , there is some small degree of inlet
total- pressure distortion.

Th is examination of potential short-haul configurations indicates
that, in genera l , the externa l distortion problems can be classified
into four common problem areas:

1. Inlet static—~.~ressure distortion
2. Inlet total- pressure distortion
3. Inlet total-temperature distortion
4. Ex it static-pressure distortion

During the remainder of this paper , our attention will be directed
to the latter three types of distortion. Whi le inlet stat ic-pressure
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P1 AND IT INLET
DISTORTION

Fi gure 4. Hel icopter

distortion is recognized as a potentially severe problem , it is hoped
that adequate understand ing and proper accounting for the combined ef-
fects of the other three distortions will permi t ignoring the static—
pressure distortion and, hence , will introduce only an insignificant
amount of error. If th is assumption does not prove to be valid , the n
it is anticipated that the methods for correlating the three types of
externa l distort ion discussed in this paper can be paralleled to provide
a framework for handling inlet static—pressure distortion.

In the case of short—haul aircraft with multi—compression component
engines , the engine developer is faced with additional internal distor-
tion problems . In particular , consideration must be given to the trans-
fer of Inlet total-pressure distortion by an upstream compression
component to a downstream compression component and to the total -tempera-
ture distortion that is created by the attenuation of the total-pressure
distortion in the upstream component and is imposed upon the downstream
compression component. A similar situation exists with inlet total-
temperature distortion , the resulting total-temperatu re distortion trans-
fer, and the associated total—pressure distortion which is generated .

___________
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Al though , this review of potential inlet/engine compatibility
problems illustrates some of the complexities involved , a method for
estimat ing the loss of engine compression component surge pressure
ratio has been developed and successfully applied in a current engine
program where only inlet total-pressure distortion was of concern. The
program bein g referred to is the B-i aircraft wi th the FlOl engine.
The development of loss in surge pressure ratio correlations with in-
let total—pressure distortion contributed materially to successful iniet/
engine compatibility flight demonstrations for the B-l aircraft
(Figure 5).

Current Approach to Inlet /Engine Compatibility

At th is juncture , it is worthwhile to review the method used for
correlating the loss of compress ion component surge pressure ratio due
to distortion for the FlOl engi ne,since it represents current practice .
Further, all discussions of loss in surge pressure ratio correlations
in th is paper are consistent wi th the intent and terminology of SAE ARP
1420 (Reference 1). The referenced document represents the fi rst in-
dustry attempt to standardize terminology when discussing inlet flow
di stortion.

The correlations are essentially linea rized representations (in
some cases piecewise linear to account for significant non-linearities)
of the response of a compress ion component to distort ion. The loss in
surge pressure ratio for the FlOl fan is given in conceptual form by
Equat ion l,wh ich illustrates the assumption that any complex distortion
pattern can be anal yzed by decompo sing the pattern into its circumfer-
ent ial and radial distortion components .

~PRS = b~1 EX PT (e) KC
PT APT/ PT ) C + KR PT ~

PT/ PT )R (1)

where:

PT PT’ - PT R AVG - PT MIII AVG
~ / ‘C PT F AVG (2)

PT PT’ - PT F AVG - PT R AVG 3~ / ‘B PT~~~AVG

The manner in which the level parameter of the individual rings
is handled (selection of the maximum value) is engine dependent and
is a detail that need not be addressed In this paper .

The factor EXpT I(Cr9~
PT/PT)c represents the loss in fan surge

pressure ratio due to_ a ci rcumferent i al d isto rti on with level APT/PT)
and angular extent (e ). The factor KRPT ‘PT/PT)R represents the los~of fan surge pressure ratio due to a radial distortion of level

~
PT/PT)R. The loss in fan surge pressure ratio due to a complex total-
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pressure distortion pattern is obtained by superposing the circumfer-
enti~al component of distortion using a superposition factor b~7 on theradial component of distortion.

In a sim i lar manne r , the loss in surge pressure ratio for the
compressor can be obtained as shown by Equation 4.

APRS = b~1 EX~1 KC PT CDTCpT APT/PT)c ÷ KR pT RDTCPT APT/PT)R

+ f[b
TT EXTT KC TT CDGC PT ~

PT/ PT) c + KRTT ROGC pT APT/PT)Ri (4)

The fi rst l i ne of the rig ht hand side of Equat ion 4 represents the
loss in compressor surge pressure ratio due to a complex inlet total-
pressure distortion pattern and is quite similar to Equation 1, except
for the inclusion of two additiona l parameters . The total-pressure
ci rcumferential -distortion-transfer -oefficient parameter CDTCPT trans-
fers the circumferential component of inlet distortion to the plane of
the compressor entrance and represents the effect of the fan (amplifi-
cat ion or, more hopefully,attenuat ion) on the circumferential component
of inlet total-pressure distortion. Similarly, RDTC p1 represents the
total- pressure radial-distortion -transfer coefficient and establishes
the level of radial total-pressure distortion which enters the compres-
sor. The second line of Equation 4 represents the loss of compressor
surge margin due to the total-temperatu re distortion generated wi thin
the fan resulting from the work of the fan on the total-pressure dis-
tortion. The terms CDGCPT and RDGC PT are the circumferential and
radial total—temperature distortion generation coefficients , respec-
tively, and represent the generation of total-temperature due to inlet
total- pressure distortion. The components of a complex total-tempera-
ture pattern are handled in the same manner as the components of total-
pressure distortion. When both total-pressure and tota l -temperature
distortions (combined distortion ) are present , the funct i on f acco unts
for superposing the two types of distortion and the angular disp lace-
ment of one relat i ve to the o the r .

The determination of the coefficients of Equations 1 and ~
necessa ry to correlate the compression component loss of surge p. ussure
ratio within an accuracy of ± .02 i~PRS units is not a trivial matter.
Development of a distortion methodology,as implied by Equations 1 and
4, requires a substantial development program involving tests of the
inlet , the engine , full scale inlet-engine testing, etc . and invol ves
cons iderable communication and interplay between the airframe and
engine manufacturers . The airframe-engine development program for the
B-i aircraft is shown in the time-line chart of Figure 6 and illus-
trates some of the efforts needed to establish a ma rgin of compati-
bility . This margin of compatibility is attained when the eng ine will
tolerate more than the objective level of distortion without surge. and
the inlet will produce less distortion than the objective level.

During the stead y - state component tests , the fan distortion 
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Figu re 6. B-l Aircraft/F lOl Engine Program Development Summary

sensitiv ity, the fan distortion transfer , the fan d istortion generation
character ist i cs , and the compressor distortion sensitivity character-
istics were determined. The equivalence between dynamic and steady-
state distortion was determined, and the full scale engine was tested
behind an RFG (Random Frequency Generator) (Reference 2). The RFG
test provided validation of the equivalence between dynamic distortion
and steady-state distortion and verification that stable engine oper-
atlon was assured when it is subjected to distortion wi th dynami c
content representati ve of conditions to be encountered during flight.

The types of screens that were tested during the development of
the FlOl fan distortion methodology are shown in Fi gure 7,as well as
the resulting accuracy of the correlation provided by Equation 1.

_
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Fi gure 7. FlOl Fan Surge Pressure Ratio Loss Correlation

Thus , a rat ional , cons iste nt techn ique ex i sts for co rrelat ing
the loss in surge pressure ratio for current turbofan engines. How-
ever , there is no question that an extensive testing program is
required to determine the necessary coefficients if the methodology
is to produce reliable estima tes. It is from this point of view that
it is possible to look to future compatibility technology advances
that wi l l  be requi red , based upon the problems identified during our
rev iew of potential short-haul aircraft configurations.

Proposed A pproach to Compat ibi li ty

As one looks to the futu re whe n , in the genera l case , a fan is
subjected simultaneously to inlet total-pressure distortion , inlet
total-temperature distortion , an d exit static-pressure distortion ,
i t i s ant i c ip ated that the loss i n surge pressu re rat i o du e to these
d istortions can be handled in a manner simi lar to and as an extension
of Equat i on 1. Th i s be in g the case , one might expect to correlate
the loss in surge pressure of a fan using an equation of the form :
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IXPRS bPT EX pT KC PT L\PT/PT)
c + KRpT APT/PT)R

+ fl ibTi EX TT KCTT ATT/TT)C + KR TI t)TT/TT)RJ

+ f2ft~5 Exps KCps APS/Ps)c + Kc~5 APs/Ps)Rl

The ri ght hand s i de of the f i rst li ne of Equat i on 5 represe n ts the
effect of inlet total-pressure distortion , while the second and third
lines represent the effects of inle t total-temperature and exit static-
pressure distortion , respective ly. As before , each type of distortion
is decomposed into its circumferential and radial components which are
combined through a superposition factor b. The effect of the orien-
tation and magnitude of the total-temperature distortion relative to
the total-pressure distortion is accounted for by the function f1 .
The effect of the orientation and magnitude of the exit static-pressure
distortion relative to the inlet total-pressure distortion and inlet
total—temperature distortion is accounted for by the function f2.

The compressor loss in surge pressure ratio correlation equation ,
assuming no significant exi t static—pressure distortion , is consider-
ably more complicated than indicated by Equation 4 when the fan is
subjected to both inlet total—pressure and total-temperature distor-
tion. The follow ing sketch helps to illustrate the complexity of the
problem and shows that there are potential ly two sources of compressor
total-pressure distortion and poten tially two sources of compressor
total—temperature distortion. When the fan inlet is subjected to
both inlet total—pressure

FAN COMPRESSOR

and total—temperature distortion , the two sources of compressor inlet
total-pressure distortion are the fan transferred total-pressure dis-
tortion DTPT and the total-pressure distortion generated due to the
fan working on the fan inlet total—temperature distortion (0G11).
Similarly, the two sources of inl et total-temperature distortion are
the fan transferred total-temperature distortion DTTT and the total-
temperature distortion generated due to the fan work i ng on the fan
inlet total-pressure distortion (DGPT). Hence , the loss of compressor
surge pressure ratio can be correlated wi th the following equation:

~PRS = bpT EX PT KC PT [CDTC PT ~PT/PT) C + CDGC TT ~
TT/TT) C]
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+ KR PT [RDTC~1 aPT/PT) R + RDGC TT aTT/TT)R]

+ f{bTT EX TT KC TT [CDTC TT JT/TT)
c + CDGC~1 t~PT /PC) ci

+ KR
TT 

[ROTC
11 

aTT/TT) R + RDGC~1 ‘. PT / PT ) Ri} (6)

The f i rs t two li nes of Equa ti on 6 represe nt the effect on the
compressor of the circumferential and radi~il components of total—
pressure distortion , res pect i vel y. The last two lines of Equation 6
represent the effect on the compressor of the circumferential -and
radial components of total-temperature distortion , respectively. The
terms wi thin the braces are the components of in let distortion , the
fan distortion transfer coefficients, and the fan distorti on generation
coefficients and represent the distortion entering the compressor.
The terms outs i de t~~ braces are compressor coefficients completely
analo gous to those of Equat i on 4 exce pt fo r the ex tent f unct i o ns E X PTa nd EXTT. The extent functions take the follo wing form :

EX~1 = EX PT (CDTS PT, CDGe 11) (7)

EX TT = EX
TT

(CD Ie TT , CDG~~T) (8 )

where the CDTo coefficients represent the extents of the tra nsferred
distortions and the CDGO coefficients represent the extents of the
generated distortions.

Even with only a cursory examination of Equations 5 througo ~3 , it
is obvious that an extensive amount of detailed testing of the conlpres-
sion components with distortion is needed to establish the necessary
coefficients , functions, sensi t iv i t ies , etc . Let us now turn our
attention to some of the testing needs implied by Equations 5 through 8.

Future Testing Needs

Proba b ly the major technology advance requ i red i n the a rea of
compatibility technology will be the development of a method for
measuring the static-pressure distribution of the fan exit flow and
dete rmi ni ng i ts effect upon the stab i li ty of the compression component.
Such a determ i nat i on requi res not only evaluat i ng the effect of the
level of exit static-pressure distortion , bu t also eval ua ti ng the
effect of the static—pressure distortion levels and orientation wi~.o
respect to the A nlet total—pressure and/or total-temperature distortion .
The accurate measurement of stream-static pressures has always posed
a d ifficult problem. In a distorted flow environm ent with its con-
comitant crossflows , it is necessary that static—pressure probes be 

..—-.. -. -~~~~~~~~~~~~~~~~~~~ -~~~- - . -~~~~ 
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developed which are relatively insensitive to flow angle changes and!
or can maintain close alignment with the f low .

Advances also will be required in designing efficient test pro-
grams wh i ch w i ll prov i de the data necessary for determining not onl y
the di stort ion sens i t i v i t i es of the comp ress i on components , but also
the superposition function for combining the radial and circumferential
components of each of the three types of distortion , the super pos i t i on
functions for combining the three types of distortion , and the dis-
tortion transfer and generation coefficients . These coefficients are
nonl inear and are dependent on a number of parameters such as illus-
trated for the tra nsfer of the c i rcum fe rent i al and radi al comp onents
of distort ion for a recent fan (Figure 8). The total-pressure circum-
ferential distort i on transfer coeff i c ient i s dependent on the rat io
of the level of ci rcumferential component of total -pressure distortion
to the radial component of total-pressure distortion , whether the cir-
cumferent ial distortion is located in the hub or the tip of the fan,
corrected speed , and operating l ine . The radial total-pressure dis-
to rt i on transfer i s not only affecte d by cor rected s peed and opera ting
line , but also has a dependency on being located in either the fan hub
or fan tip. This latter finding is not well understood .

The complex ity of the correlation equations (Equations 5 and 6),
and the extensive and compl icated tests that will be required for ob-
taining the data necessary to develop the correlations , suggests that
alternate methods for establ ishing the stability characteristics of
compression components should be found . Because of the advances that
have occur red in recent years i n computer tech nology and in numer ical
methods , it is thought that analytical modeling of compression com-
ponents may offer that alternate method .

Analyt ical Stability Studies - Current Capabilities

Dur ing recent years, sophisticated yet econo mi cal anal ytical
techniques (References 3-7) have been developed for analyzing the
stability characteristi cs of compression components. The success of
these analyt ical techniques in simulating aspects of the aerodynamics
important to stability characteristi c prediction s is taken as a portent
of thin gs to come. Namely, analyt ical pre di c ti ons ca n be use d so
that the large amounts of test in g ca n be reduced , and also predictions
Lan be made for cond itions which are not attainable due to facility

F limi tations.

[ 

It is not the intent of this paper to review all the techniques
or methods which have been developed for studying the stability charac-
teristics of compression systems , but rather to merely mention and

• illustrate some of the results whi ch have been obtained. A one-dimen-
sional , pitch-l ine , dynam ic digital blade row model of compression
components has been constructe d and used to predict wi th a high degree
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of success clean- inlet-flow surge lines , responses to i/rev circum-
ferential distortions , and responses to plana r waves (References 3-6).
Some results of clean— inlet—flow surge line studies are illustrated
in Figure 9 for a s ingle sta ge fan , a two-stage fan , and an e ight sta ge
compressor. It is interesting to note that for multi-stage compression
components , aerodynamic instability (surge) is predicted when the speed
line slope goes to zero in pressure ratio - corrected fl ow coordinates.
However , for single stage fans and in keeping wi th test results , aero-
dynamic instability is predicted at fl ows considerably less than those
at wh ich the maximum pressure ratio occurs.

This type of model has been extended to a parallel-compressor
type config uration which will permit distortion sensitivities , dis-
tortion transfer coefficients , and d istort ion generat ion coe ff i c ien ts
to be determi ned when a compression component is subjected to 1/rev
inlet circumferential total-pressure , total-temperature , and combined
total—pressure and total—temperature distortions and 1/rev exit cir-
cumferential static—pressure distorti on . This model has the capability
to include the effects of the tangential redistribution of circumfer-
entially distorted flows in blade free volumes and the unsteady aero-
dynamic blade responses. This model can also accurately predict the
response of a compression component to large amplitude , unsteady planar
wave flows up to 80 Hz in terms of planar-wave-transfer coefficients
and surge sensitivity .

Al though results such as these represent signifi cant progress
towards analytically predicting the stability characteristics of a
compression system when exposed to arbitrary destabilizing boundary
conditions , it is only a first step of the many required .

Analytical Stability Studies - Projected Needs

As we move towards developing analytical methods that will accu-
rately as well as economically predi ct the response of a compression
system to any arbitrary combination of steady and unsteady distortions ,
one of the next voids that must be fill ed in the area of compatibility
technology is that of a method for predicting the effects of radial
distortion. This model should be similar to the present circumfer-
ential distortion models in terms of ease of use and economics and
should be able to predict the loss of surge pressure ratio due to radi-
al distortion , the average distortion transfer , and the average inter-
nal distortion generation. Acc omplishment of these goals would then
permit the engine developer to predict the basic stability character-
Istics of a compression system when either pure circumferential or
pure radial distortions were imposed .

Another technology void which is becoming i ncreasingly apparent
Is what these writers refer to as “design for stab i li ty .” The des i gn
guidelines for obtaining performance appear to be well established and 
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can be carried out assuming steady flow . But because su rge is an
inherently unsteady event arising from the amrlification of internal
or external disturba nces , the cou pling between stages becomes impor-
tant to predicting the stability characteristics of a compression
component. Now that we are arr iving at the point at which we can pre-
dict the conditions which will cause a compression component to surge ,
stability analyses personne l are being asked questions relating to how
to design for stability in new components or what can be done to im-
prove the stability of existing components . Unfortuna tely, at th i s
time many recommendations are hit or miss guesses and are at best based
on isolated islands of ex per ience. A cons istent unified body of para-
metric analyt ical results or test data does not ex ist wh i ch could be
uti l i zed to provide the guidance necessary for improving the design of
a compression component.

