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| PREFACE

The principal concerns in the development of air-breathing
propulsion, it is generally agreed, are fuel availability, engine- :
airframe-control integration, Tife-cycle reliability and environ- k
mental problems. In several respects integration presents the most !
challenging problems from the point of view of future airplanes,
especially those in which muiti-mission capadbility. maneuverability
and special flight characteristics are demanded. Within the frame-
work of military aircraft techno’ogy, short-haul carriers with
V/STOL capability constitute one of the important classes of air-
planes requiring urgent development. Integration problems are
especially severe in this class of airplanes, and the solution of
those problems largely determines the success of the airplanes to
meet the projected mission objectives.

This Workshop was deveted *tc a discussion of the current status,
the scope for developments and .ne needs in reszarch in the general
area of integration problems in short-haul, V/Si0OL problems. The
Workshop was attended by about 63 persons who came from various
institutions such as universities, industries, government labora-
tories and research funding acencies.

of Project SQUID (Office

The Workshop was held under the ahspi
applied research of

of Naval Research) which is devoted to basic a
long range relevance to propulsion technology. was cospensored

by the Air Force Office of Scientific Research, theNNaval Air Systems
Command and the ONR. This fact is ot considerable significance both
from the point of view of commonaiity of interests and from that of
the close collaboration that exis*s between the different acencies.

In organizing a Workshop on a subject that is as comprehensive ‘
and as variously defined as integration, it was felt important to ]
secure direct advice from those who have been involved in research “
and development in intcgration problems. An advisory committee was
formed that included Dr. W. H. “eisar (Arncld Engineering Development
Center), Mr. W. Koven (Naval Air Systems Command), Dr. H. W. Mark
(then NASA Ames Research Center', Or. 5. A. Reese (Army Scientific
Advisory Panel), Dr. Abe Silverstein (National Academy of Sciences),

xi N—




xii PREFACE

and Dr. H. von Ohain (Air Force Aero-Prcpulsion Laboratory). The
program and the format of the Workshop were discussed continuously
with the Advisory Committee and it is the greatest pleasure to
acknowledge here our gratitude to them for their valuable guidance.

The Proceedings 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 skillfully. We appreciate very much their contributions
in the final evolution of this volume.

Functional integration of airplanes is an evolutionary process.
There are many aspects of the problem that need considerable research
and development. Advances in computers and in instrumentation are
having 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
provide encouragement for creative activity in this field.

S.N.B. Murthy
Editor and Workshop Chairman




WELCOMING REMARKS

First of all, I wish to say how much we appreciate the very
cordial welcome of Admiral Kinnaird McKee to the U.S. Naval Academy.
There are representatives here today from the three Military
services, NASA, other government agencies, industry, and from abrecad
and I know all of us are impressed with the new buildings and
facilities at the Naval Academy; this Tecture room and the arrange-
ments seem ideal for a workshop such as this. In this connection,
we appreciate the very great assistance provided by Professor
Andrew Pouring, Department of Engineering Sciences with arrangements
for the Workshop.

On behalf of the Office of Naval Research, it is a great
pleasure and a privilege for me to welcome this group today and
especially to see the large number of people with interest in
engine-airframe integration problems. The (0ffice of Naval Research
is particularly happy to join with the Air Force Office ¢f Scientific
Research and the Naval Air Systems Command in sponsoring this Wkcrkshoo.

We have planned this Workshop, as well as another one to be
held this year in September on the subject of "Alternative Hydro-
carbon Fuels-Combustion and Chemical Kinetics", as part of a series
of workshops initiated in 1969 to emphasize prcblem areas in selected
subjects relating to air breathing engines for aircraft and missile
applications. Due to increasing demands for higher performance,
smailer and lighter weight power plants, and for operation cver a
wider range of operating conditions, there is a need tc develop
deeper, fundamental understanding of the physical phenomena involved
in all aspects of engine design and development. These workshops
have been held to date:

Research in Gas Dynamics of Jet Engines, ONR/Chicago, December
4-5, 1969. R. Goulard and M. L'Ecuyer, eds. Project SQUID
Report.

of Technology, June 10-1T, 1971. F. J. Marshall, ed. NTIS
AD736248.

Fluid Dynamics of Unsteady 3-D Separated Flows, Georgia Institute

xiii




xiv JAMES R. PATTON, JR.

The Use of the Laser Doppler Velocimeter for Flow Measurements,
Purdue University, March 9-10, 1972; W. H. Stevenson and H. D.
Thompson, eds. NTIS AD753243.

Aeroelasticity in Turbomachines, Detroit Diesel Allison, June
1-2, 1972; S. Fleeter, ed. NTIS AD749680.

Laser Raman Diagnostics, General Eiectric Research & Develop-
ment Center, May 10-11, 1973; M. Lapp and C. M. Penney, eds.
1974. Laser Raman Gas Diagnostics, New York Plenum Press.
Also NTIS AD782652.

Second International Workshop on Laser Velocimetry, Purdue
University, March 27-29, 1974; H. D. Thompson and W. H. Steven-
son, eds. NTIS AD010223.

Turbulent Mixing: Nonreactive and Reactive Flows, May 20-21,
1974; S.N.B. Murthy, ed. 1975. Turbulent Mixing in Nonreactive
and Reactive Flows. New York Plenum Press. Also NTIS AD006322.

. Unsteady Flows in Jet Engines, United Aircraft Research
Laboratory, (UARL) now (UTRC) July 11-12, 1974; F. 0. Carta,
ed. NTIS ADO03853.

Combustion Measurements in Jet Propulsion Systems, Purdue
University, May 22-23, 1575; R. Goulard, ed. Combustion Measure-
ments: Modern Techniques and Instrumentation, 1976. Washington,
D.C. Hemisphere Publishing Corporation.

. Transonic Flow Problems in Turbomachinery, Naval Postgraduate
School, February 11-13, 1976; T. C. Adamson, Jr., and M. F.
Platzer, eds. 1977. Transcnic Flow Problems in Turbomachinery.
Washington, D.C. Hemisphere Publishing Corporation. Also
NTIS ADA043317.

Turbulence in Internal Flows, Airlie House, Warrenton, VA, June
14-15, 1976. 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 this group the importance of
Engine-Airframe Integration. Suffice it to say that the U.S. Navy
has plans to utilize V/STOL aircraft and that we recognize integration
of the vehicle with the power source is a very important aspect of
the development of such systems. The subject is obviously more
applied in nature than covered in other SQUID workshops. However,
the technology is of particular concern to the Navy and we recognize
there is a need to be concerned with research areas that would be
helpful in advancing one of the key areas in this technology, namely
integration.




WELCOMING REMARKS XV

On behalf of the sponsors, I wish to thank the organizer, Dr.
S.N.B. Murthy, for arranging and planning the Workshop.

We look forward to participating in the Workshop with all of
you and I wish to say that we are deeply 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, Jr.

Power Program

Office of Naval Research
U.S. Department of the Navy
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V/STOL AIRCRAFT DESIGN CONSIDERATIONS

Raymond F. Siewert
Naval Air Systems Command

Washington, D.C.

ABSTRACT

The major technical considerations in the conceptual design of
V/STOL 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
compromises necessary to achieve vertical flight and efficient
forward flight are stressed.

INTRODUCTION

The design of any aircraft to do a particular job or mission
represents a compromise between the conflicting demands of the
various technologies striving for maximum performance, reduced
weight and enhanced capability. These confiicting demands become
even greater for V/STOL aircraft because of added complexity and
increased weight sensitivity. It is the intent of this paper to
examine some of the basic characteristics of V/STOL aircraft and
their influence on an emerging aircraft conceptual design.

The term V/STOL has been widely applied to broad classes of
aircraft in the past, and as a result conveys different images to
different people, depending on their background and experiences.
The term V/STOL (Vertical/Short Take-0ff and Landing) aircraft is
sometimes construed to include aircraft only capable of Short Take-
Off and Landing (STOL) as well. In this paper, the term applies to
aircraft capable of accomplishina a vertical take-off and landing
and efficient cruise flight. Experience has shown that aircraft

1
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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 logicaily 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. Whiie there are many cther
aspects of V/STOL aircraft design such as design-to-cost, mechan-
ical systems integration, structural considerations, 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 question, the following
areas will be considered:

° Vertical Take-Off and Landing - Hover
° Transition to Forward Flight
© Conventional Flight - Impact of V/STOL Constraints

° Effect of VTOL Operations on Surrounding Equipment and
Personnel.

This paper will first 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 operaticnal status. Perhaps the
reasons for this will become ahparent after considering the aspects
of V/STOL aircraft design as discussed herein.

The heart of any of the V/STOL schemes shown in Figure 1, is
the propulsion system. For any practical V/STOL aircraft application,
the propulsion system must have sufficient thrust (1ift) directed
downward to overcome the weight of the vehicle in vertical flight.
The propulsion system must be also capable of providing sufficient
thrust in forward fiight 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

Even in cruise flight, V/STOL aircraft have more complicated
inlet integration requirements, lower fineness ratio, more
difficult propuision system selection requirements, more
complex nozzles when compared with conventional aircraft.
These characteristics can lead to significant 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 aircraft
according to propulsion system type. However, no one seems to
agree on a standard classification for these aircraft. Reference
(c) utilizes thirteen classes by employing aircraft type as well as
propulsion system characteristics, i.e., several different propeller
classifications. The Soviets have alsc tried their hand in V/STOL
aircraft classification PReference (c) proposes quite an elaborate
scheme, nearly resulting in only cne aircrafti in each class. A more
simple approach is used in Reference (e) wherein the author employs
only two classifications,which are shaft driven and jet 1ift. 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 ere classified as
follows:

° Rotors

° Propellers

o

Fans

o

Augmenters
° Jets

These are obviously subsets cf each of the major classifications
such as tilt rotors, ducted propeliers, deflected thrust or Harrier-
type jet 1ift and the composite 1ift plus 1ift/cruise jet 1ift
concept.

The above classification 1ists 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 device (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 1ift configuration). The disc loading is a
fundamental design parameter. Aircraft performance can be directly
related to disc loading, at least tu first order.
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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 1ift 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 fifteen minutes of hover are required, then rotors
are the only practical scheme for obtaining vertical flight. Figure
3 also indicates that even at Tow hover times, the fuel used by
direct jet 1ift concepts is significant and that it is important to
develop operational techniques and pilot aids to minimize the time
spent in the subaerodynamic flight mode of the higher disc loading
concepts.

While disc loading is of prime importance in V/STOL aircraft
operation in hover, it is not the whole story. Additional factors
that should be considered are as follow.
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Figure 3 Fuel Required for Hover~-Various VTCL Concepts

o

Balance
° Control

° Download

o

Ground Proximity

The first of these factors, balance, may seem so elementary
that it is not worth mentioning, yet achieving balenced flight in
the vertical mode is fundamental to V/STOL aircraft desiagn and will
have profound impact on all aspects of the vehicle performance.
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 1ift system
elements should fail. Rapid upset from balanced flight could well
preclude safe ejection by the flight crew.

A companion installation consideration to balance is control.

