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RTD-TDR-63-4197, PART I

FORZ4ORD

The Symposium on Aeroelastic and Dynamic Modeling Technology,
sponsored by the Air Force Flight Dynamics Laboratory of the Research
and Technology Division, Air Force Systems Command, in association
with the Dynamics and Aeroelasticity Research Panel of the Aerospace
Industries Association, was held in Dayton, Ohio, on 23-24-25 Septem-
ber 1963. The purposes of the Symposium were to: (- q review the
state-of-the-art, (b) present the latest developments and applications
for solution of current problems, (c) determine the maximum extent to
which modeling techniques can be employed for efficient design and
substantiation of full scale vehicle safety and reliability and (d)
provide a basis for future applied research for aeroelastic and dynamic
modeling technology. The symposium subject matter covers the theory,
design and testing of both static and dynamic elastic models used in
the development of aircraft, missiles, aerospace vehicles and equipment.

The proceedings are arranged in two parts: Part I contains the
unclassified papers gro'uped by subject as presented, and Part II con-
tains the classified papers and is Confidential. The authors' names
and company affiliation are given at the beginning of each paper.

An effort has been made to minimize errors and omissions, how-
ever, if any serious discrepancies are noted, they should be brought
to the attention of Mr'. M. H. Shirk, FDDS, AF Flight Dynamics Labor-
atory, WPAFB, Ohio. Necessary errata sheets will be prepared and
distributed.

The success of the Symposium in attaining its purposes and the
subsequent compilation of this report for wide distribution as a
rc-forence document were made possible by the fine contribution of the
Symposium speakers, 4essiz chairmen and authors of the technical
papers. The AFFDL and the AIA gratefully acknowledge these contribu-
tions and express their appreciation.
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ABSTRACT

The unclassified proceedings of the Air Force Flight Dynamics
Laboratory and Aerospace Industries Association Symposium on Aero-
elastic and Dynamic Modeling Technology are presented in this report.

Modern day aerospacecraft requirements are calling aore and
more for systems which are greatly influenced by aero and thermo-
elastic effects. In line with this trend, model testing technology
has been required to keep pace by advancing the state-of-the-art
in the simulation of elastic, thermal, aerodynamic and dynamic
effects. The objective of this symposium was to bring together the
members of the scientific community who are intimately concerned with
this area of endeavor, thereby promoting a mutual understanding of
current developments and problem areas. The papers presented at the

-sympoeium- were divided into appropriate technical area sub-groups
and individual sessions were devoted to each. These sub-groups were:
Theory and Design, Model Testing Techniques, Dynamic Loads and Aero-
elastic Applications, and Structural Design Applications with two
classified sessions on Aerospace Vehicle Applications and Aircraft
Applications.

PUBLICATION REV 11U

The publication of this report does not constitute approval by
the Air 1brce of the findings or conclusionsq contained herein. It.
is published only for the exchange and stimulation of ideas.

WILLIAM C. NIF_.SE
Colonel, USAF
Symposium Chairman
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OPEING REMARKS

by

Colonel William C. Nielsen

Director, AF Flight Dynamics Laboratory

Gentlemen t

I am Colonel Nielsen, Chairman of this "Symposium on Aeroelastic
and Dynamic Modeling Technology" and Director of the new Air Force
Flight Dynamics Laboratory. This Laboratory is part of the Research
and Technology Division of Air Force Systems Command.

It is my distinct pleasure to open this meeting of distinguished
scientists and engineers who have convened to discuss an important
and timely subject. Moreover, it is most fitting that sponsorship of
this meeting exemplifies the 'eCry high degree of cooperation between
the Government and the Aerospace Industry that is so necessary to
promote progress in research, applications and aerospace vehicle
development.

This symposium will be conducted in two parts. The first
unclassified portion, consisting of four sessions here at this hotel,
is sponsored jointly by the Dy-amics and Aeroelasticity Research Panel
of the Aerospace Industries Association and the Air Force Flight
Dynamics Laboratory. Two Confidential sessions will convene at
Wright-Patterson Air Force Base on Wednesday. These Classified
sessions are sponsored by the Flight Dynamics Laboratory because of
administrative reasons but the AIA also contributed significantly to
this portion of the program.