It is felt that the field of compression component stability has
advanced suffic iently far that a systematic parametric variation of~
design variables using a pitch -line model would produce a sign ificant
body of information useful to compressor design personnel. Geometry
va riat ions such as camber , sta gger , and blade chord should be investi-
gated to prov ide criteria for selecting the blade rows where the payoff
for improvement will be the greatest, fo r select ing the var i ables wh i ch
most significantly effect the surge line , and for determining how much
these variables should be increased or decreased to obtain improved
surge character istics or distortion transfer and generation character-
istics. This study should also include exami nation of variable geometry
optimization and the effect of inlet and exit boundary conditions upon
compression system stability . Attention should focus on off-design as
well as design point operation. This study would result in establish-
ing the available tradeoffs between stability and performance as a
function of design vari ables.

Once a ver ified procedure is developed that will permi t the en-
gi ne manufactu rer to “design for stability ” as well as for performance,
It will be possible to move to the flight verification phase in a
qui cker , less costly fashion because only minimal stability verifica-
tion testing will be required .

CONCLUSIONS

Short-haul a ircraft for the 1990s present the engine developer
with some important challenging compatibility technology requirements.
In particular, inlet total-temperature distortion and fan exit static-
pressu re distortion will present significant problems which must be
addressed both by test and analytical methods. Al though a format for
correlating the loss of surge pressure ratio for compression components
can be env isioned as a logical extension of a current correlation
system , the compl ications introduced by including all known destabil-
izing distortion effects implies the need for even more extensive 
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COMPATIBILITY TECHNOLOGY REQUIREMENTS 395

testing than is currently being accompl ished . It may be possible to
c i rcumven t some of thi s test ing by reso rting to analyt i cal metho d s
for pred icting compression system stability . These methods , some of
which are cu rrently be i ng develope d , w i ll present the engine des igner
with the ability to make fast, econom ical stability predictions that
will , in part , obv iate the need for some of the implied testing . Even
more important s igni ficant econom ies i n t ime a nd funds w i ll be ach ieve d
as techniques are developed which will permi t designing for stability
with a concomitant recognition of the performance tradeoffs .
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DISCUSSION

WELL IVER : (Boeing Military Airplane Division)

I have just one question on what you said. You made a side
comment there , really , that you input deviation into your analysis
program. Does your analys is program take i n to  account the details
of the blade row geometry?

STEENKEN :

Yes.

WELL IVER :

If it does then I am lost as to why you use the dev iation input.

STEENKEN :

The model that I was referring to is a one-dimensiona l pitch-
l ine blade row by blade row model . It uses flow areas, the pitch-
l ine geometry (radii, metal angles , and deviation angles), and rotor
loss coefficients as input. The loss coefficients and deviation
angles are correlated as a function of incidence angle. It is usually
a straight forward task to obtain loss coefficients and deviation
angles from clean- inlet-flow data if you make the appropri ate
measurements for each blade row wi thin the compressor.

DENNING : (Rolls-Royce (1971) Limi ted)

It has been a lon g time since I worked in this field and com-
puters have come in since then. The question I would like to ask you
is, when you are dealing wi th distortion do you think we could con-
tinue along the l ines of using regression analysis in conjunction
wi th these tests on sectors, or should we get down to a better an-
alytical model and really try to understand what goes on in the com-
pressor of a fan when you have distortion?

STEE NKEN :

I think the point is that the correlation method is something
that allows you to commun icate, and it is a very necessary tool right
now. As you gathered from my talk , I am worried about its utility
for the future if it gets much more complicated. I sincerely believe
that if we learn or had learned how to develop and use proper models ,
then we would be much closer to the real answer. Wi th the develop-
ment of some of the microprocessors,it is not hard to believe that
you could have a simple on-l ine model for evaluating the effects of
distortion. In a sense we are almost there . As you may know,we are
using analog computers dur ing compatibility testing to accomplish
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real-time , on-l ine analysis for evaluating the effects of dynamic
distortion using the correlation eq uations. Hence , it is not hard
to believe that by the time the l99Os roll around with improved a na-
lyti cal techn iques and w i th the imp rovements tha t are ra pi dly co mi ng
in microprocessor technology, we might be ~Lle to make use of on-l ine models for evaluating the effect of distortion wi thout having
to resort to such correlations. Then we would have a more useful
communi cat i on tool that the a irfr ame r and the en gi ne manuf ac turer
could work with .

SILVERSTE IN : (National Academy of Sciences)

I think in pointing out the problems you have wi th correlations,
the same statement can be made about i11 types of correlations. That
is, you cannot get anything more out of them than you put in. All
that they are good for is interpolation. And I was wondering, have
you ever tried to use results from correlations on one engine on
anothe r engi ne?

STEENKEN :

Well , that is not quite the situation . The correlation I have
shown is the one that GE has been us i ng for a number of yea rs in one
form or anothe r. We have had a great deal of success with it, but
let me point out that we are talking about measuring 40 probes, 5
rin gs with B rakes . We find that the manner in which you average
the hub and tip or how big an angular sector you average over does
change from engine to engine . This is a result of the engine re-
sponse , not because the equat ion in its basic general form is any
less important.

SILVERSTEIN :

Oh no , I do not question that. I simply say the derivatives are
diffe rent for each engine .

STEEN KEN :

That is correct.

SILVERSTEIN :

And the thing is of no use to you unless you know the deriva-
tives. It is true of all correlations . You take the data you get
experimenta l ly and put them in an ordered form . You cannot get any-
more out of that kind of analysis than another point between the two
points you have measured.

L _ _ _ _ _ _ _
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STEENKEN :

That i s exactl y cor rect , and you have to measure each time you
have a new engi ne.

SILVERSTEIN :

But now really what I am gett ing to , i s your use of the wo rds
“designing for stability instead of performance. ” Actually are not
you really saying that you have to design over the whole map? Is not
that what we always have done? The fact is there is no way of de-
signing just for performance? What you are saying is that you must
get an intima te knowledge of the details of the flow wi thin the multi-
stage compressor at every po int , radially and ax ially, i n or der to
understand the cond itions for which the flow will break down and
surge results.

STE EN KE N

I hope I did not mi slead by say ing des i gn only for performance ,
but to a large extent that is what happens. Then stability consider-
ations get tacked on and you work with what you have . This is a
situation where I think the stability people ought to become involved
in the design loop much earlier and begin to work wi th the conpressor
des igner, because usually he is charged wi th meeting design point
performance as the main goal . The off-design performance often occurs
much later in the program, and as an example you somehow find a way to
get around some of the sub idle region problems . However , I certa inly
don ’t disagree with your point, but what I am talking about is learn-
ing about the details of the flow at all points on the map, so you can
better match the stages or match the blade rows . But the point of
whether you need to know everything about the blade row all the time ,
radially as well as ci rcumferentially, i s not clea r to me. I think i t
depends upon a given compression component and its sensitivities .

NAPOLITANO: (University of Nap les)

I agreed wi th the remarks that everybody has been making , that
correlation has drawbacks. However, the limitation is cost. But I
woul d like to ask you one question. Given the number of data you
had and given eve ryth i ng else , what is the reason for not trying a
nonlinear correlation in the range where you have shown that things
are rea l ly holding?

STE EN K EN

There is no reason for not tryi ng a nonlinear correlation. It
is one mainly of convenience and of ease of usage ,and I th in k that
as t ime goes on, the re ce rta inly w i ll develop ways of accompl i sh ing
what you are saying. But that is a step beyond where we started.

_
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We hope d we could do th i ngs w ith linea r funct ions beca use tha t was
a simple way . My contemporaries would probably be appall ed to hear
roe say that I am willing to move away from the linear type functions ,
but I personally don ’t see any reason why I canno t do that.

NAPOLITANO :

I would like also to underline and stress, and this goes into
the general overall strategy in which you see the future , there is
a little bit more of interphasing between pure statistics like t~is
is and physical insight and computing power. I mean , as Nir. Denning
was saying, were computers not around , you had some constraints , but
now that they are around, why don ’t you put the little slaves to work?
I woul d also like to stress that, maybe you did say this in discussion ,
but there is a direction which I think is the most promising ; it is
the i nteract i ng of the two , the halfway, the hybrid between the t ’io
where the shortcomings of one are elimi nated or overcome by the ott~ r ,
so you take a short cut and get to the point. You mentioned this a
little bit in speaking of microprocesses, but the point is to see
clea rly what type of tests you have to do to utilize both as the
function correlation , not the point correlation and the model corre-
lat ion . That is the direction , I believe , you shoul d go.

STE EN K EN

I th ink your point is well taken. Even if you don ’ t use the
cor relat i on method in the f uture beca use i t becomes so compli ca ted ,
you w i ll certa inly be evaluat i ng some of the deri vat i ves i n tes ts
and track i ng as to how they match w i th prev ious ex pe ri ence and
whethe r you are making progress. You cannot forget the past, and you
shoul d build upon it.

MIKOLAJCZAK : (Pratt & Whitney Ai rcraft)

I was impressed with your ability to predict the sLabi lity of
a single stage fan wi th uniform flow . I am wondering if in that
prediction you were using the overall characteristic of the fan or
whether you were doing some three-dimensional adding-up from root
to tip?

ST EE N KEN

We were doing no three-dimensional adding-up. It was strictl y
the one-dimensional model . We took the single stage map, derived
the loss coeff ic i en t~. I ~e deviation angles for the rotor , an d the
loss coefficient for ~~~~~~ stator and put it into the model with the
geometry. The result is what I showed. 
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MIKOLAJCZAK:

When you say loss coefficient , you mean an average for the whole
blade?

STE EN KEN

For the whole bla de, yes.

MIKOLAJCZAK:

Have you used the measured shape of the characteristic along a
constant speedl ine to do the pred iction?

STEEN KEN:

That is correct.

MIKOLAJCZAK :

Thi s therefore implies that you wi l l  have to build the machine
before you can make any kind of prediction about its stabi lity .

STE EN KEN

That is an interesting point, and I woul d not d i sagree w i th what
you are saying. The point I want to make about what we have done is
that we pred ict where instabilities occur and that one-dimensional
models can be of help. Now when you get to compressors which have
a low hub-to—t ip radius ratio , then what I think you are driving at
is the fact that the hub character istics are going to be a lot dif-
ferent than the tip characteristics. There is no reason, if you make
measurements beh ind the appropriate hub, tip, and m idspan regions ,
that you cannot play the same game by calculat ing the stability
characte,lstjcs and in fact find out whether it is the hub- or the
tip— or midspan region that is weaker. I think this becomes much
more important when you talk about a mult istage machine , since ob-
viously we get into a lot of problems of determining how the ading
distributions change through the machine . But the point is then that
you can do something about it, once you figure Out which stage it
is that is the weakest from your time dependent model anal yses . Does
that tend to answer you quest ion?

MIKOLAJCZAK :

I would like to make a general comment. There appea rs to be a
desire to make more extensive use of computational capabiliti es to
arrive at a more fundamental prediction of stability . A necessary
prerequisite is to be able to predict the off-design performance from
choke to stall , since subtle changes in the shape of the compressor 
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characteristic near stal l influence strongly the prediction of the
instability point. We shall have to model the off-design flow in
the blade row very accurately before we can make significant progress.

WELLIVER:

When I worked on compressors , though they did have computers ,
they were not as big as they are now, so that shows I am younger than
Mr. Denn i ng . But one of the th i ngs that bothe rs me i n th i s di sc u ss i on
and really has for yea rs i s that again , and I agree wi th a point made
over here, that the aggress i ve ana lys i s i s glo ri ous i f you are go ing
to interpolate, bu t you don ’t extrapolate with it. It seems to ne
that all these ana lyses are going to duck the issue unti l you input
the actual ha rdware i n there a nd you ana lyze the ac tual phy s i cal
metal and you analyze through the blade rows . If you were to do a de-
tailed analysis of some of the airfoil sections that are actual it’
used in engines flying today , i t would ma ke your ha ir sta nd on end
compared to what you might have an airfoil shape look like if you
knew wha t the shape should be. You ~il i never get there until you
actually lay out the hardware and analyze through the passages, and
that , by the way , I th ink gets you to -the off design automaticall y.
But somebody has to start out to do that. Here we are one more time
with a one-dimensional pitch line regressive analys i s, and 1 am not
knock ing it. I know that you need answers now,but it seems to me that ,
somewhere alon g the line ,somebo dy ought to be working that problem
pretty hard.

STEEN KEN :

I thi nk that that area is being worked. I did not address U-e
problems that are associated wi th that complex area. But it leads
to exactly the point that you were making earlier , that you can qet
one man who can on ly run that program and it is not user oriented.
The point is this complication stands in the way of a l lowing ‘i

(stability design personnel) to work on a day to day basis W ith the
compressor designer and to help improve things. I don ’t, by ~ny
means, imply one-dimensional models are the total answer , but I do
think that there is a lot that can still be learned from one-dirne~-
sional models which has not yet been wrung out of them . I think t~r .dt
some of the results that we are obtaining bear that out. But I a’ ’ee
with you , the trend has got to be towards a more complete ana l ysis.
At the moment, I have not seen results that show we can do that o n an
econom i cal bas i s for all mach i nes . The othe r po i nt , Burt , that I
th ink you were driving at about analyzing the blade foi l shapc’s is
a good one . There ‘s room for some improvement, but it is on area
that I think is just begin n ing to emerge .

BRUNDA : (Naval Air Prop ul sic -~ Test Ce n te r )

I would like to mention that the present state of the .~rt ~n 
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d istortion work is such that, even for a given existing compressor
or engine , it is not possible to satisfactorily measure the distor-
tion tolerance of the compressor , so that the one-dimensional approach
that you have taken , I feel, is very important and continued work in
that area is needed, even though some of the ref i neme n ts that we
woul d like to see in them are not present at this time . I would also
like to ask a question though about your analysis. In your study
of the effects of stagger angle and aspect rat i o on the d i stort i on
tolerance, do you foresee the possibility of determining a limi ting
design parameter for a particular compressor?

STE ENKEN :

That i s an i nteresting quest i on because , at th i s t ime , I bel ieve
we have identified the variables that are involved , but whether or
not a l imiting design parameter can be derived is not comp letely
clear to me. Based upon the single stage fan study that I briefly
di scussed , it is probably possible to solve anal yt ically the mat ri x
of equati ons and determi ne what the important variables are and how
they relate to the surge l ine . A number of similar studies have
been done in the past using unsubstantiated simplifications and it
is not clear to me that they had a valida ted dynamic model to start
with as we would have . But again , as soon as you move to a multi—
stage mach i ne , the coupl ing and interaction effects between the blade
rows probably would preclude determining a detailed stability parameter ,
because it would involve so many blade rows and the associated flow
variables . I do bel ieve that if you could do it for a single stage
fan that it would tend to lead you in the right direction because we
know right now that it is not simple slope or level effects . It is
a comb inat ion of many thi ngs.

GOETHERT :

I unde rstand that your calculations are done for both steady state
distortions as well as dynami c oscillating distortions. I wonder ,
did you use also for the dynamic distortion the steady state cha r-
acteristics, or did you consider the changes of the characteristics
due to the nonsteady condi tions? The ratio which is important here
Is the distortion wave length to the blade chord and,for high fre-
quency distortions, th is difference becomes i mportant.

STE EN KEN

For the two-stage fan effort on which we reported , we used the
steady-state correlat ions ; that is, that the loss coefficient and
deviation angle change and adjust instantaneou sly to new values
associated with the new instantaneous incidence angle. Tha t corre-
lation works well for frequencies up to about 60% of the one per
rev speed of the fan. At that point ,we looked at the Schor and
Reddy work. Based on it , we devel oped a technique for handling the 
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finite time for flow readjustment, and showed that if it was included
in the model , we obtained better phase correlation between parameters.
I believe, based on our results , that it is necessary , once the planar
wave frequency reaches 5ot of the far. speed, tha t you do have to acco’~ntfor the finite time for the fluid to readjust around the blade .

GOETHERT :

You mentioned earlier the work of Schorr and Reddy at the
University of Tennessee Spuce Institute . The difficulty with that is
that it was done for incompressible flow , and I think we need very
badl y an extension of this work for compressible fl ow .

STE ENKEN:

That is right. There is no question that the time constants
we used pushed us in the right direction. However, the magnitudes
were not correct. This is an area we would l ike to pursue and to
fine tune the time constants and determine the values for real blades
in a multi -stage compressor.

GOETHERT :

I have another q ues t i on .  Let ti c consider again the dynamic
input , for instance , the dynamic pr~~sure oscillation wi th a certain
ampl itude. Do you find wi th your method that this pressure amp litude
increases when you go through the compr essor due to the fact that
you have a volume of space between the individual stages wh ich is
compressed and expanded? You see, when you have a certain pressure
distortion , ~p, of the inlet flow wi th a certain frequency and
now you go through the individual stages then the pressure dis-
turbance will grow due to the fact that you have a volusi e of air
between the individua l stages.

STE EN KEN

Are you talking about a steady state distortion now?

GOET HERT :

No, an oscillatory one .

STE ENKEN:

Okay , the plana ’~ wave type of thing. To the best of our know-
ledge , it is handlen rather ri gorously in that we use the three
conservation equations and the proper thermo dynamics. We de not
currently inc lude the interaxial gap s between blade rows . They can
be included , but it is expensive since the computing ti ne is 

--~



- ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - _~~~ .,~~ ,vz, ’r T’ ’

404 B. BRIMELOW AND W. G. STEENKEN

increased. This is because you are dealing wi th small volumes that
are characteristic of many of our modern compressors; that is , the
gap length to radius ratio is very small. I believe it is a small
effect, but there is nothing in our results right now that shows it
to be significant. If it is, then there is nothing that would keep
us from calculat ing and including that effect because we have a re-r distribution model for free volume s that we can use. We are cur-
rently using this model for blade free volumes upstream or down-
stream of the compression component , but not in the interaxial blade-
row gaps .

a
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PROPULSION INDUCED EFFECTS FOR VTOL A IRCRAFT IN GROUND EFFECT

Dr. Wi l l iam G. Hill , Jr.