In flight at very low forward speeds, the conventional aircraft control
surfaces are not effective, and some sort of powered control scheme

is necessary. These cenerally fall into two broad categories. The
first is through manipulation of the thrust/1ift device itself, i.e.,
cyclic pitch of rotors and differential thrust of 1ift jet engines. The
second is through the use of auxiliary 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 in Figure 4, is quite |
dependent on individual configurations, with a trend toward in- ;
creasing penalty with increasing disc loading. The penalty can be

minimized by redistributing the 1ifting forces toc provide control

moments and will be most severe when engine thrust must be reversed

for trim (balance). Typical military V/STOL aircraft can achieve

military load fractions (crew, avionics, weapons, etc.) of 10 to

20 percent of the vertical take-off weight; since the potential

control "penalties" are of comparable magnitude, it 1s extremely

important not to overdesign in subaerodynamic control power. As

indicated in Reference (e), the criteria selected must be carefully

chosen to balance these considerations of the “price for control"

against the consequences of inadequate control which have plagued

many V/STOL programs.

Installation considerations in hover also include the effects
of download. Download is usually associated with rotor craft, where
the rotors are placed above a fuselage or wing. The rotor downwash
produces a download (or drag) on the body, hence creating an effec-
tive increase in vehicle weight. Primary parameters in determining
the magnitude of the download are the relative affected area (af-
fected area divided 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 with that on a fuselage,
whereas a wing in profile will have only a slight download. In
Figure 6, these considerations are quantified in terms of the net
vertical thrust (rotor thrust has download) over the isclated rotor
thrust, shown as a function of the relative size of the wing to
the rotor area. A conventional helicopter, i.e., no wing, experi-
ences download on the fuselage which can vary considerably for
various fuselage designs and between single and tandem rotor con-
figurations. The addition of a wing to a helicopter has less
impact than a comparable wing on a tilt rotor, since much of the
helicopter wing area under the disc is alsc buried in the fuselage
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 susceptible to download
penalties. Currently, tilt rotor and compound helicopter config-
urations usually optimize at wing chord/rotor diameter ratios of 0.1
to 0.2, resulting in 5 to 15 percent download in vertical flight.
This phenomenon emphasizes the tradeoff between forward and vertical
flight capability; adding or increasing the area of a wing expands
the available speed-altitude envelope and improves maneuverability,
but at a direct cost in vertical flight efficiency.

Generally,all V/STOL aircraft experience ground proximity
effects when hovering near the ground. As shown in Figure 7, these
are usually positive (increased 1ift) for rotor systems and
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negative (decreased 1ift) for jet 1ift systems. The adverse effects
can become so severe, as in the case of the X-14 aircraft, vertical
take-off was impossible wuntil 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 1ift plus 1ift cruise configuration, which is

a high disc loading direct 1ift concept. The upper diagram shows

what is known as the "near field" flow pattern, while the lower 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 flows
meet and create an upward flow which is termed a "fountain" effect.
The fountain acts to partially offset the suckdown: however, recent
studies have shown that entrainment 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 inlets, the engine inlet air temperature
will rise 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 reliable
predictions of suckdown and/or inlet temperature rise.
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14 R. F. SIEMERT

If a configuration can be developed with acceptable near field
characteristics, then the far field phenomenon must be considered.
As indicated in the Tower half of figure 9, when the hot exhaust
gases lose energy, they separate from the ground plane and rise,
mixing with the ambient air and eventually returning to the vicinity
of the aircraft. Normally by this point,mixing 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 flight to conventional flight is to ensure that
sufficient excess power is available and that this excess can be
directed to effect a smooth, trimmed conversion. Figure 10 displays
power required at forward speed, normalized to the hover power. It
can be seen that concepts such as the 1ift fan experience the more
“narrow" conversion corridor, while tilt wing and tilt rotor config-
urations exhibit "wide" conversion 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 transition maneuver becomes more dominant.

~~ HELICOPTER
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Figure 10. Power Required Vs. Speed
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Other aspects of transition, while not amenable to graphical
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 controls or manipulators
the pilot is expected to use, and the degree and severity of cross
coupling effects which may lead to abrupt upsets. These items are
fundamental to any V/STOL aircraft design and must be considered
from its inception.

Conventional Flight

Most of the discussion up to this point seems to auger well for
low disc loaded designs. However, when forward fiight performance
is considered, the choice becomes less clear cut. Figure 11 presents
typical forward flight speed--aititude envelopes for several of the
basic concepts. It can be seen that the low disc loading vehicles
have very limited altitude capability as weil as Tow 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 flight velocity can be seen
in Figure 12. In all cases the parasite drag of the configuration

®wr

ALTITUDE
11900 FT)

Figure 11. Speed - Altitude
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V/STOL AIRCRAFT DESIGN 17

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 configurations is due to
the impact of designing for V/STOL on cruise performance. In the
Breguet Equation for specific range the maximum 1ift to drag ratio
(L/D max) is identified as the primary aerodynamic factor in cruise
performance. (L/D) max is dependent on certain geometric and aero-
dynamic parameters as described in Figure 13. On the right hand side
is shown a state-of-the-art comparison of (L/D) max versus the prin-
cipal geometric parameter, span squared over wetted area (b¢/Swett).
It can be seen that V/STOL configurations tend toward lower values
of (bZ/Swett) and consequently experience lower values of L/D max
than conventional designs. This trend is due to the fact that V/STOL
aircraft will have greater wetted area because the total volume of
these aircraft will be greater,since they must include additional
components for propuision 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 inlet location place-
ment to avoid recirculation/reingestion problems. Because of the

i ,
Specific Range = (L/D),_, Cruéﬁgﬁl/TSF“)

WHERE :

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

v B2 . o : CONVENTIONA

(L/D) = € o i = ] ‘

T Swett  Cf 5 ”’,’I
2 = | i
b™ = Square of Wing Span 4 \\\
S it Total "lletted" Surface Area NAATGL
b of A/C
e = Efficiency Parameter for Wing
C¢ = Measurement of Aerodynamic "Cleanness” b2/S, et

Figure 13. Impact of V/STOL Design on Cruise
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propulsive 1ift available,V/STOL aircraft configurations do not
require large amounts of aerodynamic iift for slow speed flight; the
resultant designs tend toward lower wing spans in order to reduce
structural weight. However, the attendant penalty of reduced (L/D)max
must be accepted. Further, the mechanical complications involved in
providing subaerodynamic control and either additional propulsion
components or the capability to reorient the thrust axis will result
in V/STOL aircraft that are less clean, i.e., have a higher parasite
drag than conventional aircraft.

The design of supersonic V/STOL aircraft requires special
consideration. In order for any aircraft to fly even reasonably
efficiently at supersonic speeds, the transonic wave drag must be
within acceptable limits. As shown in Figure 14, the wave drag of
existing aircraft can be expressed as a first order function of the
equivalent body fineness ratio. However, the theory also states
that the cross sectional area distribution should be smooth, with no
discontinuous second derivatives. Figure 15, presents the normalized
cross-sectional area distribution of several contemporary aircraft,
as well as a proposed 1ift plus 1ift/cruise configuration (CV-200A).
As can be seen from the figure,configurations such as the AV-8A tend
to experience area distribution indicative of high wave drag. This
is bcrne out from inspection of Figure 14. At the present time, the
area distributions and fineness ratios achievable with the 1ift 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 technoiegy, such as Variable Cycle
Engines, may provide the capability for supersonic flight without
reliance on composite configurations.
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20 R. F. SIEWERT
Environmental Effects of V/STOL

The effects of V/STOL operations on surrounding personnel,
equipment and facilities are noise, high temperature, and high
velocity flow fields. In general the lower disc loading concepts
have a more benign effect on the environment, but within the con-
straints of the demonstrated technology, as discussed above, a
significant impact of V/STOL operations must be accepted if high
performance in conventional flight is required. Figure 16 illustrates
this relationship by comparing the maximum sea level speed achievable
for various concepts with theefflux velocities produced in a VTO
maneuver. Similar relationships could alsc be shown for noise or
exhaust gas temperature as a function of performance.

Conclusions

le return to the original question, "What is the best way to go
V?" In light of the above considerations, the answer 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 cruise speed.
fly supersonically, operate from confined areas? Each of these
aspects and more must be considered before that question can begin
to be answered.

= COMPOSITE
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DISCUSSION

.

HILL: (Grumman Aerospace Corporation)

I noticed that on a whole series of your curves that one con-
figuration in the middle was lef* out. \as that for a specific
reason or was it just that

SIEWERT:

No, I would not place any implications on the little figures that
were put in or not put in. Basically it is the trend with increasing
disc loading that is of significance and the 1ittle figures were only
for illustration, we could no* put them all in. You notice, augmentors
are left out on quite a few of the pictures too.

HILL:

Yes. We personally feel that the high bypass fan tends to pe_the
right kind of compromise, right in the middle of where many specific
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paths cross. It is right in the middle of rhat curve in between the
propeller and pure jet kind of thing. I was wondering if you had any
specific reasons for having that left out on the whole series of curves.

SIEWERT:

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




FROM THE AMST TO THE FUTURE

Samuel Kishline
Aeronautical Systems Division

Wright-Patterson Air Force Base, Ohioc 45433

ABSTRACT

The unique requirements of an Air Force STOL aircraft require
careful consideration of engine-airframe integration problems. Two
airframe manufacturers are under contract to design and build proto-
type aircraft aimed at meeting the goals set by the Air Force for
the modernization of tactical airiift. The paper will describe brief-
ly the requirements for such STOL transport and the integration
concepts related to performance, functional cperability, and engine
physical life. Thus, the principal features of YC-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 loss of engine. Similarly, various
features of the YC-15 will be discussed including the super critical
wing, externally blown flap, thrust-reverser operation, and exhaust
nozzle mixer, as well as digital thrust management system. Some
unexpected problems that arose during prototype testing will also be
described.

In developing such aircraft, there is obvious need for initiative

on the part of management to reduce cost in particular operations

and support costs for both airframe and engines. The management
approach to AMST is therefore of interest. A schedule of program
activities as well as potential technological spin-offs as a result
of developments in this program are presented to illustrate the
management approach. Finally, a brief description is given of mone-
tary constraints in undertaking future developments in this area.
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NUMBER OF AIRFRAMES

INTRODUCTION

The C-130 has been a workhorse for the USAF tactical airlift
inventory for over 20 years. The question may be asked, "Why replace
it?" As shown in Figure 1, the C-130 fleet is aging, and many of the
aircraft will be phased out of the inventory in the mid- to late-1480
time frame as a result of having used up the structural fatique life;
therefore, these aircraft will have to be replaced in this time frame.

Why not buy more C-130s? 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 artillery, such as
the 155mm self-propelled Howitzer and 8" self-propelled Howitzer, are
all too large for the C-130. This is also true of the M-60 main battle
tank and the XM-1 replacement for the M-60. Thus, the AMST will pro-
vide 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 allow delivery
of twice the payload in less than half the field length (see Figure 2).
As shown on Figure 3, there are significantly more air fields in West
Germany available with a length of 2,000 feet or longer, which is the
minimum design capability for AMST, than there are at 3,500 feet, the
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Figure 1. C-130 Airframe Fatigue Life Projection
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FROM AMST TO THE FUTURE 27

minimum design capability for the C-130. Thus, the AMST will provide
a replacement for the aging tactical airlift force capable of trans-
porting the key fire power elements of the ground forces with a
tactical flexibility far in excess of the current tactical airlift
inventory.

AMST Prototype Features

The YC-14 is a two-engine design powered by CF6-50D0 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-17 1is powered
by four Pratt & Whitney JTID-17 engines at a rated sea level thrust
of 16,000 pounds each. Dimensions of this aircraft are shown in
Figure 5. In conjunction with a CFM-56 engine, McDonnell Douglas also
incorporated a 2,100 square foot wing on one of the YC-15 prototypes.
The YC-15 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 with the CF6-50D engine
used on the YC-14.