Meetings on theoretical contributions to the state-of-the-art
are held ratner frequently. The remarkable contributions of theory
and analyses are thus comparatively well disseminated. While the
usefulness of the model is well recognized and while, in many cases,
the payoffs from the model approach have been greater than analytical
efforts and full scale tests, nevertheless, the state-of-the-art in
dynamic model simulation has not received in technical meetings an
attention which is justly proportional to its importance and contri-
bution. Thus, the sponsoring groups considered it most desirable,
particularly from the st.andpoint of greater future impact. to hold
this m~eting on modeling technology and to discuss where models could
return maxL.um information on aerospace feasibility, snety, reli-
ability and efficiency in the area of stability and co.,.rol,
structural dynamics and aerothermoelasticity.



As you know, the supersonic transport development is being
directed by the Federal Aviation Agency with contributions from the
Air Force, the National Aeronautics and Space Administration and
many Aerospace Industry members. Experimental model efforts will -•

contribute significantly to the development of this advanced air-
craft.

One of our distinguished guests will be Mr. Gordon Bain, Deputy
Administrator for Supersonic Transport Development of the FAA. He
will be our banquet speaker tomorrow night and will present an
exceedingly interesting discussion on the Supersonic Transport. I
urge all of you to attend.

Now, I am most pleased to place you in the hospitable hands of
our official welcomer, Mr. Peter Murray, Assistant for Research and
Technology, Office of the Deputy Commander/Research and Mgineering.

'I,
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WELCOME ADDRESS

by

Peter R. Murray

Assistant for Research and Technology

Thank you, Colonel Nielsen. Gentlemen, it is indeed a pleas -e
for me to welcome you to this Symposium on Aeroelastic and Dynami:
Modeling Technology on behalf of its co-sponsors, the Aerospace
Industries Association of America and the Research and Techn!.-i.'l
Division of the Air Force Systems Command.

We of the ICD, as our Division is referred to, bell. •:; strongly
in the worth of the Symposia whic.i we hold from time to .*me. Our
job for today and for tomorrow is to formulate and ther accomplish
programs of research and investigation that will advance the state-
of-the-art in all of the aerospace disciplines. You have all, I am
sure, heard it s.-i before that we rmast do this in the most knowledge-
able way we can so that we will obtain the best return on our committed
dollars; Vu of equal importance today is that we must also obtain
significant progress in a scientific and engineering sense on the
investment of time and talent that these programs entail. Selectivity,
then, becomes our hardest task and to do a good job here we need the
assistance of the minagers and experts of Industry, the Research
Institutes, the Universities and our sister government agencies whom
you represent.

T believe that the subject which you have chosen to .zulore in
this Sypposium on aeroelaýitic and dynamic modeling technology is of
e.ctreme importance not only to progress in flight vetiicle design and
development but also to the entire spectrum of research and develop-
ment activity. Certainly, aeronautic.il engineering has always made
cx.ensive use of engineering mode!jA. ever since the time of the
Wright brothers when model test• in wind tununels taught then. not only
how to design but also how to fly powered aircraft. An import.ant
fo-ward step in modelung technology took place when the complex prob-
iem.- of structural dynamics yielded to tbe technique's of dynaic

nod•!s of wings, tails, control surfaces and even entire aircraft.
and a-fforded an engineering check on t1h flutter salety of .ircraft.
Tile record of the prevention of cata-trophic flutter filures, In all
classes of aircraft to date is indeed an excelwi~t one, a tribute to
the skills and dedication of a" of you. But even more c=ppiex prob-
lems are pressing on us todav.

it has ne-er been a sknole matter ever, to scale mod~il for aero-
elortic effects; and the present necCOJ.ity to p-rovIde thermal dupli-
cation is a major area of investigation in i It. hs been

4,.



concluded that correct scaling between a model and prototype for all

the aerothermoelastic parameters requires a scale ratio of unity.
This is a discouraging result, but progress by scale modeling is
being made nevertheless by the judicious selection of test parameters
and test procedures combined with analytical approaches. This
enables extrapolation to the full scale with some degree of confi-
dence. Bat depending upon how we approach the many problems involved
here, there will be a tremendous impact on the utilization of our
present test facilities, the design of our future test facilities
and the relative role that flight tesbing will play. A more impor-
tant and significant a& ea for discussion and consultation would be
d'fficult to imagine.