Grumman Aerospace Corporation

Bethpage , New York 11714

ABSTRACT

Several important effects occur when the jets from a \‘TOL air-
craft strike the ground. Turbulent entrainment in the jet plume s
and the wall jets spreading from their impingement leads to negative
pressures on the vehicle ’ s l ower surfaces and a downward force known
as “suckdown .” Interaction of more than one jet wi th the ground
results in reflections of exhaust gases upward toward the vehicle ,
p roducing “fountains ” and “upwashes. ” The interact i on of these
upward flows of exhaust gas wi th the aircraft can produce favorable
forces , but induced moments are of ten destabi lizing, and dynami c
instab ilities can also occur. The hot exhaust gases reflected
towards the airplane also cause skin heating and nogine reingestion
problems . The ab ility to predict these effects is necessary for
efficient desi9n of VTOL vehicles. This paper summarizes toe state
of the art in understanding and modeling these complex problems .

Grurriiian ’s prediction techniques are organized around a computer
program which is comprised of subroutines utilizing various methods
of calculat ing different aspects of these flows . This program is
written so that portions of it can be continuously updated as the
techniques are improved. Calculati on of the flow outside of the
outer jet bounda ries is founded on a finite element panel method for
inviscid flows wi th the jet plume s and wall jets represented by addi-
ti onal panels. The flow between the jets (inner region), however,
is not as amenable to analysis because of its complexity . This region

A portion of the work described in this paper was supported under
Navy Cont ract NOO14O/74C/OOl4.
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has been di vi ded into segments which are modeled separately and fit
together in a modular fashion. We have modeled the components of
the inner region by analytical methods wherever possible and
verified these resul ts by experiment. Where analytical methods
proved inadequate ,we used correlations of the experimental data to
develop empirical models.

Thi s paper summarizes the methods used for modelin g the in ner
region flows and discusses the aspects of these flows most in need
of further research.

INTRODUCTION

Existing VTOL aircraft are severely restricted in performance,
sacrificing either payload or range in order to achieve VTO capa-
bility . The engines are usually sized by the requirement of thrust
equal to wei ght for vertical takeoff. The performance loss is
traceable to the additional weight associated wi th the required
thrust , thrust vectoring hardware for the prima ry propulsion system
and separate lift engines , and to aerodynamic problems that are
peculiar to VTOL aircraft design . These special aerodynamic problems
are primarily caused by jet-induced effects that are basically dif-
ferent when the aircraft is close to or far from the ground (Ref. 1).
Interference effects occurring out of ground effect involve lift
losses that are associated wi th the entrainment of ambient air by
downward-directed jets and the free stream flow field distortions
produced by the exhausts as the aircraft beg ins transition to hori-
zontal flight. In-ground-effects include stronger lift losses
incurred by enhanced entrainment cl ose to the ground (suckdown),
engine thrust loss caused by inlet ingestion of hot exhaust gases,
and the positive lift forces caused by fountain impingement on the
aircraft underside .

VTOL aircraft are more strongly influenced by propulsion induced
effects than are CTOL designs because of the strong interaction be-
tween the exhaust flow and the VTOL vehicle ’s environment. An
example of the varied nature of these interfe rence effects on verti-
cal force is given in Fig. 1 (from Ref. 2). Different aircraft
designs can produce force interference characteristics which follow
very different patterns. Since the aircraft ’s propulsion system is
generally sized by the requirement that it lift a fully loaded
vehicle off the deck , a few percent loss of thrust because of these
interference forces results in a much larger change in airc raft size.
Prediction of VIOL aerodynamic performance characteristics requires
an analysis that can account for many different flow field processes
that are dri ven by turbulent mixing and entrainment of ambient air.
Further discussions of the many problem areas , their importance to
aircraft design , and methods for dealing with them is given in
Refs. 3 to 8.
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Refs . 6 and 7 descr ibe the development of techniques used by Grumman
to predict the interaction effects that occur for V/STOL aircraft .
Calculati on of the flow outside of the outer jet boundari es is
founded on a finite element panel method for inviscid flows , w i t h the
jet plumes and wall jets represented by additional sets of panels
The veloc ity has a component normal to these jet boundary panels , to
account for the turbulent entrainment. This method works very we ll
both in hover and with forward velocity . The flow between the jets
(inner region), however , is not as amenable to analysis because of
its complexity . A review of past investigations of such fl ow fields
can be fcund in Refs. 3 and 5. Each ~f the imp inging jets oroduces
on the ground a flow that turns parallel to the ground to form a wal l
jet. Coll ision of two wall jets forms a relatively thin, fan-shaped
upwash. This upwash formation process is very important , since it is
the first major step in development (and modeling) of the inner region
flows . Factors infl uencing the upwash between the impinging jets
include the .~ize and shape of the nozzles , the spac ing between them ,
relative jet strength , ground plane distance , and ang le of jet impinge-
ment. A concentrated , jet-like fountain flow can exist when thneE (or
more) upwash flows intersect. The location , direction ,and intensi t~of the fountain depend on the properties of the upwash plows that
form between pairs of adjacent jets. In our treatment . this region
ha s been divided into segments which are modeled separately and f~t
together in a modular fashion to compute the enti re fl ow (Fig. 2).
Many of the modules used to treat fluid processes such a’ ground
impingement , fountain formation ,and inlet ingestion are not amen able 
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1 JE T MIXING AND MUTUAL INTE RFEREN CE
2 JET GROUND IMPINGEMENT & SPREADING
2A DECK HEATING
3 FOUNTAIN FORMATION
4 FOUNTAIN FLOW AND MIXING
5 FOUNTAIN IMPINGEMENT ON A I R C R A F T
6 SPREADING FOUNTAIN EFEECT ON BASIC JETS
7 F OUNTAIN FL OW AR OUND AIR CRAFT
8 SPREADING GROUND JET AFTER IMPINGEMENT
9 OUTER SEPARATION OF SPREADING JET

10 RETURN FLOW OF EXHAUST
11 INFLOW DUE TO ENTRAINMENT AND RECIRCULA-

TI ON
12 PRESSURES AND FORCES ON LOWER SURFACES

OF A I R C R A F T  DUE TO INFLOW
13 FOUNTAIN EXHAUST PRODUCTS SUCKED INTO

INLETS

Fig. 2. Modular Elements Modeling Concept for Under-Aircraft Flow
Fields

to direct calculation by conventional aerodynami c analysis because
of the strong Infl uence of turbulence and entrainment. The best
current models of these fluid processes, which rely heavily on exper-
mental data , have been Incorporated in the computer program In
modular form. This facilitates continuous improvement of predictions
as more accurate data or new techniques become available.

In this paper we will discuss the state of the art and aspects
needing further research for the inner region of a V/STOL vehicle
operating In ground effect.
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STATE OF THE ART FOR THE INNER REGION

Our basic modeling of in—ground-effect flows is built upon the
modular, or building bl ock , concept illustrated in Fi g. 2. The f low
is computed beginning from the nozzle and following the flow through
the jet plume mixing, ground impingement , wall jet , upwash formation ,
etc. This method allows di fferent modeling methods for each of the
regions and a continuous updating and inclusion of added co m p lexi —
ties. The results of this modeling determine the direct ground-
effects on the vehicle and provi de the boundary conditions for the
inviscid panel method computations of the outer flow.

Wh ile there is always room for improvement in any technical
area, we feel that free jet plume mixing is adequately modeled.
(cf. Refs. 9 and 10). Modeling of the jet impingement and wall jet
formation is based largely on the work of Donaldson and Snedeker
(Ref. 11). A summary of their results for subsonic , circular jets
indicates that: the extent of the impingement region is approxi-
mately twice the impinging jet diameter; the wall jet half ve l ocity
thickness grows such that h~ /r = .07; and the maximum velocity in
the wall jet decays with distance from the center of the impingement
raised to the -1.1 power.

We have extended this knowledge to include the effects of both
noncircular jets and fan jet type plumes on the wall jets. The wall
jets from a fan jet type flow (i .e., a core region having lower dy-
nami c pressure than the outer ring or fan fl ow) were found to be
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very similar to those from a simple circular jet. The fl ow result-
ing from jets of elliptical cross section showed greater differer~ces
from circular jet impingement flows . The ground plane pressure
distributions were approximately elliptic , as shown in Fig. 3. The
wall jet thickness grows a little more rapidly along the minor axis
direction than al ong the major axis (Fig. 4). The biggest diffe r-
ence , however , is in the velocity decay shown in Fig. 5. The
max i mum wall jet velocity decays much more rapidly along the major
axis than it does along the mi nor axis. The isoveloci~y lines
appear almost rectangular rather than elliptic. We have a wi de
range of data for many elliptic jet conditions and are in the process
of formulating models for this behavior.

The locat ion where wall jets from adjacent nozzles meet and
form the upwash (stagnation line) is the next step in the flow field
calculations. We have modeled this process in severa l ways using
various supposit ions. The model which produces the best agreement
with our experiments uses a balance of the component of momentum
fl ux density normal to the stagnation line. The agreement between
this model and the results for a series of two jet conditions and a
more complex four jet array are shown in Fi g. 6.

The local flow direction within the plane of the upwash is
modeled by assuming that the component of momentum normal to the
stagnat ion line is reflected to become the component normal to the
ground plane while the component along the stagnation line is pre-
served. Because of the high turbulence level present in the upwash ,
conventiona l techniques for determining fl ow direction (tufts , s moke ,
etc .) did not produce acceptable results. After trying several new
approaches , we determi ned the f low directions in that plane using
small , sti f f  f lags . To efficiently gather flow direction data with
the flag technique, we utilized a ladder type array of flags and long
time exposure photography. This restricted its use to upwashes
ly ing in a plane. Fi g. 7 shows the results from a pair of equa 1 jetE
impinging normal to the ground plane . The agreement of the data w i th
the model is seen to be excellent. Inclining the jets along the
stagnation line also resul ts in a pl anar upwash. With an inclination
of 600 alon g the stagnation line , excellent agreement wi th the model
is again found. Note that the model predicts the upwash flow incli-
nations to be independent of jet angle for impingements when the jets
are inclined along the stagnation line , as shown here . For cases
where the upwash does not lie in a plane , the flow inclination of the
upwash surface itself is similar ly modeled by momentum comp onent
balances. This model works well for the inclined upwash arising
between normally impinging jets of unequal strength (Fig. 8) but not
for equal strength jets impinging at ang les inclined in a plane
connecting the two nozzles. The reason for this is currently being
investigated.
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The velocity on the center of syninetry of the upwash has been
correlated as a power law decay, as shown in Fig. 9. The starting
velocity is taken as that corresponding to a dynamic pressure equal
to the maximum groundplane pressure . (This is also the peak dynamic
pressure in the wal l jet at the stagnation line location). The power
law decay with an exponent of -1.6 is more rapid than that of a two
dimensional jet. This is a product of both the streamline divergence
in the pattern shown in Fig. 7 and the high turbulence level found in
upwash flows. Using this decay law to predict the upwash dynami c
pressure throughout the upwash produces very good agreement , as shown
in Fig. 10. As the jets are inclined along the line of symmetry the
same distribution of upwash pitot pressure is maintained , but location
of the maximum pitot pressure moves along the stagnation line in the
direction that the jets are pointed.

We do not yet have detailed data on the flow in a multiple jet
fountain to complete this phase of the mode ling. The success in
model ing the stagnation lines for multiple jets and the details in
two jet upwashes leads us to the conclusion that the same type of

— ~~ 1ft
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approach will also be satisfactory for the central fountain.

Following the flow path shown in Fig. 2, we see that the next
step is to model the fountain impingement on the vehicle and its
subsequent flow around the vehicle. We have been moderately success-
ful in predicting interference forces by assumi ng a total transfer of
momentum from the fountain to the vehicle when the aircraft has a
wide , flat bottom (Fig. 11). Methods are needed for dealing with the
many new and varied classes of vehicles that are currently being
designed.

AREAS MOST IN NEED OF FURTHER RESEARCH
The impingement of fountains and upwashes on the aircraft is the

most important topic needing additional research. For some config-
urations where the fountain extent Is small relative to the vehicle ’s
planform, we have modeled the flow in a manner similar to a jet

-~--—~- ---_ _
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striking a flat surface. The vertical momentum in the fountain or
upwash is transferred to an upward force on the aircraft,and the
flow becomes a wall jet on the underside. However , many configura-
tions will have fuselage or aerodynami c surface dimensions of the same
order of magnitude as the upflow striking them. The understanding
and modeling of this case will be very diffi cult.

A similar subject is the effect of the ai rcraft ’ s presence on
the development of the upfl ow. Our modelin g of upwash flows has been
quite successful using experiments with multiple free jets. When a
large aircraft is present at the jet exit plane , it often strongly
affects the flow. The fountain can be modifi ed by a “back-pressure ”
effect, and the symmetry and stability of the flow can be destroyed.
The backpressure effect should be similar to that occurring in an
impinging free jet and~therefore,fairly easy to deal with. The
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disturbance of symmetry and stability is a more difficult problem.
Our own experience with one configuration led to the conclusion that
the impinging fountain was modifying the jets at their exit plane .
This led to a modified fountain and a ‘feedback loop ” that led to
instability or asymmetry. The details of this type of behavior are
very configuration dependent.

The next topic on the list of those needing research is the
flows resulting from a ground plane that is not a large flat surface .
This would include the operation of a vehicle near the edge of a
small flat landing pad , as well as the intentional modification of
the ground plane to modify the flow. A wide range of modifications
has been suggested , such as ri bbed mats , open gridwork platforms ,
“holey ” groundplanes , and the cupped groundplane. (cf. Refs. 3 , 4 ,
12).

For certain geometries, the components of the fl ow interact wi th
each other. The edge of the upwash begins to overlap the edge of a
jet, or their proximi ty blocks entrainment from surrounding air and
they are drawn into a complete collision. Means are needed for
predicting when di fferent types of interactions will occur and for
modeling the effect of one component on another when the interference
is small.

Finally, in an area of need shared with basic jet mixing tech-
nol ogy, more knowledge is needed on the differences between the flow
from scale model test and the flow from real jet engines. These
differences include jet turbulence (both RMS level and scale),
temperature distributions and fl uctuations , and swirl .
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DISCUSSION

KOVEN : (Naval Air Systems Command )

You have descr ibed some studies of the vertical effects on the
aircraft alt itude developed at the suckdown and relative to the
plume effec ts. Are you also examining the side effects as though
this were an attachm ent that could drag the airplane sideways , so
that you can examine the control forces that have to overcome that?

HILL :

Actual side force results ? No. That ties into the fountain
flow aroun d the airplane configurati on . We really have no way of
dealin g with that problem unless the airplane has a fuselage which
is small compared to the upwash , so the upwash will surround it like
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a body in a uniform stream , or the upwash is small compared to the
fuselage bottom and it is essentially strikin g a flat bottom . But,
for the case where the upwash is of the same dimension as the fuse-
la ge, wh ich would lead to the kind of thing you are talking about now,
we have no real general method of dealing wi th that at all.

SIEWERT : (Naval A ir Systems Command)

What about the results you presented in Fig. 11?

HILL :

— Well , they are moment data again ,as opposed to side force . The
moment cha racteristics of the configura tions I have looked at also
are generall y very non linear, and they reverse directions several
times making it very diff icult. But , generally speaking , wi th any
conf i gurat ion , as you roll , the founta in that is coming back up moves
towards the side that is lifting from the ground , which increase s the
disturbing moment in that same di rection , so they are generally Un-
stable due to the very existence of a fountain.

EMERSON : (Pratt & Whitney Aircraft)

My reason for asking this question is out of curiosity as to
whether the effect was being accounted for in the control forces that
the propuls ion system has to provide in keeping the airplane stable?

HILL :

Well , I think Ray Siewert gave the message this morning that
each configuration is a wholly different story,and there is no
general answer. What I was trying to talk about was our efforts at
developing the technology so that we do not have to build the model
and run into that particular problem before we find out that it exists.
That i s the stage that we are look i ng at, and we do not have an
answer to it yet.

WEINRAUB : (Naval Air Systems Command )

Did you also look at the decay of the stagnation line in the
ground jet plane? In other worJs , if ~ou get a stagnation line
under a wing of an airplane,the amount of entrainment caused by this
stagnation line could have an impact on the amount of suckdown
and it would be of i nterest to understand the decay of the stag-
nation line in the ground plane .

HILL :

I have not run into any case where it appeared that the wall
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jet seemed to be dependent on entrainment due to upwash itself. We
found that pressure distributions were affected . You wou lJ
find on the ground plane near the upwash, near the stagnation lin e ,
a region of negative pressure, while the SU~ of all the mechanisms ,
one by one , would lead to a positive or ambient pressure . When the
upwash was close and surrounded the i ncoming jet,you would get a
three-dimensiona l negative pressure field rather than any change ir
the velocity profiles or momentum content in the jet plume or the
wall jet. It looks like that does not answer the question.

MURTHY : (Purdue University )

I understand that you are looking for methods to establish jet-
interaction wi th the ground . Now , where do you include the inter-
ac ti on w i th the ground ?

HILL :

We follow the flow around the jet model in a step by step
fash ion. The jets come down , impinge on the ground ,and that impinge-
inent forms wall jets which spread out radiall y from each of the jet
impingements .