Powered Lift Concepts

To achieve the STOL capability desired in the AMST without pro-
hibitive weight increases, powered 1ift was utilized. The Boeing
YC-14 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 miles 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 without 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 on the 400 mile radius mission was a California Bearing Ratio
(CBR) 6 surface, which 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 with idle reverse thrust (see Figure 9). The aircraft
must be able to take off at this 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 aircraft must also be able to land in 2,000 feet with an engine
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30 S. KISHLINE

J18D-17  JT8D-209  CFM56  CF6-50

By-Pass Ratio 1 1.68 6 4.4
Take-0ff Thrust, S.L.S.,

(1b) 16,000 18,000 22,000 51,000
Weight (1b) 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 (1b) 5,040 55350 5,810 13,375
Max Cruise S.F.C.

M 0.75, 30,000 Ft (1b/hr/1b) 0.82 0.74 0.64 .64
Engine Diameter (in.) 42.5 Y 72 86.4

Primary Jet Velocity
(ft/sec) 1,950 1,445 s 255 1,500

Figure 6. Prototype AMST Engine Characteristics

BOEING DOUGLAS

N

UPPER SURFACE BLOWING EXTERNALLY BLOWN FLAPS

Figure 7. Powered Lift
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113 x 11.7 x 47
80X TURBOJET/FAN SPEEDS

3

20000 - oL
400 N.M.
(2600 FERRY) 27,000#
STOL
Figure 8. Contract Goals 53,0004
cToL
@ LANDING
;;TI\\\\\\E>‘~5>
|-—ss0: { 1450° [
* ENGINES-IDLE REVERSE
® TAKEOFF
Vg 75 KEAS
! oo [V, 100 KEAS

Figure 9. AMST Landing/Takeoff Distances, 27,000 Lb. Payload,
400 Nautical Mile Radius, Sea Level/103°F Day

out. This provides the capability of landing on an unprepared field
with 27,000 pounds of payload under assault rules in less than 1.000
feet on a standard day.

ENGINE/AIRFRAME INTEGRATION ASPECTS

The integration of an engine into an aircraft system is very
complex and requires the consideration of many technical aspects to
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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 overall system.

Performance

Performance covers the thrust and fuel usage requirements to
meet the conditions of the aircraft mission. The engine thrust re-
quired for the AMST aircraft was dictated 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 payload require-
ments.

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 applicaticn are to be "off-
the-shelf" 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 aspects of the installation 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
Judicious use of engine thrust to the level required, can provide a
significant increase in engine life. With the high thrust to weight
ratios of the AMST, power management can play an important role in
life cycle costs. Initial studies have indicated that reduced power
takeoffs and other power management techniques, coupled with the high
thrust to weight capability, will provide engine usage less severe
than encountered on commercial engines today.
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C-14 ENGINE/AIRFRAME INTEGRATION ASPECTS

Supercritical Wing

The YC-14 wing incorporates an advanced technology airfoil de-
signed specifically for the AMST application. By taking advantage of
this advanced airfoil technology, the YC-14 is able to achieve cruise
Mach numbers of 0.70 and higher with a relatively thick, straight
wing. Because of the interaction of the jet exhaust and wing flow
fields, due to the unique engine installation, the wing design had
to be done parallel with the nczzle development.

Upper Surface Blowing (USB)

For an airplane using powered 1ift, the engine is an integral
part of the system required to generate high 1ift for STOL operation.
In the YC-14 USB system, the fiow from the nozzle has been tailored
in conjunction with the USB flap behind it so that the engine ex-
haust flow is turned efficiently and remains attached to the flap
contour by the Coanda effect to generate powered 1ift (see Figure 10).
The major task of the aerodynamicist has been to integrate the engine
installation to be able to utilize the exceptional powered 1ift
potential of the USB concept in the low speed regime while maintain-
ing high cruise efficiency in the high speed regime.

Confluent-Flow Exhaust

A confluent-flow exhaust nozzle is used--that is, the cocol fan
exhaust is ducted aft where it joins with the hot core engine exhaust.
then further aft to a final nozzle located on the upper surface of
the wing. No forced mixing occurs between the core nozzle plane and
the final nozzle exit (see Figure 11). Use of a high bypass turbotan
engine along with the core nozzle canted upwards tends to significantly
reduce the surface temperatures on the USB flap. This nozzle system
is, obviously, aerodynamically different from the separated flow sv:tem
and must be sized to achieve a proper rotational speed match between
the two engine rotors.

Thrust Reverser

The exhaust system incorporates a thrust reverser that discharges
both the primary and fan exhaust gas through a single openin¢
located at the top ot the nacelle. The engine exhaust gas is directed
upward and forward, putting a downward force on the landing gear.
The system can be used to back up the airplane with part power and




KISHLINE

S.

34

(@33ds mo)
dN SHOLVYINID

X3LHOA \/

(a3s012 HOOCQ)
033dS-HYOIH

(3SIn42) NMOa
SHOLVH3IN3D X31HOA

S403e4dU8Y XB3UOA pup I[ZZON BULBUT p[-IA

{N3dO HOOQ)
a33dS-MO1

40043 9sn

31ZZON MOT4 a3XIN

‘0L 94nbL4

o




r—

o

35

FROM AMST TO THE FUTURE

HOLVALOV dVv1d 8sSn

HOLVYINTS v
X3ILHOA

NOILVINSNI
ONIMHIAO

H/L - 4004 H01931430

ugLl9ag

10Nna 018
140ddnNs
3130WVN 7

< g

1) 8| 82PN pue auLbul -4 "Ll °4nf

»Ud )

S3IMOSS3TOY 7

d/1 - HOOQa din

3INIDN3 00S5-9-49 mo/V /

INIWLV3HL JI11SNODY




36 S. KISHLINE

to direct the exhaust gases of an 1dling engine away from the cdrgo
loading area during loading operation. The actuation is performed
by a dual concentric hydraulic actuator attached to the deflector
door.

Low Speed Nozzle Door and Vortex Generators

One of the keys to obtaining optimum performarce from the nozzie
in both the low speed powered 1ift and cruise regimes is the in-
clusion of a door on the outboard side of the nozzle. The door 1s
opened to provide maximum exit area for takeoff thrust and to spread
the exhaust jet over the USB flap, which results in more efficient
Coanda turning characteristics. In the cruise mode, the door 1is
closed to provide optimum exit area for minimum cruise specific fuel
consumption and to minimize exhaust flow scrubbing of the wing sur-
face. At very high turning angles, Coanda turning is enhanced by
the use of vortex generators in the engine exhaust stream which essen-
tially energize the boundary layer to delay jet flow separation on
the USB flap. These generators are also two-position actuated:
raised during Tow speed operation and lowered to be flat on the ex-
terior surface of the wing in the cruise configuration.

Leading Edge Boundary Layer Control (BLC) System

Wind tunnel tests and flight demonstrations have successfully
shown that very high 1ift coefficients can be achieved by boundary
layer control. The system utilized on the YC-14 takes high pressure
compressor bleed air from the engines and, via an ejector system.
“blows" air over the leading edge of the wing. This delays separation
of the airflow from the wing at low speeds during STOL operations.

The system provides automatic operation to keep crew workload to a
minimum during the critical takeoff and landing operations.

Flight Control System (fCS)

The YC-14 Flight Control 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/spoilers,
and rudders to provide longitudinal, lateral, and directional control
respectively. Command augmentation is provided in pitch and roll with
triple redundant digital computers. The triplex electrical flight
control system also provides engine out, yaw damping, and autopilot
functions. Fiber optic interchannel data Tinks are employed in the
triplex system to transmit synchronization and redundancy management
signals between the computers, thus assuring that electrical isolation

| n— .,,.“________.—--J. J— ' ‘
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is maintained between the redundant channels. The high 1ift system.
which is composed of both leading and trailing edge flaps. 1s conirclled
by a combination of mechanical and electrical means. The leading edge
Krueger flaps and the double slotted outer and middle trailing edye

flap control inputs are transmitted through cables and torque tubes

to hydraulic actuators. The trailing edge upper surface biown (USB)
flaps are commanded through the triplex electrical flight control

system only.

Propulsion/Flight Control Integration

Propulsion/FCS integration is used on the YC-14 to provide for
automatic speed hold control and automatic reconfiquration after ar
engine failure occurs during STOL operation. The electrical FCS pro-
vides speed hold control through coordinated adjustments of the USE
flaps and the autothrottle,which results in short term and long term
variations in flight path velocity. In order to control flight path
during STOL approach, the YC-14 pilot adjusts only the aircraft
attitude with control column inputs. The FCS automatically reposi-
tions control and high 1ift surfaces after an engine failure during
STOL operation to improve reaction time for landing or go-around.
After an engine failure, the FCS automatically positions the engine
out USB flap to match the outboard flaps (see Figure 12). The engins
out USB slots are opened to increase 1ift effectiveness of that flap.
Outboard flaps on the live engine side are partially retracted to
reduce adverse rolling moment. The FCS augmentation provides aileron/
spoiler and rudder inputs to stabilize the aircraft in roll and yaw.
The live engine USB and autothrottie continue to modulate for speed
hold control.

YC-15 ENGINE/AIRFRAME INTEGRATION ASPECTS

Supercritical Wing

The YC-15 has a supercritical wing design with the same advan-
tages as mentioned on the YC-14.

Externally Blown Flap (EBF)

The key to the short field performance of the YC-15 is the
externally blown flap system (see Figure 13). The pyvlon is arranged
to position the exhaust nozzle ahead of and close to the under surface
of the wing such that a large proportion of the jet reacts on each
of the two slotted flap segments and makes for maximized thrust
deflection and wing circulation The exhaust gases impinge on the
flaps and are deflected downward at approximately the same angie
as the flap deflection. The jet leaving the flap trailing edge acts
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Figure 12. YC-14 Engine Out Automatic Reconfiguration

PROPULSIVE LIFT EXTERNALLY BLQWN FLAP

Figure 13. YC-15 Propulsive Lift Externally Blown Flap

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

Thick Inlet Lower Lip

The increased wing circulation due to a blown flap results in
high angles of attack at the engine inlet. A thick inlet lower lip
is featured to prevent inlet flow separation at high inlet air
attack angles during high 1ift modes of flight (see Figure 14).
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40" S. KISHLINE
Daisy Exhaust Mixer

Numerous schemes for reducing peak temperatures imposed on the
EBF using low bypass turbofan engines with relatively hot exhaust
temperatures were evaluated. From this work it was recognized that
a mixer featuring daisy lobes arranged around a large center body
would tend to maximize the amount cf secondary ambient air between
Tobes available for mixing (see Figure 15). The daisy mixer also
significantly reduces jet velocity on the EBF, which minimizes noise
generated by flap scrubbing. Finaliy, with an aerodynamic con-
straint that the nozzle exit plane must be ahead of the wing leading
edge, use of a large center body would provide the shortest nozzle,
hence allowing for a shorter pylon with the engine positioned
closer to the wing.

