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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—
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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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Figure 6 Effect of Download on Hover Performance
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Figure 7 Effect of Ground Proximity
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Figure 8. It Could Happen to You

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.
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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
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