MURTHY :

Do you have a model that does that?

HILL :

Yes , we have essent ially relied upon existing models except
for the nonc ircula r jet cases. These wall  jets then meet, and the
locat ion where they meet is the stagnation line location . They meet
and they essent ially s tagna te, and their velocities turn to pressure.
They they tu rn vert i call y, and the pressures convert to velocity
in a vertical , or near vertical , di rect i on , and that is the forma-
tion of the upwash. So the stagnation line location is the first
step: where do they meet , what kind of conditions do you use to
determine where they meet? The next step then is the local flo~,
directions within the upwash , which I went through in the sequence .
and then the velocities that occur in the upwash.

MU RT H V

I believe that level of results could be obtained wi th an
inviscid analysis an , in fact , it may be adequate for many purposes.

HILL :

No, that is not true. The jet plume mixing is a turbulent

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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mixing process.

MURTHY :

Specifical ly,what aspects of mi x ing are i ncluded?

HILL :

We have used basic jet plume techniques that have developed for
other reasons over the past 20 years . The wall jet impingement is
essentiall y an inviscid process that we can treat directl y. Again ,
we have used an empirical technique which matches observed results .
We have not modeled the details wi thin that impingement region. We
have w hat comes out in the way of a wall  jet ve rsus wha t we nt in in
the way of a jet plume model , whic h again is based on previous l y
existing published data by other people. And for the wall jet flow ,
we have formed models for a radial wall jet flow; again the velocity
profiles and the details are found to be the same as they are for
class ical wall jets.

WU: (The University of Tennessee Space Institute )

Is it not true that if you have a two—dimensional jet coming
down, this will ma ke the fountain jet even stronger? If this is a
desirable case , your ca lculations should indicate that. Could you
give me your comment?

HILL :

Yes . Within the wall jet itself , after your circular or finite
elongated jet impinges , there is both turbulent entra inment and a
radial di ffusion; that is, the streaml i nes are spreading in a some-
what radial direction. If you had a two-dimensional jet, then you
would not have that spreading component; you would only have the
turbulent entra inment to weaken the jet, that is true .

WU:

Not only that is true , but in addition , if you have a two di-
mentional jet, the space is much more limited , so you are going to
have a stronger effect due to that.

GOETHERI: (The University of Tennessee Space Institute )

I wonder, did you also do some calculation s for more than two
jets?

HILL :

Yes , both the stagnation line location and the upwash and
founta in. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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GOETHERI:

If you have more than two jets , but not aligned in a row but
so that they tend to enclose an area, which might be a triangle o’- a
square , then the situation is dr amaticall y changed . ~ou could create
a positive pressure among the jets ; you will still have the fountain
effect ,but very much weaker. So it is a step towards a ground -effect
mach ine .

HILL :

There is a difference . It is not as dramatic a differenc e as
many people seem to believe . The aircraft calculation I showed had
mu l tiple jets, the VAK 191 . I do not have any surveys of the detailed
upwash and fountai fl flow for multi ple jets to do a comparison wi th ,
so I could not present that comparison. We do have the capabi l i ty
of ca lculat i~ g that.

GOETHERT :

Actuall y the basic idea is that you place the jets around the
circumference of an area; you prevent air from flowinc through the
spaces between the jets. Then you get, more or less, a ground effect
machine . Then you would have a posi t ive lift force instead o f a
downward force. But the distance between the individual lets must
not be too large .

HILL:

Well , that might be po ssible ,but again that falls into the
vehicle design category--how you want to design your airp lane to
try to get the best or try to get around this area of operation
w i th the least nega ti ve effec t , I guess , rather than attem oting to
moc~el things in a manner that will let you compute what. should happen
for a reasonable airplane desi gn.

GOETHERT :

I want to say that there should be more modeling for confia A ra-
t:~ ns with positive ground effect. For instance , in case that ther e
is a full circle of individual jets , you have a really good. n~-s it iv o
lift force. There i5 litt le sense in always looking a~ data whereyou have negative lift forces.

HIL- :

That is true , ~ut tha t kind of design does nat usual ly ~urn out

to be wear : is needed for the ooerational requirements onc e you l~ ke
off. 
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HEISER : (Arnold Engineering Development Center)

The U.S. A r~iy helicopter people succeeded in convincing me that
hea t transfer from the engine is a real problem. Have we already
reached the poi nt at wh i ch you need to know wha t the heat tra nsfe r
coeff ic ien ts that accom pany the fo unta in effect are? An d i f not ,
when do we get there?

HILL :

Yes we do need heat transfer data also , but I guess my strongest
point is, we have to walk before we can run. The vehicle design ,
being able to develop an aircraft that can take off vertically, is
the biggest problem. And after we have overcome that obstacle, then
we begin to worry about the temperature .

HEISER:

But that confuses me because you are going to try to augment
the fountain effect in order to help the aircraft fly, and that is
the very thing that helps it melt. At what point do you give up
and rely upon the simple thrust of the engine to get it off the
groun d?

HILL :

Well , I am sure , every VIOL designer would be very happy to
be able to just rely upon the thrust of the engine to get it off the
ground because you st i ll have to fly through tha t flight regime any-
way . Any positive effect that you get close to the ground is of a
very mi nor importance becau’~e you then go up a few feet higher and
you lose that effect. So, real l y, what we are trying to do is de-
velop models for understanding and being able to predict these
effects so that we do not search in a blind testing progra m through
all the many different thousands of parameters we can play with to
design the aircraft , as opposed to trying to get the greatest
positive effect. 

~~~~~~~~~~~ -.- ..~~~~ - - - -
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THE AIRJET DISTORTION GENERATOR SYSTEM: A NEW TOOL

FOR AIRCRAFT TURBINE ENGINE TESTING*

B. W. Overall and R. E. Harper

ARO , Inc., AEDC Di v i si on

A rnold A ir Force Station , Tennessee 37389

ABSTRACT

An airjet distortion generator system has been developed to
produce steady-state total pressure distortion at the inlet of turbine
engines. The system employs a method of injecting controlled amounts
of high-velocity secondary air counter to the primary airstreaco to
effect a local total pressure decay. Digi tal compu ter control prov i des
an on-demand distortion pattern capability . The AJDG system is de-
scri bed , and the pattern-generating logic is presented. Operational
characteristics , turbulence, cycle times , and di stort i on pattern
fidelity are discussed . An engine stability assessment with comparison
of stability response to screens and airjet-produced inlet distortion
is included.

*The work reported herein was performed by the Arnold Engineering
Develo pment Center (AEDC), A ir Force Systems Command (AFSC). Work and
analys is for this research was done by personnel of ARO , Inc. . a
Sverdrup Corporation Compa ny , operating contractor of AEDC . Further
reproduction is authorized to satisfy needs of the U. S. Government.
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Nomenclature

AJDG = a ir jet distortion generator
El = loca l total pressure error at each spatial

location at engine inlet
P2AVG = average tota l pressure at engine inlet , psia

P2DIST = overall distortion leve l , P 2MAX - P 2MIN

P3Q24X = engine high-pressure compressor pressure ratio
PLP Q2 = engine l ow-pressure compressor pressure ratio
PRDI = ratio of desired l ocal to average total pressure

at engine inlet
PRMI = ratio of measured l ocal to avera ge tota l pressure

at engine inlet
PSD = power spectra l density —

RMSE = overall pattern error , based on desired and
measu red tota l pressure values at N spatial
locations,

PRMI i

Ji=1 L
T2CLEAN = average total temperature in the undistorted

(high-pressure) area at the engine inlet ,°F
T2DIST = average total temperature in the distorted (low

pressure ) area at the engine inlet , °F
WA24R24 = corrected airflow rate at the hig-pressure

compressor i nlet , i bm/sec
WA2R2 = corrected ai rfl ow rate at the eng i ne i nlet ,

lbm /sec
WS Q2 ratio of secondary (air jet) airfl ow to primary

(engine) airflow

INTRODUCTION

The recent increase of emphasis on the effects of inlet total-
pressure distortion on turbin e engine stability and performance has
resulte d in a major effort at ground test facili ties to improve the
duplication of the inlet total-pressure profiles encountered during
operation of engines over the airc raft flight envelope . An engine
w i ll encounte r a var iety of d i sto rt i on patter ns ove r a wid e range
of engine airflow rates. In order to adequately define the engine
stability characteristics , testing wi th a large number of unique
distortion patterns is required. The most widely accepted approach
to producing the distortion patterns has been the use of complex
assemblies of various porosity screens. The inherent inflexibility

- p
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of the screen configuration (single design operating point) and the
extensive development effort required for each screen dictated the
need for a more flexible method of producing total-pressure distortion.
In response to this need , an effort to provide an alterr late method
has been in progress at the Arnold Engineering Development Center (AEDC )
during recent years . ~~

The airjet distortion generator (AJDG ) system is a method for
producing steady—state , total— pressure spatial distortion at the inlet
to a turbine engine. The airjet system (Fig. 1) produces steady—sta te
distortion by injecti ng secondary air counter to the primary airflow.
By injecting a controlled amount of secondary airfl ow in specific spatial
locations, a wide range of inlet distortion patterns can be produced.
Digital computer control of secondary airflow provides a dial-a-pattern
capab i l i ty that makes the airjet system a hig hl y flex ib le and effici ent
test tool.

AIRJET DISTORTION GENERATOR SYSTEM

The AJDG system consists of two basis subsystems , an air supply
temperature- and pressure —conditioning system and an airflow distribu ~tion system.

~~~~~~~~~~~~~~~~ - _ -:2

Figure 1. Airjet Distortion Genera tor Installation

_ _ _  
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The air supply temperature- and pressure-conditioning system
conditions the secondary air to the tempera tu re level required to match
the primary engine inlet air temperature and throttles the secondary
airflow to produce a desired pressure level at the supply manifold.

The airflow distribution system meters seconda ry airflow to each
of 56 injection ports as required to produce the desired total—pressure
decrement at each spatial location. A functional schematic of the AJDG
system is presented in Fig. 2.

AIR SUPPLY TEMPERATURE AND PRESSURE-CONDITIONING SYSTEM

Filte red secondary air is pressure regulated through a flow-
measuring system , then di rected through either the high - or low-
temperature -condi tioning system.

Each temperature—condition ing system consists of an air f low leg
through a heat exchanger and a by-pass airfl ow leg. Desired air tem-
perature at the outlet of the air-conditioning system is attained by
mi xing air from the heat exchanger wi th ambient supply air. Secondary-
air conditioning is accomplished using either steam or liquid nitrogen
as the heat-transfer medium.

Temperature—conditioned air is then delivered to a distribution
man i fold at a spec i fied pressu re.

SECONDARY AIRF LOW DISTR IBUTION SYSTEM

Cond i tioned ai r is distr i buted from the manifold to the desi red
spatial location and counter to the direction of primary airstream
flow us ing a set of 56 metering valves, connecti ng tubing , and
drilled passage struts . The metering valves regulate the fl ow rate
through each strut passage (spatial location) as required for the
specific total-pressure decrement required in that location. Mani-
fold pressure is maintained at a level which ensures that each strut
discharge port operates as a sonic orifice .

The airjet valves are individually controlled by a digital
computer. A functional schematic of the airflow distribution system
control is presented in Fig. 3. Engine inlet pressure level is
determ ined from total-pressure measurements at the engine face. The
pressure levels measured at the engi ne inlet are transposed to
equivalent locations (comparaLle flow area for each pressure value)
at the plane of the jets and normalized by the face average pressure .
The computer compares the actua l pressure level at each spatial
location to the desired level and commands the airjet valv es to either
open or close as required to establi sh the desired pressure levels.
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Ty p i c a  of 56

condj~ionea A~r
Ir~ rn A ir let ,~an I fC ld

Figure 3 Funct ional Schematic of the Ai rj et Distortion
Generator Airfl ow Distributi on Control System .

The command to each individua l airjet valve is determi ned by
the digital computer program logic, as shown in Fig. 4. Basic logic
functions determine the overall pattern root-mean-square error (RMSE)
and the individual error (El) at each spatial location. Valve
direction is determi ned by comparing the measured pressure level (PRMI)
with the desired pressure level (PRDI) at each spatial location. The
selection of control valves to be repositioned is determined by com-
par i ng the erro r i n local pressu re level wi th the overall pattern
error. Those valves controlling secondary airflow to areas wi th local
pressure errors greater than the overall pattern error are directed to
move, and all remaining valves are unchanged. The amount of va l ve
movement is the same for all valves selected to move and is determined
by comparing the overall pattern error with preselected ranges. The
range of overall pattern error dictates the particular valve travel
time. Valve travel times are selec ted such that valve travel becomes
smaller as overall pattern error is reduced .

TURBOFAN

The engine used for this test is a production mode l , present-day
turbofan engine. The engine is a l ow-bypass1 nonaugmented turbofan 

--.- -- -—- -.fl--.- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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432 B. W. OVERALL AND R. E. HARPER

engine of the l5 ,000-lbf-thrust c lass.

For this test the engine was operated in the production config-
uration, except that a facility high-pressure air supply system was
installed to inbleed air to the high-pressure compressor discharge to
back-pre ssure the high-pressure compressor. Also , an exhaust nozzle
plug was installed to vary the nozzle exi t area.

INLET DISTORTION SCREENS

Three di stort i on screen patterns were used during the test pro-
gram . The desired total-pressure patterns which were duplicated by
the AJDG were defined from measured i nlet pressure val ues wi th the
screens installed . Three screen patterns were used to simulate a 180-
deg, one per revolution; a hub radial ; and a tip radial pattern.

TEST FACILITY

The AJDG and turbofan engine were evaluated in the Engine Test
Facility (ETF) Propulsion Development Test Cell (T-4).~ The cell is
a “direct-connect” engine test facility that is capable of providing
specified airflow and stagnation conditions at the engine inlet and

• the appropriate pressure environmental conditions surrounding the
engine .

INSTRUMENTATION

Instrumentation was provided to measure aerodynamic pressures
and tempe rat ures as required to control the operat ion of the a irjet
distortion generator system. ngine inlet total pressure was measured
using an array of eight 6-element rak es designed to locate probes at
the centers of 48 equal areas.

Engi ne instrumentation was provided to measure aerodynamic pres-
sures and temperatures at the fan , intermediate compressor , high -
pressure compressor , and l ow-pressure turbine discharges. Additional
instrumentation was provided to measure engine rotor speeds and oper-
ational parameters .

TEST OBJECTIVES

In order to evaluate the performance and operational capabilitie s
of the airjet system,a test program was conducted using a present-day
turbofan engi ne. Three specific objectives were established for the
test demonstration: (1) define the fidelity of steady-state inlet
pressure distortion patterns produced by the airjet system , (2)
determine the capability of the airjet system to maintain a specified
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composite pattern over a range of airfl ow rates , and (3) document any
differences in engine surge margin with the same in let distortion
produced by distortion screens and by the airjet system .

TEST PROCEDURE

All testing was conducted wi th the average engine inlet air
total pressure and temperature defined for the fl i qht conj~~t ion -

45 ,000 ft altitude , Mach num ber 1.2 (Hot Day).~ ’~-

The pattern capability of the air jet system was demonstr ated by
operating the engine at selected airflow levels on its normal oper-
ating line . With the engine stable at a normal operating point, the
airjet system was activated and changed the inlet pattern fr~rn c lean ’
to the specified pattern.

For the engine stability test the engine was loaded usi r in-
bleed air to the high-pressure compressor discharge and a reniotel -~pos i t ioned exhaust nozzle p lug. After the inlet distortion pattern
had been established the loading systems were activated and the
engine driven to surge while holding engine rotor speed match essenti-
ally consta nt. Small variations in engine power setting were usc~
to maintain a constant engine airflow.

INLET TOTAL-PRESSURE PATTERN FIDELIT Y

The fidelity of the inlet distorti on pattern produced by the
AJDG system was evaluated for three pa rametric inlet distortic-~patterns (180—deg , one per revolution; tip radial , huh radial). E a ch
pattern was first produced and measured using a distortion screen in-
stalled in the engine inlet ducting. The AJDG system was then used
to reproduce the inlet pressure pattern measured wi th the screen
installed.

STEADY STATE , TOTAL-PRESSURE DISTORTION

Steady-state , total-pressure distortion pattern quality can h~described by the pattern characteristic appearance and dist o~ ’ icr
level , P201ST . Typical pattern characteristics, as shown by the
isobar map at the engine inlet, are presented in Fig. 5. For each
pattern , the AJDG system produced si m i la r areas of h igh a nd low
tota l pressure and maintained area contours sinilar to those produced
by the distortion screens. The distortion level of each parametric
pattern produced by the AJOG system agreed wi th the screen-produ ced
distortion level wi~ nin three-percent absolute distortion.

Although pattern characteristics and distortion level are rcr’d
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F .
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P201ST ~2I. 5%
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AID P~ t,i n
P9151 .)~ ~~
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Figure 5. Engine Inlet Isobar Maps for Ai rjet and Screen Produced
l 80—Deg, One—per -Revolution Pattern

indications of pattern quality , the specific definition of each
inlet pattern should be made on the basis of a comparison of indi-
vidual pressure levels at the specific spatial locations . Individual
pressure values for the 180-deg pattern are compared in Fig. 6.