Cascade Thrust Reverser

The YC-15 exhaust system incorporates a ground and inflight
reverser which directs the exhaust flow forward and upward and is
comprised of a fixed reverser structural assembly and a translating
cascade ring assembly. In the deployed position, the cascades are
moved aft with the daisy nozzle. The inner flowpath is effectively
blocked at the center body maximum diameter, and air exits through the
uncovered cascades. The reverser was designed to eliminate engine
damage due to ground debris ingestion, engine instability due to self-
ingestion, and instability due to cross-engine ingestion.

Flight Control System

The YC-15 Flight Control 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, lateral, and directional control
respectively. Command augmentation is provided in pitch and roll
with dual redundant digital computers. Yaw damping is provided with
a dualized analog computer. Electrically commanded spoiiers provide
additional lateral control augmentation and direct 1ift control.
The electrical FCS also provides digital thrust management and auto-
pilot modes. The high 1ift system, which is composed of leading edge
flaps and slats and trailing edge flaps, is controlled mechanically
through cable systems.

Propulsion/Flight Control Integration
YC-15 engine/FCS integration is composed of a combination of

manual and automatic systems. Throttle adjustments are made manually
by the pilot to control flight path during STOL operations. The




Alquassy 3sneyx3 AsLeq 48s4snay 3snays G| sanbi g

41

=
= G ot
ﬁ = 1 03A01<za

oy {

%‘7:

e
N y3ans

§
—————c e

ONIHOLO3A MO1Td H3ISH3AIN

a3xoo7l8

...NI/I:*.

NH3llvd - @3IMOLS

nﬂ”\.U 3avOosvo
a3amaxsdn

FROM AMST TO THE FUTURE



42 S. KISHLINE

electrical flight control system provides automatic thrust management
capabilities to trim or limit engine pressure ratio (EPR). In the
EPR trim mode, EPR from each engine is detected, the high and low
value discarded, and the two mid-values are averaged. The resultant
EPR signal is an autothrottle input command. In the EPR limit mode,
which is selectable for takeoff, go-around, or climb. the thrust
management system computes maximum EPR and prevents engine overboost
by Timiting the throttle setting to the computed maximum values. The
YC-15 thrust management system reduces pilot workload during STOL
operation.

PROTOTYPE EXPERIENCE

The prototyping concept was initiated by Assistant Secretary of
Defense David Packard in the early 1970s. The AMST followed the AX
3 and the Lightweight Fighter Programs in this concept. The primary
s purpose of the prototype program is to reduce the areas of high tech-
nical risk.

In the case of the AMST, this was to demonstrate the powered
1ift concept of upper surface blown flaps and externally blown flaps,
the flight control integration necessary to safely and routinely fly
on the back side of the power curve during STOL operations, and to
demonstrate the payoff of the supercritical wing.

One of the large payoffs of this program has been to demonstrate
a projected change in performance at a relatively small increase in
cost by demonstrating new technology, as shown in Figure 16. In past 3
programs, the forecast for new technology often was not verified by e
experience when that technology was transiated into hardware and de-
monstrated against fixed performance requirements. Thus, there was
a large increase in cost experience during development as a result
of fixed performance and the uncertainty of forecasting new technology.
In this 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 if this advance in technology is
less than the forecast.

There were some interesting results of the flight test program.
First, the initial wind tunnel studies for NASA predicted a negative
ground effect upon landing,in a STOL mode with powered 1ift. Flight
experience with both the YC-14 and YC-15 has shown a positive ground
effect upon landing resulting in a cushioned landing when the air-
craft is flown directly to touchdown without flare in the STOL mode.
The second area of interest was the skip or bounce experienced by
both the YC-14 and YC-15 in the STOL mode. By initiating spoiler
deployment of the upper surface of the wing after initial touchdown,
this problem was eliminated in both aircraft. EBoth the upper surface
blown flap on the YC-14 and the externally blown flap on the YC-15
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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 1ift
coefficients with powered 1ift. 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 routine operation during STOL
operations, along with the supercritical wing have proven that po-
tentionally high risk areas forecasted for the prototype program
have been demonstrated to be of low technical risk.

MANAGEMENT APPROACH

The recent history of spending by GNP sectors in constant year
dollars is shown in Figure 17. The reduction in defense spending
through FY76 is quite striking in comparison to the other GNP sectors.
This reduction,as well as defense requirements for other high priority
programs, has resulted in many of the innovative and austere approaches
taken in development of the AMST  Under these circumstances, the
development dollars required for a traditional type of development
program are not available  Therefore, an innovative program has to
be developed to reduce both the acquisition and support costs com-
prising the total 1ife cycle cost on the aircraft. To reduce
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development dollars, we have a geal of the use of 70% common (exist-
ing) equipments on the aircraft. These common equipments are proven
reliable Government furnished or commercially available 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 flight 1ine as well as to expedite fault isoletion. The state-
of-the-art improvements in corrosion prevention have been utilized,
capitalizing on the AF lessons learned on transport aircraft. The
AMST will be designed for an extended service life of at least 25,000
hours on this aircraft. Military specifications 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 allow feedback of this information
to the contractors for the follow-on design.

TECHNOLOGICAL SPINOFFS

Some of the technological spinoffs of this program are as follows:
the proven STOL concepts of the AMST will provide a significantly
greater capability as a replacement aircraft for many hundreds of
C-130s sold to foreign governments. The engine/airframe integrated
powered 1ift 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 well as the power
management techniques developed in this program, may well have direct
applicaticn to future commercial aircraft design.

SUMMARY

There is a well-reasoned requirement for the tactical airlift
improvements offered by the AMST. The engine/airframe integration
during STOL operations has proven to be very successful in this
program. Dollar constraints in this program have resulted in a
unique management approach for engineering development. There has
been significant technology developed in this program that will have
applications in other programs in the future.

DISCUSSION
WEINRAUB: (Naval Air Stystems Command)

It interested me, the fact that you put the propulsion airframe
integration off on the contractor. By doing this,did you lose some

communication and some control over this, and how do you feel about
this area 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 any-
body in the Air force smart enough to stand between them and do the
technical integration arbitration, to be quite honest. 'le are trying
to ensure that we keep a commercial configuration on the engine rather
than deviating off to a military configuration so that we can take
advantage of the rate at which a commercial engine matures, and we can
take advantage of the lessons learned on a commercial engine. Our
usage rate is not near what it is on the commercial inventory, so we
are trying hard to keep the commercial configuration and not allow
the prime manufacturer to drive the engine to solve his problems. ilow
that is a concern. One of the ideas I am toying with is to freeze
the configuration. In other words, the engine has to come off the com-
mercial line and, maybe, give configuration control of the engine to
the engine manufacturer.

EMERSON: (Pratt and Whitney Aircraft)

Remembering that the automatic configuration control is part of
the aircraft system and that these are commercial engines with rela-
tively simple hydromechanical controls, how does the flight control
detect a failed or failing engine? Does that also have automatic
modulation of the flight control surfaces to compensate for a failed
engine?

KISHLINE:

There is a logic network in the computer. 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 reconfigure the aircraft. I do not recall
exactly what the various conditions are, but thrust is one of them.

CRAGIN: (General Dynamics)

On the over-the-wing blowing system where you deployed those
spoilers for, I guess, helping the flow stay attached to the flap,
what sort of increase in efficiency do those spoilers really have as
far as increasing the time the flow can stay on the flap and the actual
flap deflection angle? In other words, what would be the limit of the
flap deflection with and without the spoilers?

KISHLINE:

I do not believe I can answer that question. I have flown the
F-15 and you can use the spoilers in any flap setting and in the STOL
mode. When you deploy the spoilers, it is just like going down in an
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elevator. It really increases your rate of descent.
CRAGIN:

[ am talking about the little vortex generators on the flap. How
much do they help the flow to stay on the flap? In other words, what
sort of flap deflection could you get with or without the vortex
generators?

KISHLINE:

Essentially it increases the energy in the boundary layer which
allows it to remain attached, increasing the turning angle 10° - 15°.
They are rotating the air over 75° rotation, and it is still remaining 3
attached.

CRAGIN:

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

KISHLINE:

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

BERNSTEIN: (Canadair Limited)
Are you aware of any consideration to the application of the AMST

technology to commercial short-haul operation? Would it make a
sensible proposition?

KISHLINE:

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 going to have a higher thrust to
weight in the AMST than is really necessary for these runway lengths.
The major air terminals will have to become saturated, probably out
in the 1990 time frame, before you will see a commercial application
in this country. However, looking at commercial application in foreign
military sales does look quite attractive. 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-
tation network, it may be more expensive to have to put in a rail or
road network,particularly in jungle or mountain terrain, than it would
be to put in a 2000 ft unprepared strip and operate out of those on
strategic locations. The interest is further heightened by the fact
that once you have that capability,you can now deploy your security

bl it s e i
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forces in times of national unrest at the same key locations,and it
is easier to secure short field boundaries and strategic locations
with fewer ground forces than it would be to secure an entire road or
rail network. So there is a great deal of interest by developing
nations in using a dual purpose aircraft, hauling large equipment,
passengers, 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 make 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 0il wells they are going to be drilling
between 1977 and 1980, allowing them to bring in a much larger 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 Air Systems Command)

Could you comment on the need for direct 1ift control spoilers in
landing?

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 capability to get back down a glide slope if you
come out high. If you did not have those, you would end up coming down
a glide slope of say 9° trying to get back on 6° at a very reduced
power setting. This way, you can keep your power up and spill your
1ift and come down rather quickly if you are high on the glide slope.
Does that answer your question?

KOVEN:

Well, I was wondering if you actually needed them or just added
them to further improve glide slope control.

KISHLINE:

I think you need them for that situation. You do not always come
out right where you want to be, especially when you are flying in low
weather conditions and come out right where you want to be on a glide
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 glide path.

GOETHERT: (The University of Tennessee Space Institute)

I understand that one of the prime requirements for this 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 safely on any
reasonably smooth surface?

KISHLINE:

No, we did not. The only thing they looked at in the design of
the rear on this aircraft was a truck type gear where the rear wheels
touch down first and cushion the landing, but that is the extent to
which they went, with no advanced technigues on cushion landing.

GOETHERT:

I think it would be a great advancement if this type of aircraft
could be equipped with an air cushion gear, since then you open up a
large number of additional strips on which you could land without
any extensive preparation.

KISHLINE:

Clearly if you could develop that capability,it would significantly
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 University of Tennessee Space Institute)

YC-14 versus YC-15, as you explained, are quite different in
generating high 1ift. 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: (General Dynamics) ]

I would 1ike to ask a question on your approach speed. I believe 4
you quoted an approach speed of about 86 knots on the landing you ‘
showed. What do you consider to be the minimum controllable approach
speed without any kind of reaction control for these transports?
KISHLINE:

We have gone down to 70 knots and in one case, I think, [ saw :
68 knots on file. g
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BRADLEY:

With no control problems?
KISHLINE:

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

KEMPER: (Vought Corporation)

I have two widely different questions. One, what is the sink
rate when you are landing? There does not seem to be any flare or
anything. You just fly right into the ground? And second, what is the
flyaway cost of one of these airplanes going to be compared to, Say,
a C130?

KISHLINE:

The first question, the gear is designed for 15 or 16 ft,/second.
The normal STOL operation is a result of the cushioning affect you get,
rate of descent at touchdown between 7 and 10 ft/second. The C130 has
about a 56,000 1b. dcpr weight; this aircraft will be in the neighborhood
of 100 to 110 thousand 1b. dcpr weight upon the configuration. We are
going through a configuration review at the present time to determine
exactly what the Air Force wants in its aircraft. Asyouare well aware,
flyaway costs are pretty well dependent upon the dcpr weight, about
twice. But it provides us with significantly greater capability than
we have with the C130. That is a very good airplane. It has been a
very successful airplane in the Air Force inventory. The problem is
quite straightforward, you know. W2 are Tike the guy what had three
little boys and his wife,and they had & Volkswagon sedan: now they
are 200 1b. kids and they need a station wagon. VYou only need a tape
measure to see what your problem is when you look at the Army equipment.

KOVEN:

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

KISHLINE:

We had the Air Force flight control spec that did not even
address STOL operations. W2 threw that one out and wrote a new one.
It was a mil spec on flying quality. It took a year,but we wrote a new
specification specifically tailored for STOL operations, a good example
for this one. I threw out mil specs that said I had to put all my
data in military format. We have commercial engines. We took the
commercial engine maintenance manual and commercial tech orders and
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sent them down to San Antonio Air Logistic Center and said. "Why can't
you use those?" You know, airlines are using them. They came back

and said they could, so I decided not to follow that mil spec. I
would have had to pay a lot of money to take those commercial manuals
and put them back into military format. Those are two that come to

my mind right 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 still working with. [ am inclined not to,
but I am talking out of school here. The reason is because I do not
think our usage is going to be the same as commercial usage. The
problem 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 war-
ranty invalid, and that is throwing money away. We have another
unique approach. We are requiring the prime contractor to have system
level reliability, maintainability, and availability goals on the
aircraft. 1 want so many maintenance man hours per flying hours as a
requirement and as a goal, the engine being part of this. We are
going to perform an operational test with six airplanes and fly them
for thirty days very intensively,and everything that fails counts
against him, And if he does not meet his system level goal, then he
is going to have to select some system on that airplane. 1 am not
going to tell him which one, but he is going tc have to select some
system on that airplane and bring the total system to reliability goals
he has guaranteed. Now because I am constructing a contract like that
with the prime contractor, I think n1e is possibly coing to lean on his
engine subcontractor to give him some reliability guarantees on equip-
ment, subequipment. He is going to have to sign up for a total system
level reliability, a total system level maintainability. We are going
to fly the airplane exactly a< we told him we were going to do during
this test. We have thirty days of missions and several missions for
each day and will tell him every system that I am turning on and turning
off, when I am turning it on, when I am turning it off, so he can
calculate and sign up to both a system level reliabiiity and maintain-
ability goals on the aircraft. Then we will provide (that was the
stick, now the carrot) a performance incentive that if he exceeds the
requirements and goes towards a goal, then we have structured about
eight million dollars of performance incentives as an award if he does
better than he said he was going to do. If he does not do as well, he
is going to have to fix it at no change in contract price. And the
best reliability and maintainability for the total system will be part
of the basis of award during source selection.
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ABSTRACT

Achievement of efficient flight for high-density short-haul air
travel and military logistics, sensor, or attack missions is impor-
tant for sustained U.S. aviation 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 VTOL compared with STOL or CTQL aircreft hecause of the
higher propulsion system weight fraction required for vertical 1ift-
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 CTOL, STOL, or
VSTOL propulsion systems. Several programs are reviewed, such as
the SCAR Variable Cycle Engine program, fuel conservative engines,
and the Quiet, Clean, Short-haul Experimental Engine program (QCSEE).

Some propulsion related studies are discussed using results for
a Navy Anti-Submarine Warfare multi-purpose VSTOL aircraft, such as
operation at low throttle setting, the use of water injection to
increase thrust at engine-out-conditions or maximizing vertical 1ift-
off weight. In addition, the application of turboprop engines for
fuel conservation on this long loiter time mission will be shown




J. L. ALLEN
INTRODUCTION

In 1975 a study group composed of NASA, DOD, and FAA repre-
sentatives surveyed government agencies, industry and the universi-
ties as an aid in planning NASA's future program in aeronautics
(Ref. 1). Some of the survey findings applicable to this workshop
are shown in Figure 1. Quiet vertical takeoff and landing aircraft
were identified as one of two critically important developments for
U.S. leadership in aviation. (The seconc item pertaining to effi-
cient supersonic flight will not be addressed herein.) Potential
applications include VSTOL aircraft as transports on short-haul
high density routes and for military logistics, sensor platforms,
and attack missions.

The history of VSTOL aircraft activities spans at least 25 years
and considerable research, study,and testing of experimental air-
craft has been accomplished (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 contribution of propulsion advances
toward a useful aircraft, (2) to show how propulsion research and
development directed at other types of aircraft can impact VSTOL
systems. The VSTOL propulsion system has the more difficult task,
since it has several unique functional requirements. These are:

(1) to provide thrust greater than the 1ift-off weight, (2) to con-
vert to an efficient cruise power mode, (3) be able to contribute
attitude control during takeoff, transition, and landing, and,

(4) to endure a loss of power from an engine core. For commercial
use,quiet operation is also necessary. Thus, these requirements
cause the ratio of propulsion system to gross weight to be many

°IDENTIFIED AS CRITICALLY IMPORTANT TO U.S. AVIATION LEADERSHIP:
QUIET VTOL
EFFICIENT SUPERSONIC FLIGHT

°SHORT-HAUL AIRTRAVEL

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

°PROPULSION
CYCLES FOR EFFICIENT OPERATIONS OVER A WIDER RANGE OF FLIGHT
SPEEDS AND ALTITUDES

Figure 1. NASA outlook for aeronautics - 1980-2000

— - e ,,,_,,_,,,.,___J.



PROPULSION TECHNOLOGY NEEDS 55

times greater than for CTOL or STOL aircraft,and the reward for
technology advancements is also much richer. The general require-
ment of different modes of efficient operation over a range of
flight speeds and altitudes suggests that perhaps the concept of
Variable 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 PRCPULSION SYSTEMS IMPROVEMENTS

The impact of propulsion technology on future VSTOL aircraft
can be illustrated first by observing the historical improvement in
turbine engines and second by parametrically 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 with
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, consider the F 106 inturceptor airplane.
In 1959 it used the J 75 engine, but today could use an engine with
a thrust to weight factor twice that of the original engine, as well
as significant reductions in specific fuel consumption and frontal
area. These advances are the result of imnrovement of many factors,

TURBOJET TURBOFAN
o] SUBSONIC MILITARY °
@] SUBSONIC COMMERCIAL o
o SUPERSONIC MILITARY °
Py SUPEK5GNIC COMMERCIAL VTOL
TAIL-UP = AB OR AUG ENGINES
4
S FUTURE
= MILITARY
oY -
o CAR STUDY
§ @ ENGINES
w
e QCSEE
= t; ENGINES
2= -
o>
]
2 S 1R N
1950 1960 1970 1980 \%im‘

YEAR OF INTRODUCTION

Figure 2. Engine thrust/weight trends
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such as material and fabrication, mechanical, aerodynamic, and
matching design procedures, turbine cooling, and related thermo-
dynamic cycle changes. Other indexes of propulsion systems include
thrust per unit of frontal area procedures, turbine cooling, etc.
Other indexes of propulsion systems include thrust per unit of
frontal area and specific fuel consumption, but these indexes are
difficult 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. lihat can be anticipated in the future? Cycle and material
improvements should continue,and contributing NASA programs will be
discussed subsequently. Perhaps one thought for future engines is
to observe that current short-life, restricted-cycle lift-engines
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 drastically improve thrust/weight ratic, a compromise on engine
1ift might well be acceptable.

For CTOL aircraft the ratio of installed thrust to airplane
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 total gross weight in propulsion system items. A
VTOL aircraft has the added requirement of a power transfer system
for driving all fans in the event of a core failure during vertical
operations, since the plane otherwise would probabiy be uncontrol-
lable. Thus, the weight of the power transfer system is an impor-
tant item for the VTOL concept. Consequently, propulsion technology
advancements should be more beneficial for VTOL aircraft.

As an example of this premise a first-order analysis was made for
short-haul, 80 passenger STOL and VTOL aircraft as shown in Figure 3.
The STOL aircraft was selected because it is probably a more direct
competitor for short-haul applications than CTOL planes. Range was
500 miles, cruising Mach no. = .7, at 25000 feet altitude. 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 4 engines with thrust vectoring (or rota-
tion) capability, a low speed control system, and one-engine-out
power transfer to the fan of the dead core. Engine technology changes
were programmed simply as combined step changes in fuel consumption
and an index of engine weight. The calculation involves finding the
fuel-balanced aircraft and engine sizes that will fly the mission
with the specified payload. Consequently, the necessary engine size
reflects these combined effects and the resulting uninstailed thrust/
weight ratio is shown (including the non-linear variation of engine
weight with size). The results are indicated in terms of gross
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Figure 3. Effect of engine weight and fuel consumption on takeoff
gross weight for STOL and VTOL short-haul aircraft (80

pass., 500 n.mi. range, Mcruise = 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 relatively small for
the STOL aircraft with gross weight ratio (GWR) varying from 1.07
to .94, whereas the VTOL 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, in the distant future the
penalty for VTOL operational capability could become even smaller
with further increases in engine thrust/weight ratio. But, because
of the complex requirements of VSTOL operations the weight and fuel
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used will probably always exceed those of STOL or CTOL planes. There-
fore, in terms of direct operating costs (DOC), the VTOL aircraft
would be more expensive to operate. The classic criterion of minimum
DOC is inadequate for evaluating the overall benefits of the VTOL
concept. From the point of view of society the more encompassing
answer would be to compare the overall total transportation system
costs,i.e.,smaller, less congested satellite airports, lower community
noise, lower surface transportation time and cost to the airport,

etc. (Refs. 5 to 7).

Another way of viewing the relative sensitivity is shown in
Figure 4 where the perturbation factors have been applied only one
at a time. In the top of the figure the greater sensitivity of
VTOL compared with STOL aircraft is evident. Here the abscissia is
uninstalled thrust/weight ratio. It should be noted that the QCSEE
engine to be discussed later has a projected uninstalled thrust/
weight ratio between 6.2 and 7.4. The sensitivity to fuel consump-
tion shown in the middle of the figure also is higher for VTOL 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 well exceed the SFC
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Figure 4. Sensitivities
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reductions shown and in,addition, offer secondary benefits, such as
reduced frontal area and lower drag. In the bottom of Figure 4 the
sensitivity to changing the power transfer system weight for the

VTOL aircraft is shown. Here, 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 shafts, gears, bearings, or gas
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, failure to meet design goals would 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, variable cycle engines, and the quiet,
clean short-haul experimental engine. Many other such activities,
such as low speed inlet and nozzle performance, gears, shafts, bear-
ings, and lubrication have been omitted for brevity.