The overall agreement between the measured and desired l ocal
pressure levels can be quantified by the RMSE. For the three pa t-
terns , the RMSE ranged from ± 0.7 to ± 2.3 percent. The largest
RMSE generally occurred at the highest distortion levels.
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INLET TOTAL-PRESSURE PATTERN REPEATABILITY

The high degree of flex i b i lity assoc i a ted w i th the AJDG system
was demonst rated for a typical composite pressure distor tion pattern
encountered during aircra ft flight maneuver. The capability of the
AJDG system to produce a constant composite distortion pattern over a
range of corrected engine airfiows from 160 to 240 l bm/sec (idle to
intermediate engine power at 45,000 ft, Mach No. 1.2 cond ition) is
demonstrated by the i sobar maps of the pattern presented in Fig. 7.
At each airflow level , the pat te rn cha racte ri st ics were rep roduced
with the d istortion level (P2DIST ) maintained wi thin the range from
11 to 15 percent as airflow was increased from 160 to 240 l bm/sec.
Ove rall pattern quality was excellent , with RMSE ranging from 1.0
to 1.4 percent.

An advantage of the AJDG system is the capabil ity to rapidly
set a des ired distortion pattern upon command . The system is cap-
able of changing the engine inlet conditions from clean (low dis-
tortion) to a specified distortion pattern or from one distortion
pattern to another during a given test period . The time savings
associated wi th the AJDG system in cludes both eng in e test time
and the time required to des~gn , fabricate , i nstall , and cal i brate
a distortion screen. A comparison of the time required to produce
a spec ifi c distortion pattern with screens an d wi th the AJDG system
is shown in Fig. 8. The total time required to develop a distortion

• screen with an acceptable pattern quality (RMSE approximately 2 per-
cent) is on the order of 12 working days. Wi th the AJDG system , a
specific , desired distortion pattern is available essentially upon
command ; the typical time required for the AJDG system to set a de-
si red pattern has been demonstrated to be less than two minutes.

TIME VARIANT INLET TOTAL PRESSURE

A limited survey of time variant total-pressure levels was made
in the inlet airstream upstream of the engine face. The measure-
ments (two spatial locations) were sufficient to provide only a
qual itative assessment of the time variant pressure characteristics
at the engine face of the engine inlet. A comparison of the power
spectra l density functions for the inlet total pressure is presented
in Fig. 9 for both AJDG and screen-produced distortion patterns.
Inlet turbulence (APRMS/P2AVG) was consistentl y higher wi th the AJDG
system than with screens. Inlet turbulence levels were calculated
for the frequency range from the lower measuring limit (5 Hz) to the
frequency lev el corresponding to the fan rotor speed (160 Hz). Local
turbulence l evels for the screen-produced distortion patterns were
on the order of one percent. With the AJDG system , the local tu r-
bulence levels , at correc ted engine airflows of 200 l bm/sec , were
two, three , and five percent for the 180-deg, tip radial , an d hub
radial patterns , respectively. The increase in turbulence levels
for the AJDG-produced distortion patterns over those levels for screen—
produced patterns is indicative of differences in the inlet flow field.
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Figure 9. Power Spectral Density Characteristics Hub
Radial Distortion Pattern

STEADY-STATE , INLET TOTAL-TEMPERATURE MATCH CAPAbILITY

Testing of the AJDG system wi th the engine installed was con-
ducted ~wing secondary air that was temperature condition ed to match
the primary engine supply air temperature wi thin 3°F. In addition ,
an evaluation of the inlet temperature error (difference in measured
temperatures downstream of flowing jets and nonflowi ng jets) re-
sulting from primary and secondary air mixing was conducted during
testing wi th an engine inlet simulator. In this evaluation , the
primary and secondary air te’~perature s were intentionall y misma tched
in selected increments up to 1 5 F  at various levels of secondary
airflow. Engine inlet tempera ture error as a function of primary
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440 B. W. OVERALL AND R. E. HARPER

and secondary air temperature mismatch is presented in Fig. 10. At
temperature mi sma tc h levels up to 3°F, no error in inlet temperature
was discernible. An inlet temperature error of approximatel y 0.5 F
was evident at a primary and secondary air temperature misma tch of
6°F. At a temperature mismatch of 10°F , the i nlet temperature was
1.7°F at a secondary airflow level of 13 percent of tota l airflow .
Inlet temperature error with a mismatch of 15°F increased from 1 .1
to 3.1°F as secondary airflow was increased from 5 to 13 percent of
total airflow and to 3.3°F as secondary airflow was further increased
to 19 percent of the total airfl ow .

ENGINE STABILITY RESPONSE

The currently accepted method of producing steady-state , total-
pressure distortion for turbine engine stability testing uses the
technique of installing various porosity screens in the engine in-
let. In order for the AJDG to be an acceptable alternate method ,
it is necessary to define any d i ffe rences i n eng in e stab ili ty w i th
distortion produced by the two methods. During this test , eng ine
stability was determined for three parametric distortion patterns
produced by inlet screens and by the AJDG system . The test procedure
provided a direct comparison of engine operation wi th the same steady-
state di storti on patte rn produced by the two methods. Eng i ne

Sym TSEC - TPR I M ,  0F J f

~~~ ~ ~a i~ 1$ 20
— Rati o of Seconda ry to Tota l A irti ow , W SQ 2X 1~). percent

Figure 10. Effects of Primary and Secondary Air Temperature Mismatch
on Engine Inlet Temperature 
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stability was also determined with and wi thout the airjet struts
installed (no secondary airflow) to evaluate the effects of the
struts on the clean inlet flow pattern.

AJDG INSTALLED , NO SECONDARY AIRFLOW

In order to increase the test configurati on flexibility , it is
desirable to have the capability of conducting either clean inlet
or distortion testing wi th the same hardware ins tallation. Base-
line engine stability was determined wi thout the airjet struts in-
stalled and wi th the airjet struts installed , but with no secondary
airflow .

The steady-state , inlet distortion level was not affected by
the installation of the AJDG struts. For both installations, the
inlet distortion (P201ST) was nominally 0.5 percent at the highest
corrected airflow (WA2R2 200 l bm/sec). Inlet total-pressure
turbulence was less than one percent for both installations. The re
was no detectible difference in engine surge margin for the two
clean inlet confi gurations.

PARAMETRIC INLET DISTORTION PATTERNS

The engine stability response to three basic parametric inlet
distortion pattern s (180-deg, tip radial , and hub radial ) was de-
termi ned. Each pattern was first produced wi th an inlet screen ,
and then the screen pattern was reproduced wi th the AJDG system.
Eng ine stability testing was accomplished wi th the three basic
patterns at nominal engine airflow rates (WA2R2) of 170 and 200
i bm/sec .

l 80-DEG DISTORTION PATTERN

High-pressure compressor surge occurred with the 180-deg inlet
distortion pattern and the fan and hi gh-pressure compressor loading .
The operating map for the high-pressure compresso~- wi th the l80-degengine inlet distortion pattern imposed is presented in Fig. 11 .

The HPC surge point repeatability with distortion produced by
each metho d (screen and AJDG) was approximatel y two percent. The
average IIPC surge pressure ratio wi th the AJDG produced l8O-deg
distort ion patterns was one percent l ower than the surge line de-
fined with screen-produced distortion.

TIP RADIAL )IS~O~T O N PATTERN

Fan surge occurred with the tip radial pattern imposed at the enginE-
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Figure 11 . Comparison of High-Pressure Compressor Performance with
Screen and with Air jet Distorti on Genera tor 180-Deg
Engine Inlet Di s torti on Pattern , 45 ,000 ft, Mach No. 1. 2

in let. The operat i ng ma p fo r the fan w i th t ip rad i al engi ne i nlet
distortion is presented in Fig. 12.

At the l ower engine airflow (WA2R2 ~ 170 l bm/sec), the fan
surge pressure ratios wi th AJDG distortion ranged from one to three
percent l ower than the fan surge line with inlet screen distortion.
At the hi gher engi ne a ir flo w (WA 2R2 ~ 200 l bm/sec), the fan surge
pressure ratios with AJDG d i stor ti on agree w i th the surge li ne
defined wi th screen distortion wi thin one percent.

HUB RADIAL DISTORTION PATTERN

The combination of the hub radial engine inlet distortion
pattern and the engine loading resulted in an HPC surge. The high-
pressure compressor operating map with hub radial engine inlet
distortion is presented in Fig. 13.

The HPC surge pressure ratios were l ower with AJDG-prod’iced
distortion than the surge line defined with screen distortion.
At the lowe r en gi ne a i rflow (WA2R2 ~ 17 0 l bni/sec), the HPC
surge wi th AJDG distortion occurred at pressure ratios ranging

—- pp -- .- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --- p- --
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from four to seven percent below the surge line defined wi th screen
distortion. High-pressure compressor sue -ye pressure ratios at the
higher engine airflow (WA2R2 200 i bni/sec ) were seven to eleven
percent lower than the surge line wi th screen distortion.

EVALUATION OF DIFFERENCE S BETWEE N SCREENS
AND THE AJDG AS DISTORTION SYSTEMS

Significant differences we re determined between the engine surge
margin wi th screen and PIJDG distorti on. These differences are probabl y
the result of differences in the dynamic fl ow field at the engine inlet.
The instrumentation used for this test was not sufficient for a quan-
titative assessment of the time variant inlet fl ow-field character-
i st i cs ; howeve r , a qua li tat i ve assessmen t ca n be made of the dynam i c
cha racteristics. A simp li f ied schemat i c of the in let flow f iel d wh ich
categorizes the inlet turbulence is presented in Fig. 14. By assoc i-
ating relative turbulence intensity wi th inlet flow area,a qualitative
evaluation may be made oT its impact on engine stability m rgin.

The flow field downstream of the AJDG may be associated wi th
three flow zones: (1) uniform mixing zone-- that area downstream of the

• counterflowi ng jets that is affected onl y by the pressure loss mechan-
ism of counter-flow , (2) nonniixing zone-- that area downstream of the
nonf lowing jets that is unaffected by the flowing jets , and (3) non-
uniform mixing zone- - that area that encompasses the transition from
the uniform mixing zone to the nonm ixing zone . The relative extent
of each flow zone for a specified distortion level (P201ST ) is de-
pendent on the pattern characteristics (shape and proximity of low-
pressure boundary to duct wall), prim~~-’ a ir veloc i ty , and seconda ry
airflow rate . The progressive increase in the size of the nonuniform
mixing zone that occurs wi th increasing secondary airflow and decreas-
ing primary air veloc i ty i s shown schema tic all y for a hub radial pat-
tern in Fig. 14. The nonuniform mixing zone can range from a small
part of the area (Fig. 14a ) to the extreme condition at which the
nonuniform mixing zone becomes large enough to completely elimi nate
the nonmi xi ng zone (Fig. 14c).

The size of the nonuniform mixing zone is reflected by the extent
of total-pressure loss across the inlet duct in the area of nonflowing
airjets . For the hub radial pattern produced by the AJDG system, a
total-pressure loss extended across the entire radius of the inlet
duc t. The flow field associated wi th the AJDG hub radial pattern
then conformed to the dynamic flow field in which nonuniform mixing
occurs over the majority of the flow area , and an area of nonmixing
does not exist.

_ _
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For this inlet flow field , it is surmised that the highest tur-
bulence levels occur in the nonunifo rm mixing zone, The AIJDG system
then produced a hub radial pattern that included a relatively large area
with the highest turbulence. This is dissimilar to that obtained wi th
the distor tion screen. The extent of the high shear zone associated with
the screen was small , relat i ve to that for the AJDG as refl ected by the
absence of total-pressure loss in the undistorted (clean) area .

ACCOUNTABILITY OF INLET PATTERN DISTORTIONS
FOR LOSS OF ENGINE SURGE MARGIN

As descr i bed earl ier, the steady—state inlet patterns produced
by the two methods (screen and AJDG) were in good agreement. Steady -
state , total- pressure , and total—temperature profiles at the various
compression system component measuring stations were essentially the
same for both distortion methods. The measured turbulence was higher
and occurred in a larger area with the AJDG pattern than wi th the
screen distortion pattern .

The compressor stability margin is affected by both the turbulence
leve l and the amou nt of flow area associated wi th each turbulence level .
The qualitat ive results of this test indicate that the AJDG patterns
differed from the screen patterns in both of these areas. It is
concluded that these differences are responsible for the measured
diffe rence in engine surge ma rgin with inlet distortion produced by
the two methods.

SUMMARY

The airjet distorti on generator has been shown to be an efficient
tool for providing steady-state inlet total pressure distorti on during
turbine engine stabil i ty tests . The system flexibility provides an
order of magnitude increase in the available inlet patterns over
current screen techniques .

Steady-state distortion patterns produced by the airjet distortion
generator more closely reproduce desired patterns than those achieved
with screens using current design techniques. The use of con di t i oned
secondary air introduced no discernible error in tota l temperature .
Turbulence levels associated wi th the airjet pattern are higher than
those measured wi th screens and are related to pattern severity and
inlet air velocity .

Engine surge margin was responsive to turbulence levels. With
the present airjet system , the inlet flow field must be completel y
defined , i.e., both steady—state and time-variant pressure will be
defined on an instantane ous rather than a time-averaged basis ,

Further refinement of the system is desirable to reduce the
turbulence to a negligible level. This would allow the use of far less
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area with the highest turbulence. This is dissimilar to that obtained
with the distortion screen. The extent of the high shea r zone associ-
ated wi th the screen was small , relat i ve to tha t for the AJDG as
reflected by the absence of total-pressure loss in the undistorted
(clean) area .

ACCOUNTABILITY OF INLET PATTERN DISTORTIONS
FOR LOSS OF ENGINE SURGE MARGIN

As desc ri bed ea rlier, the steady-state inlet patterns produced
by the two methods (screen and AJDG ) were in good agreement. Steady-
state , total-pressure and total-temperature profiles at the va ri ous
compression system component measuring stations were essentially the
same for both distortion methods. The measured turbulence was higher
and occurred in a larger area wi th the AJDG pattern than wi th the
screen distortion pattern.

The compressor stability margin is affected by both the turbulence
level and the amount of flow area associated with each turbulence level.
The qual itative results of this test indicate that the AJDG patterns
differed from the screen patterns in both of these areas. It is
concluded that these differer.ces are responsible for the measured
difference in engine surge margin wi th inlet distortion produced by
the two methods.

SUMMARY

The airjet distortion generator has been shown to be an efficient
tool for providing st eady-state inlet tota l pressure distortion during
turb ine engine stability tests . The system flexibility provides an
order of magnitude increase in the available inlet patterns over
current screen techniques.

Steady-state distortion patt2rns produced by the airjet distortion
generator more closel y reproduce des ired patte rns than those ach i eve d
with screens using current design techniques. The use of conditioned
secondary air introduced no discernible error in total temperature .
Turbulence levels associated wi th the airjet pattern are higher than
that measured wi th screens and are related to pattern severity and in-
let air velocity .

Engine surge margin was responsive to turbulence levels. With
the present airjet system the in l et flow f i eld mu s t be completel y
defined , i.e., both steady—state and time —varia nt pressure will be
defi ned on an instantaneous rather the n a time—averaged basis.

Further refi nement of the sys tem is desirable to reduce the
turbulence to a negligible level. This would allow the use of f-~ - l ess 
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complex inlet instrumentation and associated conditioning and re-
duction equipment.
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DISCUSSION

REESE: (Purdue University)

It has never been clea r to me why total pressure distortion is
the right way to determine what happens to the compressor. It has
been my understa nding that it really is the magnitud e and the direction
of the velocity as opposed to the magnitude itself that is of im-
portance. I know the total pressure correlates those cases that do
have bad dynami c total pressure distortions, but it has never been
clea r to me what the relationship is between a stall in the compressor
and total pressure distort ion.

OVERALL :

Well , I would really rather defer that to a compressor man. I
guess I am not that familiar wi th the mechanics of the 

stall. L
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STEENKE N: (Genera l Electr ic  CoIlipany )

I think the answer to that questio n is par t ia1l~ tied u~ wi th the
fact that the engine pump ing characteris tics, in conjunct 4 on ~iith the
total—p ressure distortion pattern , un iquel y -Jetermines the st at i c -
pressure distortion and swirl velocity distrib utions. Given a steady-
state pattern , it fixes these other components of the f low ,and therefore
if you fix one you have f~xed all. Hence i-f you measure one (con/Jon e~i~jit then turns out to be , as a general approximation, that yc~ are
measuring a quantity related to the end effect. We have bc-en doing
some flow field calculations as an extension to some of the work I
discussed yesterday . When you impose a total—pressu re distortion , /01
can fol l ow the development of the swirl and static-pressure distort ic ’~that ensues through the flow field. I think this is probabl y the
reason that total-pressure distortion is related to stall -

your point is wel l taken. If you think in terms of flow processes and
you want to define the state of the fluid, it normall y i nv o l v e s  sp ec i-
fy i ng  three var iables of the flow. The fact that we have been so lucky
(to correlate stall with total-pressure distortion), so to spe cs is
probabl y the result of the relationship which ex is ts  between the th reE
flow variables and the boundary cond i tions.

DENNTNG: (Rolls--Royce (1971) L imi ted)

Is it not true to say that unt i l  now we have tested engines,  we
have used gauzes, rotating gauzes , and in~ e t s? It has been a st Enda rd
procedure that you took an engine on tIle test - t J  and you had a ‘ av i c e
which , earl y in the development , could d cr ” ni ’ i r :t- whether that e l- g ine
would stand a certain total pressure dis torti -~n As under sta nd -it .
what you are trying to do is to make a more ele iart device for pr- -~ -~c ing
to ta l  pressure distortion. It occurs to me that in the context of t l i s
meeting ,we have identified a need for a total temperatu rr dist orti o ,r
device and the sort of system that you have pursued, where ynu inject
air into the inlet , might well be a way of producing a tota i teI r e t a l ~~~~~
distortion which can be set up rapidl y. Have you th o l Jht of that?

OVERALL :

Yes, t t e  potential is there in the system. Of coJr se we are sti l l
in the devel tpment stage of the system . This e~ 11 renuire basic~i ll v a
more comp licated computer contro l systeni ,and that is really, I
where our hangup will be. The system capahilit -i is there.

DUPCAK: (Lockheed Aircraft Company)

Cou ld you give u:~ an idea of what kind n~ flow ratios of pI~ i r r r 1 t c

and secondary air fl-n.n. are ava il ahie ,and if they are low , how do you
propose to create temperatu re distorti on? In other wordc, . would you
not need a lot more air flow?
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OVERALL :

For these patterns , we were running at about 20 percent distortion
level. The Mach number was about three-tenths; for that we were run-
ning normally a secondary-to-total ratio of about 15 percent.

GOETHERT : (The University of Tennessee Space Institute)

I w o u l d  l i k e  to point out that this is reall y a method wh i ch i s
much more flexible than the screen method. You see , when you want to
cha nge the distortion pattern of the screens. you have to shut down
usuall y and go to a patter :: which you have determined before . Here
with this new device , you do have the great flexibility , wi thout shut-
ting down , of going on from pattern A to pattern B or whatever you want.
Th is is a tremendous advantage , but it also introduces a new problem .
Wh - you go from pattern A to pattern B , how do you accompl i s h the
cha~ging? You want to be sure that in between two desired patterns .
a transient pattern is not established whic h might be worse and might
cause a prelimi nary surge. I wonder whether you have any experience
along that li ne?

OVERALL :

Well , the program has been modified to look at the desired pattern
and that area that has high pressure and to direct it to close those
valves , so that we have overdrive , so to speak , going from one pattern
to ano ther. Now in these cases , we d i d execu te the program w it h, say ,
a t ip ra di al pat tern to take us from that pat tern to a hub ra di al
pattern . So we could get in a problem depending upon the extent of
the pattern. There could be some air jets in there that were being
commanded to move in the wrong direction! The program logic has been
modified ; we execute a program always to take us in the ri ght direction,
so tha t we w i ll be consta ntly decreasing the distortion on the engine
when we are in a transient mode .

LOTH : (West Virginia University )

Is it possible to suppress the turbulence behind the screens by
adding another screen between the ejector and the transfer?

OVERALL :

That is a consideration , yes. The turbulence problem sneaked
up on us. We had looked at turbulence behind an active air jet. and
it was fairly small , on the order of 2 percent of the inlet total
pressure . But it appeared that we were not getting in this periphery
zone , that if you get buried beh in d the act i ve jets , you do not have a
turbulence problem. A lot of people document turbulence for air jets
by turning them all on , and it is reall y low . But when we get this
interaction around the peri phery of the ac t i ve  air jets, tha t is when
we get h igh turbulence. But that is a consideration to use an
attenuat ion screen. 
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1-df le  iis .~ -
W. H. Heiser (Acruold Engineering Development (-entir;

Panel Coordinator)
S. H . Petersen (NASA , Ames Research Cen ter )
B. A. Reese (Purdue  U n i v e rs i t y )

~t.  F. Siewert (Naval Air Systems Command)
A. Si’ verstein (National Ac ademy of Sciences)
U . von Ohairu (Wright—Patterson Air Force Base)

S. N. B. MURTHY : (Purdue University )

We now come to the last part of this workshop, the panel dis-
cuss-ion. Now, the panel discussion is , from various points of view ,
a very important part of the workshop. What we hope will happen is
an assessment of the kind of basic research areas that need emphasis
in the next five to ten years . Of course , immediatel y, the question
c an be asked, what kind of an answer do you want? Because , for any
question , I suppose , we identif y the man who asked the question and
then give the answer that should satisfy him. I think , in this case ,
let us not worry about any particular organization , but let us just
assess the subject matter a nd let u s see what k i nd of bas i c rese arch
work should be undertaken in this area in the next five to ten years.
And I th ink in the last two days, we have been tal king about basic all y,
again as I said in the introduction , computer experiments , physical
experiments and large testing facilities . And I hope the discussions
now wi l l center somehow around those in relation to any grand ideas

— that might develop.

W. H. REISER: (Arnol d Engineering Development Center)

As the coordinator , I think my chief contribution is to make some
attempt to get ilis finished in a reasonable time !

I un derstand that the panel discuss ion is a heavy part of the
payload for Project SQUID and other research funding agencies because
you folks are trying to look years down the line and shape your

453 