Aircraft Fuel Conservation
The fuel conservative engine program is directed at a new
generation of engines which would have fuel conservation as a primary
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 direct operating costs (DOC), noise not to
exceed FAR 36 minus 10 EPNdB, with 1980 emission levels. The program

°FUEL CONSERVATIVE ENGINES
°THERMAL -BARRIER COATINGS
°SCAR VARIABLE CYCLE ENGINES

°QCSEE - QUIET, CLEAN SHORT-HAUL
EXPERIMENTAL ENGINE

Figure 5. NASA propulsion technology programs
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GOAL: IMPROVE SFC 12%, DOC 5% !
NOISE FAR 36-10 _!
1980 EPA EMISSIONS !
FY'75-83, $175x10° ‘=

°ADVANCED TURBOFANS, TURBOPROPS, GEARED FANS
FAN AND COMPRESSOR PRESSURE RATIOS
TURBINE TEMP. - COOLING TECH.
SEALS, BEARINGS, LUBRICATION

°ADVANCED CYCLES-REGEN., REHEAT, INTERCOOLING
°AMSAC-ADV. MULTI-STAGE AXIAL FLOW COMP.
°MATE-MATERIALS FOR ADV. TURB. ENGINES

Figure 6. Fuel Conservative engine - new designs

proceeds from feasibility, to component rig/model tests, to full
scale engine tests. Study areas include the components of advanced
turbofans, such as fans compressors, turbines and cooling techniques,
plus mechanical 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 benefit/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 technologies for engines for the 1980-1985 timeframe.

Thermal-Barrier Coatings

If specific thrust can be increased by raising turbine tempera-
ture without offsetting penalties in weight, cooling airflow, or
expensive blading, a better engine thrust/weight ratio can be used
to increase payload or decrease size or cost. Alternately, if cool-
ing air bleed flow requirements can be -educed, specific fuel
consumption can be improved.
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An area of research related to such engine performance improve-
ment is that of thermal-barrier coatings applied to hot parts, such
as turbine blades and vanes or combustor liners. Promising results
have been obtained in a variety of zupiicaticns. A two-layer,
thermal-barrier coating consisting of a stabilized zirconia coating
over a metal bond coating was plasma sprayed over super alloy sub-
strate material. Figure 7 shows turbine vane test results obtained
in a research engine. Vane temperature reductions of about 120 deg K
(342 deg R) were obtained. Several different coatings and bond
coatings in a range of thicknesses were evaluated in a series of
aerodynamic, hot fatigue cycle, and full scale engine cycle durability
tests. In a particular engine cycle durability test,500 two-minute
cycles from full power to flamecut were accomplished. The best
combination, to date, based on durability and costs was Yttria
stabilized zircronia ceramic (.028 to .064 cm, .071 to .025 in) over
a NiCrAlY bond coating {about .C' cm, .004 in). There is a limiting
ceramic-bond interface temperature of 1357 deg K (2416 deg R). The
temperature 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 convecticn, cenvection plus thermal-barrier
coating, and full-coverage film cocling. At the present level of
turbine gas properties the cooling requirement can be decreased by a
factor of three. The calculations indicate that convective cocled
blades with the thermal-barrier coating couid be as effective as
full-coverage film cooling without the costly blade surface cooling
passages. At the turbine gas properties anticipated for future
advanced engines the indicated coolant flow rates would be less than
today's uncoated blades. This would result in better cycle perform-
ance. For example, at subsonic cruise, changing coolant bleed flow
from 7 to 2 percent would reduce fuel consumption about 5 percent.
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Figure 7. Turbine vane test results
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Figure 8. Cooling requirements for several cooling 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 Variable Cycle Engine Program

The Variable Cycle Engine (VCE) program is a part of the Super-
sonic Cruise Aircraft Research (SCAR) program directed at both civil
and military applications. A recent review of the civil VCE program
can be found in Ref. 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 VTOL applications. This review of the VCE
program is given in order to show some of the component features that
might be applicable to a subsonic VSTOL engine.

First, a variable cycle engine 1s functionally defined as an
engine which has at least two distinct modes of operation: (1) a
high airflow, low jet velocity mode for low takeoff noise and/or

abalinibc e . i
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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

°OBJECTIVES
DEMONSTRATE COANNULAR NOISE REDUCTION IN LARGE SCALE
EVALUATE PERFORMANCE OF UNIQUE VCE CONCEPTS
PROVIDE BASIS FOR FUTURE EXPERIMENTAL ENGINE

°TESTBED PROGRAM BASED ON EXISTING CCRES
P&W - F100, DUCT BURNER, COANNULAR EJECTOR NOZZLE
GE - YU101, VARIABLE FLOW FAN, COANNULAR PLUG NOZZLE

Figure 9. SCAR variable cycle program

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

An overview of the VCE program is given in figure 9,which shows
that the series of engine study contracts {(cross-fertilized with
airframe studies) has progressed to a test of engine components.
Objectives are to: (1) demonstrate the coannular noise reduction
in large scale (discussed later), (2) evaluate performance of unique
VCE components (discussed later), and (3) provide a basis for a
future experimental engine. The test bed program is based on ex-
isting cores with hardware added in order to statically test the
previously identified objectives.

The concept of coannular noise benefit as shown in Figure 10
(see insert) requires that the outer stream velocity be significantly
higher than the inner stream ancd that the radius ratio be high.
Small scale test data has been used to calculate sideline noise
relative to FAR 36 in EPNdB versus jet velocity (of outer stream)
for a full scale multi-engine airplane. For single stream conven-
tional nozzles the sideline noise exceeds the FAR 36 level for jet
velocities greater than about 1700 feet/sec; however, the coannular
nozzle does not exceed FAR 36 until about 2200 feet/sec. Thus, the
noise signature with coannular nozzles promises to be 8 to 10 dB
lower, and the VCE concept may be able to operate below FAR 36 since
it can take off at lower jet velocities.

The first VCE engine to bhe discussed is shown in Figure 11 and
is referrcdto as a Variable 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 benefit

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 1it, and the bypass ratio is about 1.5. During
takeoff the duct burner is 1it for added thrust and for higher outer
stream jet velocity to give the coannular effect. At supersonic
cruise the core is speeded up by increasing main combustor tempera-
ture and by manipulating 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 with an
auxiliary duct from the interface; flow control valves (not shown)
regulate the path of interfan air and rear fan air through different
flow paths in the engine for different operating modes. Some of the 4
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 tailpipe heater is 1it as needed. In this mode the cycle is
essentially that of a low bypass engine.
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The combined cycle and 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 mission performance with large subsonic segments also benefits.

It must be admitted that this discussion of VCE concepts is in
terms of a different application than the subject of this paper.
However, a typical VTOL mission is similar in many respects: the
need for two different operating modes (high-thrust takeoff and low-
thrust cruise) aggravated by the engine-out concern; low takeoff
noise; the need to accommodate highly throttled operation with good
efficiency, etc. It seems quite plausible that future studies may
help identify a potential for some form of a VCE to solve these
problems for subsonic VTOL applications.
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Because of the high installed thrust to lift-off weight of VSTOL
aircraft, operation at cruise or loiter conditions requires generally
low throttle settings with concomitant penalties in thrust specific
fuel consumption as shown in Figure 14. A typical loiter throttie
setting is about 30 percent and about 50-80 percent for cruise. The
difference in installation effects indicated is related 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 might be adapted to this mode
of operation and thereby allow full airflow at reduced power by
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making use of variable geometry components, flow paths, and/or power
schedules.

Quiet Clean Short-haul Experimental Engine (QCSEE) Program

The goal of this program is to provide a technology base for
powered 1ift aircraft propulsion by demonstrator engines and, thus,
is of direct interest to this short-haul aircraft workshop. One
configuration is intended for under-the-wing (UTW) application and
another for over-the-wing (0TW). Figure 15 details some of the noise,
pollution,and thrust requirements. The noise footprint is about 10
times lower than that of the DC-10, and the installed thrust/weight
ratios are to be compared with a value of about 3.5 for the CF6
engine in the DC-10. The dynamic response must be fast because of
operating from short runways and using propulsive 1ift. Figure 16
lists some of the advanced technology incorporated in the designs.
The variable pitch fan is lighter 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 Tow 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 .

7400

FORWARD g;ﬁ: i 20300

REVERSE 35% OF FORWARD THRUST
INSTALLED THRUST/WEIGHT

UTH 4.3

OTH 4.7

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

Figure 15. QCSEE technical requirements
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Figure 16. Advanced QCSEE technology

1.27 for UTW to reduce jet/fiap interaction noise and 10.8 and 1.34
for OTW, respectively. Both engines use the F 101 core,which gives
a compressor pressure ratio of about 14. The specific fuel con-
sumption is 0.71. The indicated composite material components, in
particular, are considered advanced technology. The fan frame
material 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-pitch composite blade (18) fan and the variable flare fan nozzle
and core plug nozzle. This engine has an uninstalled thrust/weight
ratio of 6.2. During recent reverse thrust tests, this engine
suffered significant fan damage when one of four exhaust nozzle
flaps failed. These flaps are in the outermos: position for re-
verse thrust and have been given the coined word "exlet." NASA Lewis
tests are scheduled for February 1978.

The OTW engine, shown in Figure 18, has many common features,
but has a fixed-pitch, titanium fan to lower costs, a target type
thrust reverser for over-the-wing discharge, and a variable area
mixed flow "D" 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 combustor 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 Figure 19. Regions of acoustic
treatment are indicated,as well as blade spacing ratios. The rotor/
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Figure 19.
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QCSEE UTW engine

guide vane spacing ratio was selected to reduce blade interaction
noise and the vane/blade ratio for reduced blade passing frequency

noise.

The technology, concepts, and nerformance being developed in
the UTW QCSEE engine make it a good candidate for use in a VIOL air-
The engine thrust/weight ratio is high (6.2), noise foot-
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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 solution
to these problems is the use of water injection. The two different
lift fan power systems considered are shown in Figure 20. For the

GAS system, the two cruise turbotip fan nacelles and one front turbo-
tip fan are powered by two body mounted gas generators with appro-
priate gas ducting, valves, and controls to transfer power between
nacelles (for engine-out) and to the front fan during vertical oper-
ation. Vertical thrust for the cruise nacelies 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
engines,which offers the advantage of supercharging the nacelle cores.
Power is transferred between nacelles (for engine-out) and to the
front 1ift 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 only 150 miles with
maximum loiter time on station at best loiter speed at an altitude
of 10,000 feet. The proposed powerplants had fans of approximately
the same diameter (150 cm, 59 in GAS and 158 cm, 62 in SHAFT). The
GAS system turbotip fan was powered by a J 97 gas generator giving
a bypass ratio of 8.02. For the SHAFT system the DDA T701 (advanced)
turboshaft core was used giving a bypass ratio of 12.2. No attempt
was made in this phase of the study to optimize bypass ratio. Thus,
with the respective engine sizes and thrust ratings fixed and with
somewhat different airplane geometric parameters, the empty weights
and aerodynamics were caiculated. Fuel was added until the ratio of
takeoff thrust to gross weight was 1.08 for VI0 and >.8 for STO.

The mission flight profile was fiown and the resulting loiter time

on station determined. Figure 21 shows the WET/DRY thrust ratios

for various operating modes, the ratio of emergency thrust to landing
weight, and a comparison of loiter time on station for the two sys-

tems. Two cases are compared for each system and in both cases the
water injected emergency thrust rating was used. However, in the
first case, labeled DRY, the water system wes installed for emergency
is5e only In the second case. sbe led Wi1, water niection was

sed for routine normal take ' perat ' ' roviding greater
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Figure 21. Effect of water injection on ASW VSTOL aircraft

emergency landing weight for the two systems for both the dry and
wet modes. Based on the system modeling used herein the GAS unit
in the dry mode did not satisfy the emergency requirement and, in
the wet mode, gave a ratio of 1.027 (1.03 desired). The SHAFT system
easily met the requirement in either mode Water injection (of the
respective type) increased emergency thrust by about ) percent for

SHAFT and 13 percent for GAS. however. the GAS systerm required about
1.7 times as much water The higher rati f emergency thrust o
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: Fuel Conservation by Using Turboprops

; Large fleets of ASW airplanes accumulating many thousands of

’ hours of patrol mission time suggest that the use of turboprop
engines should be studied in the national! 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 configuration assumed tilting turboprop nacelles and a small
horizontal tail propeller for thrust balance. Results 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, conventional turboprop, and turboprop with advanced high-speed
propeller engines. The conventional turboprop offers 28 percent fuel
saving compared with the turbofan at Mach number 0.65. Although some
ASW multi-purpose mission profiles call for M=0.8, the percent of
mission time at that condition is small. If some compromise in the
mission flight profile is acceptable, turboprops were considered a
viable candidate; therefore, the study was concentrated on the

4 hour 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 between 37 and 45
percent, depending on disk loading and core, are attractive. Since

ADVANCED TURBOFAN
~ @ Rer SIZE-1.0)
ADVANCTD HIGH SPEED
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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 17 to 25
percent compared with turbofan propulsion. This saving could be in-
vested in a smaller airframe to do rhe mission. The propeller dia-
meters varied from 18 to 12.8 feet with disk loading. The smaller
diameters are more attractive from a configuration point of view, 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 relative high speed performance; however, the high-speed pro-
peller technology is not applicable to the application previously
given where a high value of static thrust to horsepower is needed in
the vertical mode. This is the result of designing to minimize
high-speed losses and gives very thin, low cambered blades,which is
the reverse of what is required for high static performance. If,
however, the airplane has no vertical 1lift-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 VTOL aircraft as opposed to STOL
or CTOL aircraft. For military multi-purpose VTOL aircraft the po-
tential benefit of using water injection for emergency power was
shown, as well as the fuel conservation that could be realized by using
turboprop engines.

QCSEE could serve as an interim VSTOL engine and will aid devel-
opment of future VSTOL engines
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DISCUSSION
REESE: (Purdue University)

You talked mostly about the propulsion problems. NASA is doing
work on the engine-airframe integration to reluce aft end drag and
to understand those flows. Is a report on tha rk scheduled?
Would you care to comment on the front end and Da and enqine-aiy
frame integration questions?

ALLEN
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has work to be done in the noise area, and they are also looking in
that program at what you have to do to the fuselage to dampen out
propeller noise and things of that sort.

I think your question refers to Figure 22, which indicates Tower
fuel consumption at large propeller diameters compared with turbofans.
A noise comparison was not calculated in that study.

GOETHERT:

Could you at least give us some indication on the noise? Is
it not so that for some of your test points, with high or Tow fuel
consumption, you may have high speeds? I do not know whether you go
into supersonic RPM-range, and then the noise should be very bad.

ALLEN:

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

GOETHERT :

Could T have another question? [ noticed that most of your
curves were shown for thrust-to-weight ratios (of the engine) up to
7 or 8. This ratio would go up considerably for 1ift engines which
are designed for short operation time. Can't we expect. then, a gain
in thrust-to-weight ratio, say, up to 10 or 15?

ALLEN:

That is where we would Tike to be. and if vou use some of the
Y

design procedures used in the it et engines, you may be able to

get there if you compromise perh n enaine 1if

'
M1l




PROPULSION TECHNOLOGY NEEDS 79

turbofan and a turboprop in terms of installed specific fuel con-
sumption and weight.

HILL:

That is essentially the same kind of problems that you have with
a high bypass turbofan alsc, though. I was wondering if there was
not the possibility of essentia’ly compromising between the two.

ALLEN:

I think there could be, and Reference 8 does point to a contractor
study that covered ducted shrouded propellers in comparison with
turbofans in terms of weight and performance. Rasically, adding
the shroud introduces parasitic losses, such as shroud drag, internal
ducting, and nozzle pressure losses, which can become very dominant
at the low pressure ratios associated with propollers.

DENNING: (Rolls-Royce (1971) Limited)

! You have put a lot of emphasis in your talk on high thrust-to-

: weight ratios and coating for two inch blades - to get the leading

edge temperatures down - and water injection and composite materials;
t as I have understood, the Navy is very interested in reliability. And,

I am wondering whether you think the two can go together?

ALLEN:

You are thinking about the coating surviving water injection?

DENNING:
That sort of thing, yes. But generally the philosophy of design
of the jet engine: whether it compatible to use all these ad

$ ngine design and a retats ‘he

vanced technology aspects
"r;"“‘ .' '." “. ¥ 15 s
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PINSON: (University of Dayton)

I want to ask a question in regard to performance of the advanced
turboprop propeller. For years, we have been seeing curves showing
propellers cruising at Mach 0.85. Is there sufficient research in
! being (not the propfan, but related to the turbo-prop) to indicate
i that this is feasible?

ALLEN:

Well, I did not indicate any conventional turbo-prop cruising at
0.85. The performance used in those calculations was from the Hamil-
ton Standard Propeller Performance Estimation Manuals. Reference 8
presents an overview of 1950 research propeilers 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.




ENGINE-AIRFRAME INTEGRATION, CURRENT PRACTICES AND FUTURE REQUIRE-
MENTS FOR ARMY AIRCRAFT

J. Acurio, V. Edwards, and N. Kailos
US Army Aviation Systems Command

St. Louis, Missouri

ABSTRACT

When turbine engines were introduced for helicopter propulsion,
they were not readily accepted, even though dramatic improvements in
load-carrying capabilities were promised. There were many debates
on affordability and reliability, which led to questions on whether
gas turbines could prove themselves suited to such vehicles. The
questions were valid, to some extent, in that they dealt with whether
this relatively new power plant could survive the helicopter environ-
ment. However, many of the negative aspects were rapidly erased,
and the benefits were exploited just as quickly; this was largely due
to the interest of the US Army during the 196 Now, ir ela-
Hvely short time, practicaily all new heli ters are turbine powers
In addition, many old vehicles are beis § -
engines to turbines But, des
and deve lgurent progra

surfaced and need
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1.0 INTRODUCTION

The advent of turbine engines has added significantly to the
utility of helicopters and has opened new areas of application.
Although most of the developments have been aimed at military needs,
we now find that many of these vehicles meet unique requirements
that could not be met by any other machine. However, it has been
an easy transformation, and helicopters 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, introduced new design
requirements along with more complex and more costly subsystems.

Perhaps a few illustrations to describe progress over recent
years might be appropriate. 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 capability. Not too long ago, when reciprocating engines
were the main power source, the engine alone accounted for roughly
15 percent of the vehicle gross weight. Now, the figure is about
5 percent. While we have reduced engine weight, we surely would be
in a stronger position if we could make further improvements in fuel
consumption and reliability. Figure 2 shows typical curves of fuel
consumption versus horsepower for two representative levels of
technology. Although the gains have been impressive, the penalties

at part power in the range of normal flight must occupy a large share
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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 is a helicopter, and you can appreciate the effects
on man and machine, alike. The encines, of course, will ingest the
contaminated air unless some form of protection is provided; there-
fore, new engines being introduced into the Army inventory will have
integral particle separators as part of the engine. Thus, we have
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 variety of inlet conditions that the engine
will face. Despite this concern, the newest engine to enter the
inventory, the T700, thus far has shown a commendable degree of
reliability and attention to interface that plagued earlier develop-
ment projects. An illustration of that engine is given in Tigure 5.
As can be seen, it includes the integral particle separator mentioned
earlier. This engine has been chosen to power the Army's Utility
Tactical Transport Aircraft System (Figure 6) and the Advanced Attack
Helicopter (Figure 7). Very likely the engine, or versions of it,
will find a home in commercial and other military vehicles.

The trend toward the lightweight and small propulsion package
usually is accompanied by the term "high performance." To the Army,
this means pushing toward higher pressure ratio cycles with higher
turbine-inlet temperatures. For the large commercial and military
aircraft powered by turbine engines, it 1s safe to say that they are
where we want to be. Figure 8 shows a typical plot of specific fuel
consumption versus specific power for the small turboshaft engine of
interest to us. Also shown is the influsnce of compressor pressure
ratio and turbine inlet temperature on performance. Just as with the
large turbojets and turbofans, we are trying to move downward and to
the right. Today, we are in the shaded area. But we are talking
about engines that are dramatically different in size, as illustrated
in Figure 9. This kind of difference, alone, introduces problems
unique enough to force emphasis on performance-related technologies
beyond those considered in large engines. Not only does it prevent
us from moving rapidly down the technology trail, but it 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 turbine
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 Timitations may be different in many respects from
those normally faced in other vehicles. Therefore, we have had to
learn different lessons, and applying them has been both expensive
and time consuming.

0f course, there are maeny items critical to proper integration
of the engine and airframe. To us, it means achieving overall
compatibility, including consideration of a variety of operating
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AREAS OF EMPHASIS
ENGINE-AIRFRAME COMPATIBILITY
* Critical Responses to Vibration Cyclic Endurance
Dynamic Analyses and Tests Emergency/Contingency Powver
Abusive Tests/Simulations * Foreign Object Ingestion/

Erosion
Anti-Icing/De-Icing

Engine Accessories/Qualifica-
tion

Emissions (Noise, Smoke)
* Exhaust System
Infra-Red Protection
* Inlet Distortion

* Transient Response Characteristics
* Control Response/Stability
Structural Integrity/Containment
Stiffness/Damping/Mounting System
* Qutput-Shaft Speed/Connections
Maintainability
Starting Requirements
Electronic Interference Signals
Subsystem Interfaces (Electrical, Hydraulic, Pneumatic, Fuel, 0il)
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.
Obviously, 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-airframe integration as related to
military helicopters. A large share of the experience in that area
has been with 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 difficulties encountered during
recent engineering development/qualification testing and after field
operations, our present-day helicopters 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 develcpment 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-1 (Cobra), the CH-47 (Chinook),
and the OH-6/0H-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 vehicle in the Army environment.
Bringing these two aspects together realistically, without 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 tri-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 considerations for heliccpter applications were
not addressed. Exampies 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 ingestion; and structural aspects
involving low-cycle fatigue 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 Army environment meant that turbine engines would be
exposed to the deteriorating effects of high concentrations of sand
and dirt, high vibration levels, temperature extremes,and structural
fatigue. It was clear that considerable enlargement and redefini-
tion of design requirements were necessary; therefore, in early
1970, the Army began the task of generating its own engine specifica-
tion. Primarily, this specificetion was aimed at development of the
new 1500 SHP turbine engine, Tater to become the T700-GE-700 engine
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 environment, and to close the gap between the design
requirements and the demonstration tests.

In part, this activity later contributed to a new tri-service
MIL-E-8593A specification, 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, with no sp=cific design or demonstration tests
required by specification. Initial programs, such as the Light
Observation Helicopter (OH-6/0H-58), were based on requirements
established by the Federal Aviation Administration (FAA). By this
approach, it was necessary that some specific requirements be
negotiated with the FAA. With 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 (706-203) was incorporated in all subsequent heli-
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 required,
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 propulsion 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

fuel subsystem

engine-airframe compatibility

transmission and drive train

clutches, brakes, shafting, couplings, and bearings
accessories

S Q - M

[y
.

3.0 HELICOPTER FIELD DATA

To establish design criteria 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 pravide background and feedback for design purposes. Ini-
tially, the data were used to assess helicopter structural loads and
to analyze helicopter drive system operation. Data were obtained
from 336 flight hours of AH-1G, 216 hours of OH-6A, and 203 hours of
UH-TH operation during combat missions in Southeast Asia and about
160 hours of OH-1H operation in utility missions in Alaska. A
summary of the pertinent engine flight data gathered from the South-
east Asia operation is shown in Table 1.