~~~~~~ --~~
-—- .----- ~~~-- --.



—-*..--- --~~~ ~~~~~~ 
-- —~~—- — .-. - - ----.- - ---- --..

454 GE NERAL DISCUSSION

investment stra tegy intelligently. I have t r ied to listen to the
two days of presentations wi th as open a mind as possible and start
all over again on the business of V/STOL , and I am also going to try
to resist the temptation to suninarize all the bits and pieces that I
have seen. In fact I am going to make two genera l observations and
come to a few conclusions which I hope are specific enough for the
funding agencies , primaril y Project SQUID.

Both of the genera l observations start off in the form of
questions to myself. The first question is: what is really going
on i n the V/STOL bus ine ss ; wha t makes V/STOL dif fere nt from what we
have been doing before , if , i n fact , anything? I have to say that
th is reminded me happily of an incident from my own past wi th the
A ir Force which does bear upon the issue . When I was fi rst wi th the
A ir Force I was working wi th Dr. Lovelace on a study to see how com-
pos i tes could be used conf i dentl y i n a ir planes , and I was a rather
junior and naive member of the team. It was at one of his meetings
that it finally dawned on me that the engine was regarded by every-
one else as a subsys tem of the airplan e . When everybody realized
that that was just coming to my mind as a brand new concept,
there was general laughter at my expense . I had never relegated the
engine to the same category as wheels and drag chutes and radios and
things like that , but apparently everybody else in the Air Force did.
From that emba rrassing moment, I come to today. I would say that
what i s real]~~ going on here is that the engi ne is less and less a
subsystem as we move towards STOL and ,more importantly, towards V/STOL.
Ins ead , I think we have to regard it as closer and closer to a ful l
partner wi th the airframe and everything else that fl ies that has
to be integrated from scratch. In addition to some technology , wh i ch
I w i ll come to , this is going to require significant changes in
att i tudes , changes in atti tudes on the part of the air-framer and the
engine-ma n and everybody else in between. I don ’t thi nk this runs
counter to the present trend, however , as you will see from a few
observations about the development world. If you look out to Wright
Field , for example, you see that the A ir Force has reorganized its
engine procurement business so that all of the engine work is being
done under a single ASD organizatio n which is a propulsion kind of
system program office . That recognizes at least that the engine is
not purely a sub syste m i n the ol d sens e of the wo rd , even if it is
not qui te the whole system i tself , as it should not be. Al so , the
A ir Force has decided to invest $437 million down at AEDC , where I
come from , to build an aeropropuls ion system test facility . The word
that matters most in that t i t le i s ~ystem. The whole point of the
massive facility is to test all the parts of the engi ne in a coordi-
nated way in the most realistic environm ent that you can provide.
So I th ink the trend is there and V/STOL is a continuation of that
trend.

The second ques tion I have asked myself is: what does all this
mean to the research cormiunity and, in particular , to SQUID? I guess 
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that I should be a littl e sorr” to say it. hut it is clea r in my m ind
that I have not seen any genericall y new engine problems in the two
days that I have been here . They are all either the same as we had
dealt with before or their extrapolat ions. It looks to me l ike busi-
ness as usua l, but more so in many ways . Perhaps what encourages us
to go on to V/ST OL is that there a r e  no inherenMy new dangers that
we have been able to identif y. But that does not mean that there
are not going to be area s in which there are very l arge technolo q cal
leaps require d , even if we can see the di rec t ion that we have to go.
Therefore , I have made an approximate- rank-ordering, f ro m what I have
heard , of the technolog ical areas in tern s of the size of the leap
that, I believe, is going to be required to flet, say , all the way to
a V/STOL type of airplane. The -first is the effect of the engine
ae rodynam i cs on the a i rf rame , both the des ir ed ones , such as the
fountain effect , and the undesirable ones , such as the engines get-
ting all mi xed up in the flight controls in a first order of magni - —

tude way as they never have before . The second , and I think Pratt
and Whitney will be happy wi th this , is control comp lexity i n the
fullest sense of the word , namel y integrating a contro l into the
entire system and giving it adequate compu tati ona l strength. The
th ird is the question of safety of flight. I believe that never be-
fo re has the engi ne bee n qui te so pi vo tal to hol di ng the a irp la ne
up because these cannot even glide. That will bring up questions of
reliability which I think wil l  be reminiscen t of the space age. Ar id
fourth on my list are the effects of the airframe aerodynamics on
the engine , which are , I take it , possibly an order of magnitude
more significant than they have been in previous instal lat ions . I
am t a l k i n g  here , of course, about inlet distort ion and things of
that sort. Finally, I have a four way tie for fifth place. It is
obvious to me that component performance is going to be pushed be-
cause these engines are going to have to get the maximum thrust and
fuel consumption out of the smallest possible space and weight.
Structural dura bi li ty w i ll be pushe d har der than befo re be ca use the
cycl i ng of these eng ines per hour, or per whatever, is going to be
more than we have seen before and perhaps even made worst- / I am
sorry to say, if the engine controls are turned over to a ccmpluter ,
because the pilot will not even know how many time s the eng ine is
being cycled as it come s down . The cost of ownership models and
everything that goes wi th them and techniques of reducing cost of
ownership wi l l  he ut i l ized more than before . Al so in a tie for
fifth place are questions of noise , wh i c h have no t only ccmmunitv
importance but a mi li tary importance in keep ing the pi lo t from goinq
crazy and keeping the airplane from shaking apart.

By means of these two observat ions , I have  come to a few con-
clusions that I hope eill help in focusing the meager resources for
research. If I were runnin g a program , after seeing these two days
of presenta t ions , I would first look lor some niece novel and ingen-
ious i deas and put the community to work trying to thir r P of new ways
to do the things we want to do. I believe they are out there , arid I am 
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sure we have not seen them all. At this point I would rather see the
ideas drive the application than have a number of specific appli -
cat- ions drive the research program along . Secondl y, I would invest
my money in the foundations that are required for good analytical
models, including improved phenonienology and suitable computer pro-
graniiiing. Thirdly, I wo u ld look for the c lass ica l , relevant experi-
ments to back up the phenonienology or even to provide new models.
With that, I will turn the floor over to Ray Siewert.

R. F. SIEWERT: (Naval A ir Systems Command)

As an aerodynamicist in this group of propulsion peop le , it is
really great to see that you are now considering the engine as part
of the control system ! In 1968 I tried to conv ince Pratt and Wh i tney
that i n car ri er a i rp lanes the engi ne was i ndeed pa rt of the control
system ,but they woul d not buy it. They would not cha nge the eng i ne
to hel p the air p lane fly better . I ce rta inly agree w i th a lot of
Bill Heiser ’ s comments regarding where we go. I guess f irst on my
li st , from an aerodynamicist’ s standpoint, are the thrust-induced
effects that Bill Hill talked about yesterday. Most of the methods
that we have r i ght now , ir cluding the Grumman methods, are based
mainly on empirical data gathered from small models. So right here
we have a problem because we don ’t really care what happens to the
model as much as we care what happens to the airplane . And the need
to correlate the model to full scale data is that we don ’t have a lot of
we see as a pressing issue . The problem is we don ’t have a lot of
full scale data . Now to give you a little insight into the full scale
data , as yo u may know , the Navy entered into a program with the VFW
in West Germany , about two years, ago to conduct a series of flight
tests on the VAK- l 9lB , wh ich is a lift-p lus-lift-cruise,jet -lift
V/STOL high performance airplane . I have some data back at the office
from some of those tests . It is interesting because we show excellent
model—to-full-scale correlation , as well as with the theoretical
methods, so long as we use the proper correlation coefficients . Model-
to-full-scale is well correlated on one run  and  compl e tely us eles s
on the next run. Well , we are talking about a phenomenon here that,
as we showed yesterday , is equivalent to about four percent to six
percent of the net thrust available for the aircraft to lift-off ,
and we find that we can only measure thrust within ± five percent on
the airplane . So there is a plea here to start working on thrust
measur ing instrumentation on the airplane if we are really going to
be able to do any correlations in this area.

Another area is the reliability of power transmission systems.
I am speaking here abou t  mechanical systems . The Navy actually does
operate one other 5/STOL airplane besides the Harrier , which is
called the X22A. This is a four ducted -prope ller aircraft. It is
a research aircraft in that it is a variable stability airplane
where in we can vary the control system characteri stics , the frequen-
cies, and the damping characterics about four axes . The princi pal 
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conce rn here is that it is a 1 3 J r ~~eng in e , “ ur d u c t e c l _ p r ; e l l e r  oir-
plane that runs on 11 gear boxes. With th- exception c the four
engin e gea r boxes being able to tol era te a pc~si ble si ng le ny u -cc ’-
taminate failure , failure in any of the other seven gear ~-c-x es is
critical to the safety of fli oh t . If we look at some of t1— e~emechan ical powered transmission systems , the s~in e probl em is faci n~us. The Navy was involved in a flight test program en the C & 1 , w-nch
is a tilt —w ing propeller airolane. We lost one of the tea; airplanes
because the gear box failed Fortunately, it was in con- . e r t ou ~l
fl ight. I say fortunatel y because , in conventional f liqnt . the piiots
were able to eject safely.

I talked a bit yesterday about contro l power. I think it is ou~
responsibility in the flying—qua lities -community to define the con-
trol powe r required for these airp lanes. However , I think that we
have to do some work with regard to obtaining the necessary cont :l
power without unduly penal i zing the pt -op u lsion system . Work on
augmenting reaction-contro l systems , improving nozzle designs for
systems that operate at present at very high pressure ratios is
badly needed. These are things , I thi nk , that can and should be
done .

Finally, I feel that we have to have a better bas ic understa - -o-
ing of such phenomena as turbulent m i x i n g .  Max Platzer from the
Naval Postgra duate School had a lit t le program w i th Rockwe l l whe re
they were trying to enhance the mixing of ~riniary jets in augmentors
by adding swirl to the flow. It seemea lik e a reasonable thing to
do. Low pressure ratio tests  indicated that you could erhance the
m i x i n g  quite a bit, but with the ncrease of pressure ratios to
values that we expect to use in actual aircraft appl i cations , tu e
mixing dropped off considerabl y, wh i ch bas icall y indica tes that there
i s a lot a bout the phe nomenon we do n ’t know. Now whether we do it
thro ugh computer analysis or testing, I th i nk a lot of u-rrk i s in
order to get a better understanding of this phenomenon.

A. SILVERSTEIN : (National Academy of Science)

Th i s whole area of STOL , V /STOL ove r the yea rs has pers i ste d
wi th us as a very nasty problem. We are not the first group who
have tried to figure out how to do a better job in this area. As I
look back over 25 years of efforts of various groups to create V/STOL5
and STOLs , out~ide of the helicopter which has been an outstanding
success, there is very little that I can see that has been effecti -.o.
I think it causes us to ask why . The answer , I think, is that no
one airplane , will do a l l of these different things that you mi ght
wa nt it to do. If you want to hover for a long time, you canno t ~n
it unless you go o something like a helicopter. Or if you want to
go really fast , you car hover for a wh ile ,oer haps, and then ,by some
configuration changes to the airc raft ,go fast . But somebod y has ~nt
to decide at the beg in n ing what it is you reall y want t~- do. I was
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pleased by Murthy ’ s original statement. He list ud a number of things
that this session was about , and one of the things he suggeste d was
that max imum Mach numbers in the range of 0.6 were reasonable ones
to examine . Now that is a great deal easier problem than if M = 0.9
or if supersonic speeds were suqqested . Ilhat I think we have to do
first, if we are ever go ing to be s uccessful in th i s whole a rea , is
to write a set of specifications for these airplanes that make sense.

I have been discouraged by the fact that there is not enough
really creative thinking in this area of engine—aircraft integration.
Engines of the jet and fan type may be applied flexibly. You can
take them apart in pieces . The compressor set can be separated from
the turb i ne set ; i f yo u care to , you can separa te out the power tur-
bine from the rest of the engine . Power can be transmitted wi th
shafts or with gases . I don ’t th ink our approach is adequately imag-
inative when nacelle installations as large as the fuselage are
used . The base drag could be very large if the flow separated on
the rear of the nacelle. Base drag has reduced the performance of
current airplanes more than anything else. Also, what is the inter-
ference effect of big nacelle bod ies s ti ck ing up ove r the top of
wings?

I think we must exami ne more carefull y poss ibilities for enclos-
ing engine systems in the aircraft wi ngs and fuselage . There are
all sorts of configuration possibilities. Some of these have already
flown . We saw a picture here of an airplane fl ying in 1984 wi th
distributed fans.

When an airplane flies, a wake exists behind it. In the wake,a
part of the air that the airplane, is fl owing through is moving in
the di rection of the airplane anc~ the other part is moving oppositely.
The thrust pushes the air backwards and the dra g pulls the air in
the flight direction. What you would like to see in the wake behind
the airplane is the air at rest (except for its vertical veloc i ty).
Then you would have minimum drag. Now how do we do this? I think
some of the ideas that Goethert was discussing here today are very
good. That is , put the jets out the trailing edge of the wing or at
the trailing edge of bodies. The jets and boundary layers int eract
and tend to reduce the energy losses in the wake . These configurations
need to be exami ned in much more detail. You can separa te the engine
into components and locate jets where they can counteract some of the
wakes that are being created .

The conceptua l part was the part I missed most in this meeting.
I think we had a very good meeting and discussed many important aspects
of the problem. In particular , I bel ieve considerations of an inte-
grated contro l system i nvolving the propuls ion system and the airframe
is an absolute necess ity . The safety considerations that were men-
tioned by Heiser are also extremely important. As an ancient aero-
dynamic ist, my eye rejects the crazy looking configurations wi th
enormous bodies sticking on the fuselage and above the wing. I would
l ike to see something that is more appealing to the eye . 
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H. VON OHAIt 1 : (Air Force Aero Propulsion Laboratory )

First of all , I was quite surprised about Bill Heiser ’s comment
that it took him quite a whil e to find out that propulsion is a
subsystem. Coming from the same lab as Bill , I had just the opposite
ex pe ri ence , namely, to learn that the a ir plane i s a subsy s tem of the
propulsion system! Now , sc~’iously, I bel ieve Heiser has an exce lIen~po i nt whe n he commented that engin e perfor mance a nd ope ra ti o nal
characteristics become more conspicuous and important as we move from
conventional aircraft toward STOL and ‘J/STOL . This is well in line
w i th Professo r Murthy ’s initial comments on functional integration
where the functions of both an airframe and an engine with very
flex ible characteristics (e.g., Variable Cycle Engine) are blended
in such a manner that strong synergistic effects are produ ced.

As Abe Silverstein had pointed out , I too bel i eve tha t new
conce pts as well as basic research are requ~red. In basic research.
“mixing would be one topic of great importance. Specifically,
studies of phenomena in “hypermixing ,” according to Dr. Brian Quinn ,
AFOSR , seem to be highly promising.

Now I would like to make some comments wi th respect to new con-
cepts and ideas. A systematic investigation of new concepts by actual
ha rdware programs is too expensive and time consumi ng. In this
connection , it was very interesti on -to hear in this conference that
analytical methods are being developed wh ich w ill enable a relatively
quick evaluation and comparison of new concepts . I would like to
categorize new concepts in the following three groups :

1. Aircraft concepts where the V/STOL or STOL capab ility re-
presents an added feature to an otherwise norma l airplane . The added
hardwa re to achieve the V or STOL mode is in operation onl y durin~the takeoff or landing phase. Dur ing normal flight operation, th is
added hardward constitutes added weight and drag penalties. Also ,
the propulsion system may be overpowered for cruise conditions as a
consequence of the high power requirements for takeoff. This would
result in a penalty of high fue l consumption in cruise.

2. A ircraft concepts where the V/STOL or STOL capabilit y does
require onl y negligible or no specific additional equi orr t. A
typical STOL aircraft configuration of this type is the upper wi ng-
surface blowing such as the Boeing /\MST YC-l4 . For such an aircr aft
type ,added weight and drag penalties for achieving the STOL capa-
bilities are comparativel y small.

3. A somewhat futuristic STOL or V/STOL aircraft cutegory is
the following : the equipment needed for the “V’ or ‘ STOL’ mode is
also useful in cruise conditions fo - obtaining lift and drag advan-
tages over conventional aircraft systems . Such aircraft ~vr,e3 are
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not as yet in existence; they would be examples of total functiona l
i ntegrat ion ” of airc raft and propulsion system and would potentially
offer overall advanta ges ove r conve nt ional systems w ithout pay i ng a
penalty for the V/STOL or STOL capabilities .

In this connect i on , new concepts or methods of propulsion by
boundary-laye r accelerat ion may become important. The basic princi-
pi e of abol i sh i ng the a i rf rame wake by the propulsion system was
mentioned by Abe Silverstein. The Navy ma kes use of this principle
in ships by placinç the propellers in the wake of the ship. Various
attempts to u tilize this method for aircraft have not been successfu l so
far , probably due to the ve ry comp lex st ruc ture of the wake gene rated
by fuselage , wings , and stabilizers.

I bel ieve tha t in the future, thro ugh resea rch and new conce p ts ,
fully integrated aircraft systems will materialize which will bring
us very substantial improvements over current systems , with resp€ct
to both operational and performance characteristics.

A. SILVERSTEIN :

I just want to mention , with respect to the high propulsion
efficiency , that at one time we took the Akron airship mode l and put
a propeller on the rea r of the body . We measured 115 percent pro-
p-il sion efficiency.
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information rather than Navier -Stokes solutions that give you the
flow field but no design information. So that is one of our thrusts.

The other one that we are quite exc i ted about, that I would
l ike to recommend that other people look into also, i s what we ca l l  h~ br i 1
experimental and computational techniques. With all of the new ex-
perimental measuring techni ques and sensors that we are getting,
spec i f i cally the lase r Dopp ler ve loc imete rs and lase r holog raphy, we
ha ve tremer~dous new capability to map flow fields rather quickly and
very accurately in the tunnel . The LDV ’s give us nonintrusive velo-
c ity measu rements i n any direction we want and very good statistical
information about the statistical variation in air flow at any point
where we want it. We see a real opportunity to combine these wi th
the computational techniques, use the experiment to find the things
that are toughest to f ind in the computati on, and generate a lot more
design power that way. Actually we are working at Ames mostl y in the
aerodynamic field , say over wings. I tried to think of an example
and perhaps the o ne Leroy Presley described -- trying to couple the
flow field calculations on the nose and the inlet - is a good example.
It is not too difficul t to think of going in and mapp ing wi th an LDV
the velo ci ty flow f iel d directly a head of the in let a nd then using
a computational technique to compute the result of that inlet flow
f ield. W i thin the inlet, you would get all of the advantages of coon-
putat ion which gives you complete flow field information , and you
woul dn ’t have to go into the inlet experimentall y arid measure all that
information. That presumes that once you knew the boundary conditions
ahead of the inlet , you could make an accurate computation through
the inlet. I would like to put in a p i t c -  fo r a lot harder look at
some of these hybrid techniques in the next ~ew years.

B. A. REESE: (Purdu ~ I~,-j versi tv )
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that engines are very sensitive to the app lication ,and I think they
are becoming more sensitive as we “ tune ” the engine to the mission.
At a rev i ew of A ir Force engin e prob lems ,it was found that the TF3O-
P-lOO had , to that point in time ,a reasonably good performance record .
The Air Force mission changed , and the engine performance became
sat isfactory . When the mission profile was examined , it was found
that engine cycles had increased to the point that engine time would
be significantly reduced ; the engine was designed to fail at the
time it was failing if used in that mission. It should not have been
a surp rise, but apparently it was.

In addition to the engine specific problems , it is necessary to
cons ider the problems that have been brought up in the last two days
which are more resea rch or i ente d , fo r example , the aerodynamic ques-
t i ons that Wel l i ver d i scussed , predicting the flow around the aircraft
and the distortion of the inlet. I remain convinced that an investi-
gat ion of the fo rm of inlet di stort ion encounte red i n the engin e does
need investigation. This is in addition to measurement of the total
pressure distortion.

Ano ther important integration problem is associated wi th the
flow over the aft end of the aircraft. As Dr. Silverstein noted ,
it has been one of the things that has hurt us very badly in our air-
craft , and is true for both military and commercial aircraft. Re-
search is being conducted on predicting separati on. I think we need
to work harde r (and longer) on the interaction of the jets and the
fl ow over the aircraft. Variable cycle engines wi ll obviousl y help
in the aft end f low because they can hold the eng i ne mass f low
constant ove r much wi der range of engine operating conditions. Work
on the sepa ration problem includes not onl y the airframe-eng ine
integration , but also separtion in the engine components .

Research is required on the near and far field ground-jet i nter-
actions. Purdue wo ’ked n the problem severa l years ago but are no
longer doing research in that area . However , it appeI r s to me that
t ’ r e r ~ needs to b~ a grea t deal more .d - n k on th tt subjec t - I —~n n  sure
hat Mr r~il i  ~~~~~ - C~~re of ‘-e problems - ross f l , ~s. t he wind
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correlations are not applicable or of sufficient accuracy. Sensiti-
vity of the flows to inlet profiles , Mach number , duct geometry ,
types of branching configurations. etc., and to the turbulence level
could be examined to some extent , independent of specific airframe
considerations. Three-dimensional , v iscous flow solutions are evi-
dently being explore d (hyperelliptic , curved ducts), but there remain —

the ogres of turbulence models and sepa ration which compromise their
merit.

2. Jet Aerodynamics . There remains rather fundamental research
to be conducted on jets subject to aerodynami c interactions (cross
flow , etc.). In spite of several investigations supported in the
recent past , little detailed understanding of these complex flows
persists . The more complex treatments are evidently not used , pre-
sumably because they do not offer sufficient improvement over the
simpler models (line singularities). The structure of these jets
remains largely an open question (detailed properties . including tur-
bulence attributes), and even the entrainment rates are not known
accurately.

Wh i le the current turbulence theor i es are pro babl y no t adequa te
to tackle the 3-dimensional shear flow involved in these problems ,
there could be reasonable attempts to build a data base for some of
the simpler ones. The task has been started but seems to be falter-
ing for lack of funding or , possi bly, of interest on the pa rt of domes ti c
researchers.

3. Confi ned Jet Mixing. This topic has found many applica t ions
in propulsion and other fl ow systems . Ejector technology remain s
rather an art despite an enormous “bone -pile ” of literature on the
subject. The difficulty , of course, lies rooted in turbulence. Pro-
gress has been made , of course, in predictive capabi l it ,’ for the
s i mp ler systems , with or wi thout combustion . But the most effective
ones introduce essential 3—D effects (ang led jets , vo -x gen~-rc tors .
aco ust i c in teract i ons , e tc. )  t’) enhance fast mixing. Inn- ~ tun ’1amert a~
problems could be identi f ied here for resea rch. But mos t of t~- ~- r k
will probably remain semi -empirica l u n t i l  turbulence heo~v - n f f t
ad di tion al capability for 3-D shea r flows
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could be defined for this purpose (selected inlet profiles , tur- 
- -

bulence levels, geometry , etc.), but they are of limite d generality

6. External Aerodynamics. This problem , during transition
flight , must offer a significant challenge to the theorist in view
of the essential 3—D, nonlinear character of the problem. There
was little mention of it ,insofar as tunnel testing and modeling on
the basis of decoupled jet/airfoi l flows seem adequate . Perhaps the
level of interest and the precision of prediction methods may be
enhanced when (and if) a new aircraft requirement and its fund i ng —

arrive. Much reliance on empiricism presumably will remain a part
of the problem, the large computer programs in existence notwi th-
sta nding.

In summary, it is probably useful to point out that many of the
problems involved in these aircraft involve 3-dimensional , turbulent
shear fl ows , ond that some of the effects considered important (e.g.,
entrainment) are to be regarded as second order properties of
these flows . The accu racy of the theory attainable for prediction
purposes will be conditioned primarily by empirical correlati onsf rather than by theo ri es base d on firs t pri nc ip les fo r the fo reseeable
future , bar ring some breakthrough in turbulence theory . This situ-
ation calls for perceptive , well-defined experiments, cou p le d as
closely as possible to what can be done theoretically.

Airplane designers will remain airplane designers in the classi-
cal tradition , it appears, particularly wi th respect to these V/STOL
systems. Where the dollars and schedules are involved , there will
be a fa i rly heavy reliance on tunnel testing. The airplanes are
li kely to fly long befo re we ca n fully predict their behavior .”

W . H. HEISER:

Well , the panel has lived according to its rules , and now it is
up to you. I ask for any questions you have , and I know there are
peop le out the re who have strong op inions abou t things who have not
had in n opportuni ty to voice them in the last two days. I welcome

hpr :- to t i  a the j r t a r  n now.
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H. VON OHAIN:

You are saying we could do somethi ng to help the induced drag
for a g i ven as pect rat io , physical aspect ratio , to be reduced . Is
not that wha t the win g le ts are do i ng?

J. LOTH :

True , I was thinking more of wing tip blowing in a whirl manner
so as to counteract the wing tip vorti ces.

- H. VON OHAIN :

Oh , I did not see your point. Thank you .

A. SILVERSTEIN:

I th ink the fastest way to reduce the induced drag is to grab
more a i r, that is, increase the wing span. The crui sing part of the
flight is the part where the induced drag will be important and when
you need span.

L.G. NAPOL ITANO : (University of Naples )

I th ink the coordinator in his closing remarks pointed out severa l
things. I am speaking also of the ideas he referred to as second
and third. He sees that fundamental work is required , fou ndat i ons
as he mentioned. My knowledge about foundations is that they are
requ i red in order to build up good models. And then he also mentioned
that,equally important , there are the class ical , crucial experiments
needed to check this out. Well , in this connection , I wou d like to
offer a comment and then ask some questions. I think that one would
also be interested in experiments wh ich woul d clea rly and unequivi-
cal l y inval idate classical or conventiona l models. I say this, it
looks l ike a joke or a paradox , but i t i s wha t I call  the cos t
effectiveness of complexity . We have seen here that there are two
groups. The one motivated , with different cross strains of course ,
and then thi s pe rso n who has to do t hi ngs as s imp ly as possible and as
qui ckly as poss i ble and maybe , has to have done it yesterday . And
the o the r i s the t heo ret icall y prone or fundamentall y prone person
who is interested , rightly, in trying to get this complicated pheno-
n-a rioi as complica ted as possible in order to picture the reality . So
there is a cost to both trends , the cost of one who wants to do thi~~!otoo simpl~- and the cost of one who wants to do th i ngs t o - comple-.i ,.
There is still a bridge to he built be tween them and also true t r a ie-
- f t . I have not seen any of those thing s being spoken about here .
I can quote some examples. It a’aa s nn’nnt ioned that turbulent mixing
is important. Now , everybod y k nows th ’t n- or Pra ndt l’ s i n t u i t n - ~ n to
now,it has been a long way in modeling turbu lence ,anid I c e r e  ,a , - , ‘-~- i l i
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longer ways to go. But you also know that the models can be ve,~y,very complicated and one key question is: when do you step up in
complexity to get closer to reality? This is a big question because
maybe failure to describe reality is not crucial to turbulence model-
ing, but it may be in something else. That is why I say it may be an
i mportant point. That is my comment. My questions now. As the
organizer and director of Project SQUID , Professor Murthy pointed out
that these excerises are useful in developing new ideas, not only for
the management of research activity . I would like to have some in-
doctrination myself. In this respect , it would have been surprising
if we did not conclude that we need more fundamental ideas and more
experiments to check those. The point however is, what type of
fundamental w u , k  or. if you l ike , what kind of pr iori t ies is this
particular application demanding? That is, what are the area s in
which specific investigations are required? One area was mentioned,
tu rbulent mixing , and another one was also mentioned , but as an ap-
plication , not as a need , a breakthrough perhaps. And yesterday I
think, the problem was mentioned , namely the combination of experi-
men ts and computat i on , whe ther (and if I understood you properl y,
then I would agree with that) the experiments should give you initial
and/or boundary conditions and then you can complete the loop, also
get the exit condition and then you can sort of feedback and see
who is wrong, whether your model of calculation or the experiments.
But then the problem arises , would your input be of the same accura cy
as your computing accuracy? There is all thi s interphasing problem .
And the third point I would raise is whether , in hybrid or interacting
processes , I would l ike to see human being s somewhere there . Because
it must not be something push-button where you would push the button
and , whethe r it would be onl y the wind tunnel or the wind tunnel and the

- 
computer talking together , tha t would be enough . We woul d like to
have hybrid and interacting experiments , and at this point I would
like to ask for instance: do you think that simple, nondissipative
three-dimensional flow fields are of any interest? What is their
priority? You killed , and I agree with you , th~ simple exerc ise in
Navier-Stokes formalism , which can be a hobby or a love , hut how
about going to the other extreme and just throwing everything out?
Would t H a t  be of any prior ity interest for you p e r p - J ’~
W H. HE IS E R~

I don ’ t hel ir”i~ any b t y ~ a n answe r a l l  t h q u e s t i o n -  let ne
ta l L- abou t a t . -w - m n - n ~ , ,nn’~ I t n ’ , -  can c~~’ ’ a c~ r r ’ st f a , - . w n r i nq

~nem b y just -h a ’ -i n g , -n ine I~ my phi los -h v  a r - cl  O fi s e rv a ‘inn s w i t h  you -
F i r s t  of all . c b~- no’ - 
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experiment. I believe that is already under the control of the right
partners in the game. Now as for where modeling needs to be improved ,
my concept is that the computing machine has so far outrun us, that
the computational plenty is so enormous and is getting ahead of us
at such a tremendous rate , that it is the physical models that are
inadequate . If they are not inadequate now, they w i ll ce rta in ly be
inadequate before anything we can do will be available to be used.
I give you one , I am sure , very fine example of where we need to
improve things. That is in our ability to predict transiti ona l
boundary layers and the nature of turbulent boundary l ayers , particu-
larly in transonic flow regions and where three—dimens ional effects
are to be included. The most often stated example of where that
lack of knowledge causes us to get into trouble is in the base drag
problem. Over and over again , the base drag of airplanes is excessive
in the transonic region because all of the above factors come into —

play. The flow is compressible, the re are shocklets , it is three-
di mens ional , and it is transitional . It will be extreme ly difficult
to han dle those problems on any ad hoc basis until we have a model
that incorporates all of the basic phenomena that are at work. I
would consider it to be a very fertile area for people carry ing out
classical work. By classical , I mean that iterative process where
somebody does experiments to supply models,and the models are extended
with the help of existing equations and well—unde rstood phenomena into
analyt ica l tools that cover a large range of aerodynami cs ,and then
that is verified by an experiment in which all of the phenomena are
known to be at work . I feel that the aerodynamicists are now behind
the power curve , as it were, wi th respect to the computing machine ,
and we are going to have to do something to improve on that s i tua t ion .