TABLE 1. ENGINE FLIGHT DATA

AH-1G UH-1H 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 insight 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, 1ow-gygle
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 various power levels and flight lengths.
The report from which the data have been derived 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. With these variations, it is clear
that we cannot establish specification requirements that will apply
universally. The same cancern is illustrated in Table 2, where

rapid power excursions for the three helicopter types operating in
Southeast Asia are shown.
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3135

nE

I8

PERCENT TIME

&
T

30 ‘0 50 70 =3 90 100
PERCENT INTERMEDIATE RATED POWER

Figure 11. Time and Power, Single - Engine Helicopter (Combat
Support)
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Figure 14. Flight Length Single - Engine Helicopter (Combat
Assault)

TABLE 2. RAPID POWER EXCURSIONS

Aircraft Type Number of Excursions Excursions Per Hour
OH-6A 5884 27
UH-TH 415 2
AH-1G 348

In this study, rapid power excursions were defined as:

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

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

¢. 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 times 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 conflict when the helicopters
flew at relatively 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-level, 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 engine's 1ife 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-1G 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 with 15
percent of this time at IRP is adequate. In this case, if the OH-6A
data are representative, our 15,000 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 acquisition 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 turbine component technology. Some of them
partially satisfy this desire for lower 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 gains 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 tc 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 turbine is no longer cold, and the higher surface
temperatures present a greater challenge to the airframer. Therefore,
we must recognize the requirement to provide extra cooling at several
key locations to prevent critical controls and 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 compresscr section. For small engines, it introduces more chances
for high-pressure leakage and a likelihcod 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 difficulties, 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 airframe manufacturers must work even
closer together during the entire 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
specificaticns did not provide the needed information on heat re-
jection; the typical required information provided to the airframer
is shown in Figure 16. It was a very simple display of surface
temperatures at several locations, 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 solutions to overheating problems.
Therefore, the joint effort, stimulated by the 1966 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. WNote that the curves show the amount of heat
removed (BTU/HR/IN), along with the effect on surface temperature.

In the area of the combustor case (stations 218 to 222), for example,
if no heat were removed by the airframer (stagnant air), the surface
temperature would be in the range of from 932°F (500°C) to 1202°F
(650°C). If 4,000 BTU/HR (1000 BTU/HR/IN x 4 inches) were removed,
the surface temperature would drop to a range of from 572°F (300°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 limited, and the challenge to the airframer

is increasing with each generation of engines. At the same time, the
engine manufacturer must consider using engine-mounted components
that are capable of withstanding the higher 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 cooling problems.

To place the performance penalty in perspective, every one
percent of compressed air lost results in about a 3 percent 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 than those
in large turbojets and turbofans using the same design approaches.
The problem can be reduced to the simple relation shown in Figure 18,
where it can be seen that the potential leakage area compared wit the
core mass flow increases with smaller engines. At the same time,
the trend toward 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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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 specific power (HP/LBS/SEC), a 2,000 SHP engine of today
requires about 12 pounds of airflow per second, compared with 18 pounds
per second in the mid-1960's. Therefore, the aerodynamic components

- are smal ~r, but the shaft speeds are forced upward to maximize
efficiency and to minimize weight. A simplified relationship is
shown in Figure 20. In particular, the higher engine output speeds
(input at the transmission) pose some problems to the mechanical
designer, and he may be faced with such situations as supercritical
shaft speeds and bearing limitations. Therefore, it has become
common to consider flexible bearing supports to minimize 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 dynamic
motions. Thus, the squeeze-film action takes the form of a spring
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Figure 21. Squeeze - Film Damping

and damper system and reduces the forces that are transmitted to the
bearing supports. Recent experience on the part of engine manufac-
turers indicates 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 dynamic situation; there might even be cases where
the result is lgss 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 arrived 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, in
most cases, an improvement in damping has been noted. There is no
single solution to integrating the high-speed output shaft in the
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airframe, but it is apparent that the engine and airframe manufac-
turers must share the burden and the development of new techniques.

4.3 Rir-Induction Systems

Helicopter inlet designs 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 minimize
the effects of flow distortion under disturbed airflow conditions
caused by rotor downwash and wakes during hover, low-speed maneuvers,
ground effects interactions (vortices), wind shear, and exhaust gas
recirculation. It is recognized that because a helicopter travels
at a relatively slow speed when compared to most fixed-wing
military aircraft, engine-inlet pressure distortion and its effect
on compressor performance/durability is less. Therefore, during
recent development programs, inlets were designed primarily to
protect against ingestion of foreign objects and sand and dust. In
the T700-GE-700 engine, for example, the integral inlet-particle
separator tends to minimize distorticns inasmuch as it provides
additional length of travei for mixing the low-velocity, distorted
air mass. In addition, it incorporates 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 gver 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 cf the T700. 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 performance.
Even though there are some installation restraints, the system pro-
vides the needed separation efficiency and the first totally anti-
iced inlet.

Despite this positive development, helicopter engines have not
been totally free of hot-gas ingestion and an occasional compressor
stall. Inlet heating and temperature distortions occur, as a
general rule, during low-speed flight near the ground (landing, for
example), or during low-speed flight with strong quarter/tail winds.
This situation is depicted in Figure 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. ihe causes can be understood in a general sense
by recognizing that the engire manufacturer strives 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

velocity 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 specification
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 velocity 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 difficult to identify all the contributing factors to engine
stalls. After extensive testing of both the engine and the aircraft
system, it has been determined that in certain combinations of flight
attitude and speed, a rapid temperature rise can occur over an
extremely short time frame. This phenomenon was observed only after
rapid response thermoccuples 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 mismatch between the inlet and exit. It also forces the
compressor to operate at a pressure ratio too high for its perceived
corrected speed,and the flow becomes unstable. Two effects should
be noted: with pure pressure distortion, the mismatch is produced
by raising the pressure ratio at constant corrected speed; with
pure temperature distortion, the mismatch 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 1imits for surge-
fee operation. A situation showing the difference in temperature

effects between cteady-state and dynamic conditions is given in
Figure 23.
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Figure 23. Inlet Temperature Distortion
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Several actions are required 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
installation 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 discrete values of radial and circumferential steady-state
pressure distortion (as required by current specifications), the
loss in surge margin as a function of both steady-state and dynamic
distortion should be considered. In that regard, the illustration
in Figure 24 serves as a suggestion to assist in prescribing
representative limits. The purpose would be to establish more
meaningful distortion 1imits 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 specific
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, engine
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 without
significantly reducing the compressor'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 defined 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 tolerances, amounts to a requirement of about
4 percent. The last item, deterioration over the engine 1life span,
is estimated as 3.5 percent. Some of these values can be reduced
with rapid-response sensors, but many devices cannot communicate
rapidly with hydromechanical 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
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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 engine 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, :o enhance engine-airframe compat-
ibility. Even so, it is evident that as the aircraft programs
mature through full engine/airframe qualification 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 within the limits of the drive
shaft misalignment. However, the desire for greater freedom of
motion, along with high engine-shaft speeds, places greater demands
on shaft couplings than before. Most of the couplings are 1imited
to approximtely one-half degree of angular misalignment at the
continuous rating. Typically, they have been stacked in series to
accommodate the misalignment, but such an arrangement is undesirable,




ENGINE-AIRFRAME INTEGRATION 111

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 will be most difficult and will involve
considerable research and development. As a first step toward that
goal, the Army has initiated one such program, with the near-term
objective of developing a high-speed, flexible coupling that will
satisfy the following requirements:

°  Horsepower 1500

°  Speed, rpm 20,000

° Weight, 1b <1

° Angular Misalignment:
Continuous, deg 3

Transient, deg

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
coupling has the potential of meeting the program objectives in terms
of weight, speed, and power, but at roughly half of the misalignment
reguirement. The development effort is continuing; however, reaching
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 difficult, partly because there was no military or
industry-wide standard for measuring installed vibration of turbo-
shaft engines. Typically, each engine manufacturer 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 with the airframe manu-
facturer's approach results in such differences that correlations
and comparisons between engine installations 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 engine-life issues to be primary. Recognizing that this
approach is not precise, its success will be proven only after sev-
eral years of experience. Here again, considerable basic research
and analysis is still required to define acceptable vibration criteria.
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4.5 Engine-Airframe Dynamics

In every helicopter engine control system incorporating auto-
matic rotor-speed governing, the possibility of closed-loop feed-
back instability exists. This instability normally is referred to
as torsional instability, or dynamic instability. Again, as in the
vibration area, torsional instability has been a concern to some
degree in all turbine-powered helicopters. Primarily, 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, menual control is extremely
complex and dictates the reguirement for an automatic rotor-speed
governor. The most commonly used systems are hydromechanical and
pneumatic-mechanical types; some use electronic control trimmers.
Very briefly, power-turbine speed is sensed by flyweights which
open against a valve-spring arrangement, changing fuel flow in
proportion to a speed error. With an increasing load on the rotor
(collective input), a proportional control will have some droop in
steady-state speed (for stability). As the gain of the governor
increases, the amount of rotor-speed droop decreases. The usual
stability requirements that dictate the upper gain limits are com-
plicated by control function and time constants, by a multitude of
rotor-shaft dynamic parameters, by rotor aerodynamic damping, and
by dynamics of the free-power turbine engine. Clearly, the design
must be aimed at defining the fuel control characteristics which,
when combined with the airframe trensmission/cdrive system, will
result in acceptable control response without introducing oscilla-
tions or instabilities.

To improve helicopter handling quality and to reduce pilot work
load, new fuel controls, either of the hydromechanical 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 load. In the case of a hydromechanical unit, the engine/
control must meet a demanding acceleration/deceleration rapidly with
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
collective 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 othei during normal flight maneuvers; however, in
extreme cases, such as autorotation or a high-speed banked turn,
they tend to conflict. An example of this conflict is depicted in
Figure 27 for a helicopter in an autorotative 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 fall 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 authority by in-
structing the fuel control to reduce the power with 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 control systems. However,
each design demands that speed-control characteristics be based on
incorporating high enough gain in the governor for acceptable
response characteristics while maintaining stability. Whether the
trade-off leads to the best balance of response and stability is
determined by how well the engine and airframe manufacturers have
communicated their integration requirements. It is expected that
with the advent of an all-electronic fuel control and its inherent
flexibility for reprogramming with numerous bits of intelligence,
the rotor-speed droop and dynamic instabilities experienced in
helicopters will 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/drive
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 respense
of a linear system described by a set of up to 40 simultaneous equa-
tions and 40 variables. 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 interactive 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 Figure 28. The phase margin
is defined as the difference between the phase angle at zero gain and
at 180 degrees. A phase margin of 35 degrees is normally considered
to be adequate. The gain margin is represented 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 Army/
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Figure 29. Helicopter Rotor System Schematic

contractor flight testing. 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 specific procedure to model fuel control/engine and
drive-system parameters, as described above. In addition, the air-
frame contractor is now required to submit a schematic similar to
Figure 29, defining all dynamic parameters of their particular rotor
and drive systems. The fixed mechanical 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 qualification tests. One is with 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 derived from these two runs verify
the analyses and raise confidence that the engine can be applied to
other helicopter installations. Conducting representative tests can
be a problem becau<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>