B. A. REESE:

In the context of the questions that were ment inn~ - l in regard to t ’ - ~
vertical part of this short-haul transport we are dlscussinq . t f l a ” c
are some things which are very important, and one of th c c~~ is ‘he
thrust to weight ratio. It is extreme ly important to increase it so deo~ - r .t
pay loads can be achieved in these vehicles. The miss ion - r ’ ~~t r a ’ ’ i S
were discussed , e.g., you don ’t want to hover if you want  to do th,
things that von Ohain was talking about, it is necessary I n  qet up
and get going if you are going to have these n’:ia l t i p le  c a ; - ’ i b f l i t i c c.

The other itc i  that was discussed in some de ’ai~ , ~ ‘n~ ~~‘

l ip ’  ri’ is st  i 11 rca son f o r  ri’ ‘ P 1  r- , Is t Or qr - jrnl effec t 0 t ‘i”— n

~ ‘r t i n  a l  t , ~~ ’_ l ’  - y s t ”is . I t h i n k  thi ’,p art ’  yr speca ’ic ‘ i r -l~ 01
r,-’,p,a ri H ~rojer t ’. Lh - n ’ run--I more researc h .
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using whatever method is the simplest way of computing flow in that
region , which means there is plenty of place for inviscid , linearized
sol ut ions and plenty of place for boundary l ayer theory , and the re are
some p laces where you absol utel y have to have Navier-Stokes equations .
So the tri ck i s to use the ae rodynamicist to fi gure out where to patch
things together. I would add that , if we a re s tu ck a nd we can not compute
accu rately th rough an area, we should use the new experimental tech-
niques like LDV’ s and go in and find out what is going on.

A. SILVERSTEIN:

If you visualize the landing conditions for some of these air-
craft that we saw pictures of during the presentations, you really
wonder whether this flow system can be calculated .

R. H. PETERSEN:

Somewha t facetiously, I am tempted , when I see the picture of a
V/STOL aircraft with its fountains and so forth , to give my compu-
tational friends that problem to work as a full Navier-Stokes solu-
tion. I think that would keep them busy lonj past my retirement.

W. H. HEISER:

One thing that has not been discussed in detail here is whether
the ground test facilities will be up to testing these V/STOL con-
figurations with the jets running. The answe r today i s fra nkly no ,
and ,somewhere along the way, somebody is going to have to consider
that. As for Abe Silverstein ’s last remark , it may be that we ca nno t do
ma ny of these calcula ti ons proper ly today, but , the way things are
going, people are going to be doing the calculations whether the models

- are right or not. It would therefore seem wise to provide them with
- the right phenor nenological understanding.

A. D. WELLIVER: (Boeing Military Airp lane Division)

Abe Silverstein finall y reminded roe of some key points I would
like to make. One of the issues here is, first o~ all , as s - c-et ’ ncl y
commented on the SST , that we know , in any opin ion , a In ’ more a k t
how to design the aerodynamics of an SST than we do about the ae o-
dynamics of a V/STOL ainola ne . That is the f i n n  ;- - i n t .  t!.~ know howto build a good effic i rni t sap ’-n - sonic transpo~ - a ’  ‘ - ~ i ,- .
I was talking about t h i ’ p iob)n ~ ’ of f l u i d  m e c h a n i c s , was t h l n k i n - ~seriousl y about this t i  t .a’no it was t P’r reas on  I ~mphac~~’t ’ i  the
nine - b an ics area. Ta ure are - ‘ h ’ - r ~ rp,i ’ . am in ’ t - ’ - r st e d  i, bes iles th is
one , but the reason m u  I t  It up y 5 t ha t  I • ‘ n~- h a t. ‘ O r  c ‘ ‘. i v ‘ - a
very di ff i cult - a  - na I ‘ a t  wi reall y d~ n - n t  0 1 w  r~JC t - H  . Al I v a -
have to Ito iS go look at I’ . - ‘c - ‘ - ld— fl nu~ 1~ s C h i ,  1. ccn t O , -  h~ • -
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pretty obvious that we don ’t know how to build these vertical take-off
type machines and then have the same machine fly in forward flight

- efficiently. Now I come back to a comment that Abe Silverstein also
made , wh ich was that everything we talked about here was technical in
nature or basic , but he did not see a lot of good configurations. Now

- the concern that I have is that in this V/STOL area , where yo u are
trying to hang the airplane on a couple of posts scat tere d a round
the CG . one of the very di fficult things is to assess, early on, which
of these ai rplanes makes sense. It is as we flew the augmentor wing
airplane , you know , which is probabl y the limi t of stretching the gas
out along the wing. But the point of fact is, to really f i nd ou t how
an airplane like that worked , you had to put the whole thing together ,
all kinds of rig tests , and all that , and that is what happened in all
those airplanes that McDonald —Douglas is pointing to. I think one of
the key po ints i s , we really need to know how to get down to the facts
of whether these airplanes , plus or minu s ten percent or even twenty
percent or someth i ng , are resonabl e , and that is what we really don ’t
know , in my opinion.

- 

W. H. HEISER:

I think we have come to the end of the panel discussion. Let
me put in a closing note . I have enjoyed being here in Annapolis
enormously, much more than I imagined before I came , and I believe
tha t you fo l ks  have too. I wanted to point out something I ran into
today that shows you how well the Navy has its ducks in a row . as
they are reputed to do. We stopped off at the tomb of John Paul Jones
and found that 199 years ago he said, “I wish to have no connection
with any ship that does not sail fast , for I intend to go in harm ’ s
way .” I feel he must have had our trip home in mi nd. Thank you and
bon voyage. 
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SUMMARY AND RECOMMENDATIONS

S.N.B. Murthy

Purdue Uni vers i ty

West Lafayette , Indiana 47907

1. SUMMARY

The objective of the Workshop was an assessment of the basic
research needs in the area of engine-airframe integration pertaining
to short—haul aircraft. Such aircraft have important civil and
mil itary applications. While actua l devel opment and use of civil
and milita ry aircraft would be based on somewhat different consider-
ations , it became clear early in the organization of the Workshop
that the basic research needs in the development of short haul air-
craft , more especially the V/STOL systems , would very largel y be
common in the two applicati ons. It was also felt that the Workshop
should concentrate on V/STOL systems although conventional systems
were also of interest for short—haul applications. The Workshop
also included a paper on the problems of engine-airframe integration
in helicopters , although conventiona l definitions of short haul air-
craft do not include helicopters, once again to emphasize the many
commo n, basic problems needing attention by the research and deve~op-ment communi ty .

Developments in V/STOL and related technology have been raf~~- ’
uneven ove r the years. There ‘s sti ll a considerable debate , even
in the Navy programs , as to requirement and feasi lity of V - ’STOL
systems . The Naval A ir Systems Command has examined , according
ti n published reports , the V/STOL developments in relation t o  the
fo l lowing .

~a )  di spersal of air a s c e t c  ova- ’ i a broad -j. -qr aphi c ‘- al n qi’.
( H)  reducing reliance on relati ve k f t ’w s l ink” , and lar g e

permanent bases, and
(c) reduci ng the cost n t main ’ a n n - n ’- - ;  an adequa ~~a - a i r  a rir .
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However, i t i s recogn i zed that econo mi cs an d the p hi losophy beh i nd
overall strategy for any civil or military effort will dictate the
emphas is to be placed on any one branch of aircraft technology .
Economi cs shoul d , of cou rse , include the cost of research and de-
ve lo pment , first costs and ope rationa l costs.

There is considerable agreement that current levels of devel—
- opments in the following areas have the potential for adaptation to

meet the requirements of V/STOL systems , although not immediate
feasibility .

(i) propulsion technology and flight dynamics ,
(ii) airframes,
(iii) avionics and integrated control and
(iv) reliability and life cycle costs.

However, i t i s fel t that co ns i de rable bas i c resea rch i s requir ed i n
a number of areas befo re lar ge scale develo pment , lead ing to pro-
curement of a ir craft , can be env i s i oned.

The V/STOL systems should be understood here to refer to air-
craft that always have a VTOL capability unless otherwise stated .
Wh ile supersonic V/STOL aircraft was mentioned in the Workshop, the
pri nc ipal interest was in subson ic fl ight.

The Workshop contributions have been divided into four sections ,
namely (i) system requirements , (ii) system studies, (iii) special
problems and (iv) general discussion. They cover the followi ng
subjects.

1. Overall system design for V/STOL
(Siewert, Kishline , Acuri o, Denning , Beam , We ll iver)

2. Examples of V/STOL development.
(Kish line . Denning, Beam , Acur lo)

3. Propulsion system s
(Siewert , Alle n , Kishline , Acuric, Denning, Beam)

F 4. Flight / propulsion control systems
(Si ewert , Kish li ne , Ac i a-io. Beam . We lliver , Miller)

5. Fluid n;ne~ha mncal aspects o’ integra t n , n ! c

(Wefliver , Presley , Pu t n am ’ . Ryle . r’ ’ ’ n . - ’ t~~ B,rr ,e low . n il l)

~~. 
o y l ir ld  ex per imentat i  n and ‘eY ing
(Welliver . ~‘.“~ley , O~~r a l l

The name s under ca ~
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Discussion , of course, deals with each of the above subjects and ,
i n add i t i on , raises some important questions related to the philos-
ophy of approach that may be necessary in the f i nal evolut i on of
th is technology .

It may be po i nte d out here that the procee di ngs of two othe r
recent confe rences are ve ry valuable i n obtain ing a full appr ec iati on
of the needs in basic research in V/STOL technology .

1. The Naval A i rsystems Coni’nand Conference
on Jet V/STOL Propulsion Aerodynamic s
held on July 28—31 , 1975 at Washington , D.C. (Refs. 1 and 2).

2. The AIM/NASA Ames V/STOL Conference
hel d on June 6-8, l97~ at Palo Al to , California , (Ref. 3).

1.1 . Overall System Design

The most crucial aspect of V/STOL system design , including heli-
copter design , is the thtegration of propulsion , aircraft and control .
Such an integration shou id be generically and functionall y established.
While the power plant , structure and flight contro l will remain three
major considerations in the design of a flight vehicl e, the V/STOL
system can be optimized only by taking the interaction between the
three fully into account. For example , stability , balance, contro l
and near-ground operation have to be exami ned together and that ‘ r --

quires a tota l integrati on of the system.

A V/STOL system should function adequ ate l y in the ta~’~- “~~ 1.

as wel l  as in the cruise mode . One has to c on si d e r , the ’ . ~re~ ~~u ’
operational aspects  of V/STOL f l ight  in un,- design o t’
namel y (i ) VTOL and hover , ( i i )  I rans i • ion to forward ‘ 
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that could extend as far as total elimination of aircraft wake and
other methods of reducing various forms of drag and of increasing
propulsion efficiency (Sir Frant Whittl e ’ s ideas expressed informally
during this Workshop).

As we move progressively towards the third option or l evel of
sophistication , the nature of system studies itself will change in
the areas of testing as well as design calculations, for example,
the calculation of the flow field about the system in ground proxi-
mi ty and in transition. In both of those areas a variety of uncer-
tainties will have to be accommodated . Thus one , in fact , finally
faces the question of what uncertainty is acceptable in regard to a
chosen aspect of performance or operational capability .

1.2. V/STOL Developments

The development and testing of YC-l4 (with the upper surface
blown flap) and of YC-l5 (with externally blown flap) were discussed
(Kishline ) in some substantial detail at the Workshop . The four
principal features of the AMST which relate directly to integration
are the super-critical wi ng , boundary layer control , blown flap,
confluent—flow exhaust nozzle , thrust reversers and digital flight
control. The engine is a high bypass turbofan. The philosophy in
evolving the system and managing its development was also discussed .
It is important to note here that this development was based on the
use of existing technology and in many cases existing subsystems .

In the area of military applications of short—haul aircraft , a
short discussion was presented (Denning) on a method of approach to
the design of such aircraft using as an examp le the U.K. government
sponsored variable-pitch fan demonstration program which utilized
the M455D-02 engine . From the point of view of thrust management
and reducing frontal area , the use of separate lift eng ines was
compared with the use of cross-shafting .

A brief mention was also made of the flight trials on the yAK-
l9lB in West Germany , which is a jet lift airplane (Siewert) and the
early NASA studies on the Navy lift-fan ASW airplane.

Another development discussed in broad terms pertained to the
Navy Type A V/STOL requirement. A shaft-coup led propulsion system
was used as an example to illustra te the nature of development
problems . Thrust management and reliability , especially under engine-
out condition , were shown as major considerations.

In the application of short-haul aircraft for civil transport ,
the importance of operational economics was made the basis of a
discussion (Denning) of the choice of power plant and its installa-
tion.



— 

—

T

’

SUMMARY AND RECOMMENDATIONS 477

Finally, in the area of military hel icopters, in addition to
several recent development programs , the basic needs in engine-air-
frame integration in this class of machines were discu~.sed (Acurio ,
Fig. 10). One of the critical areas of devel opment obviously
pertains to the low speed hovering condition: the structural—fluid
dynami cal coupling under dynami c conditions and the effect of down-
load. The Army Heavy Lift Helicopter , in particular , the XT7O1
engine and its advanced version, were discussed briefly as repre-
senting current helicopter studies (Beam).

1.3. Propulsion Systems

The requirements of the propulsion system in a V/STOL aircraft
are obviously complex. Some features of the propulsion system that
were regarded as pa rticularly signifi cant are the followi ng : (1)
disc loading or thrust per unit frontal area , (2) fuel consumption ,
(3) thrust per unit installed weight , (4) noise generation , (5) first
cost and direct operating cost of engines in relation to size , thrust
and payload , (6) power sharing and thrust management , (7) variables
in engine geometry, (8) overall lifting efficiency and (9) power for
transition from hover to cruise.

From the point of view of installation of the propulsion system ,
severa l factors were pointed out as important: (1) heat 1oading~(2) engine face distortion, (3) ground effect, (4) noise footprint ,
(5) thrust augmentation , (6) thrust vectoring, (7) thrust reversal ,
(8) installation losses, (9) balance and stability and (10) impact
on control system requirements.

The special aspects of helicopter installation were descri bed
in detail (Acurio).

The thermodynamic cycle parameters will need further examination
in view of propulsion and installation requirements , for example the
air flow path in the gas generator and thrust generator , the pressure
ratio and the turbine inlet temperature .

1 .4. Flight/Propulsion Control Systems

The control system for V/STOL aircraft needs to be an integra ted
flight and propulsion control system and therefore cannot be separated
from the aircraft and the engine in integration studies. One of the
basic questions in evolving a control system is “how much control?”
This can only be answered based on the “extent ” of integration.

The YC-14 and YC-15 control systems were evolved from the poi nt

L _ _ __ _ _
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of view of operations requirements (Kishline). The impact of intro-
ducing full authority electronic control on the integration problems
of helicopters was shown to be substantial (Acurio). Fly-by-wire
and control configured vehicles were described as demonstrating the
advantages of electronic flight controls while pointing to the
problems of complexity , cost and reliability (Welliver).

The various aspects of the evolution of future control system
technology were dealt with thoroughly from the point of view of
systematically improving reliability through a methodolog ical
approach to incorporating applied technology (Emerson and Miller).

2. Recommendations

The outcome of the Workshop may be summarized under the follow-
i ng.

1. Need for conceptua l changes
2. Research in thermo-fluid mechanics.

2.1. Need for Conceptual Changes

(1) Integration of the aircraft , power plant and control system
is the most urgent need in a V/STOL system whi ch can only be designed
on a functiona l basis.

(2) The development of the methods of obtaining vertica l take-
off and landing, transition from hover to cruise and meeting the
range , speed and payload requirements should be pursued on a unified
basis.

(3) The traditiona l approaches to the problems of weight , drag
and propulsive efficiency must be drastically altered so that the
system can be developed in a unified manner.

(4) Similarly, flight and propulsion controls should be unified
for each critical range of operation.

(5) A fundamental change is required in the method of conduct-
ing and utilizing analysis, experimental simulation and tests by
adopting hybrid techniques of advancing the generation and synthesis
of information in each.
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2.2. Research in Thermo—Fluid Dynamics

The subject of basic research in thermo-fluid mechanics became
in many ways the centra l theme of the Workshop, except for research
in controls which was not , however, discussed in depth at the Work-
shop.

The major areas that were identified as requiring basic research
studies are the following.

(1) Thermodynamics of variable cycle and variable geometry
engines.

(2) Internal complex flows.
(3) External complex flows.
(4) Noise generation and footprint.
(5) Component performance under dynami c inlet and outlet con-

ditions , in particular the fan wi th different types of
shrouds and ducts .

(6) Angle of attack and maldistri buti on at engine inlet and
fan and compressor inlet.

A word of explanati on may be useful in regard to the so called
complex flows . Complexity should be understood as arising out of
one or more of the following: (1) geometry, for example,in internal
flows, (2) interaction , for example, between a wing and a body , an
inlet and a body , a jet and ground , a nozzle or augmentor and a sur-
rounding (base) or locating body , a rotative or curved flow and a
sheared flow , (3) turbulence and its effect on mixing and entra i nment ,
and (4) distortion in entry flow. Under such conditions , there are
two options available to the designer: (1) correlation of test data
on the basis of generally simple analysis and (2) undertaking hybrid
analytical-computational -experimental studies. The latter obviously
is the more universal option , both from the point of view of the
nature of problems and from that of establ4shing solutions to classes
of problems .

Finally, concerning the subject of angle of attack and ma l dis-
tribution , it is clearly insufficient to correlate test da ta in terms
of simp le distortion indices , for example , one based on total pressure
distortion. The designer needs information regarding velocity dis-
tribut ion changes axially, radially and tangentially at all times
for the onset of a given maldistribution at the inlet. This problem ,
when exami ned from the integration point of view , requires taking
into account also the inlet vortex and the inlet—induced lift and
drag forces on the airplane .
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