The great advantages of testing of scaled models, whether for
the acquisition of scientific data or for development of design cri- ...
teria, are being realized on many problems in aeronautical engineer-
ing. This s itself a significant sign of progress and it is most
appropriate that this Symposium has gathered together experts in
structural loadings, stability and control, sonic fatigue, space
vehicle entry, photomechanics, orbital mooring and others. It is by
such an interdisciplinary approach that we can best learn one from
another, pool our knowledge and thus effectively exploit modeling
technology.

This Symposium, then, presents to you many challenging problems,
the solution of which will have a great impact on "the crtire R&D
household. I am, therefore, together with the sponsors, deeply
gratified at your enthusiastic response to our invitation to partic-
ipate in thij Symposium. In extending a heartJelt welcome, I also
wish for you a successful and rewarding meeting.

44~
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KEYTNCYfE ADDRESS

by

Robert J. Lutz

Aerospace Industries Association I
I am honored to represent the Aerospace Industries as your

keynote address speaker. When I contemplate a keynote address, I
recall the image of a distinguished political figure delivering the
keynote address to a nominating convention. Such speeches are made
with great fervor and extol in clarion tones the virtues of one
party and the deficiencies of the opposition. Such speeches are
highly emotional and no doubt serve to provide a spirited sense of

direction for all of the speakers that follow. As I understand it,
aths is the purpose of a keynote address.

Our symposium is not a political convention, nor am I a poli-
tician. Ours is a technical meeting--a seri*us tochnical meeting
held to re'rlew the state-of-the arts as they affect structural

dynamics and, in particular, modeling techniques. Furthermore, we
are concerned with the application of dynamic modeling to the solu-
tion of complex problems involved in design and the development of
large lhigh-performance aerospace vehicles. In the context of a
technical symposium, it's very difficult to deliver a speech having
an emotionally charged message,

But, exciting or not, there are challenges that each of us a,
members of the technical community should consider. These are the
challenges that confront the growth and expansion of our technology.
Those of us who work in the technical fields and who have been trained
as engineers or scientists regard technical progress as being a good
thing. The history of our civilization shows this. Technical devel-
opments have made life fuller and better in most respects anr,
certainly, more comfortable. We accept these to be facts.

But here are some forces that are attempting to slow or stop
technological growth. In nearly every popular Journal or periodical,
you wili find the well-expressed conc'~rn that technical progross is RN
now threttening humanity. You wil. find this expression ranging from
the fear of total destruction of civilization due to radiological
hazards connected with naclear programs on one hand, to the fear
that man will be displaced by 'he machine; that the computer age will
arrive; that man will beeome obsolete and be relegated to a para-

sitic role.

BWt over and above these natural fears of the future, there is
an increasing concern with the economic costs of our technical
progress. Hlow shall it be paid for? Is the technical advancement .-.

v '.- •'



truly worthwhile? Does it produce a better, or a more simple, or a
more useful product? These are the questions that are asked not
only by the man on the street but by his representatives in govern-
ment which, as you are well aware, funds a major portion of our
research and development program. These questions are likewise
asked by men in business, managers who are responsible for the
activities of the corporations that conduct major business of oarnation.

So we must face up to the fact that we do have a problem which
may have serious impact upon our technical progress. A part of our
problem can he charged to indifference. Perhaps this is a strong
word, but let me explain. As technical people, we are apt to lose
touch with the lay world. We are like the monks of medieval times.
We tend to associate so consistently with people who speak our own
technical language and who share our own purpose3 and Leliefs that
we fail to consider the need to be understood by the uninitiated lay
world. In fact, there are instances where the isolation can be so
effective that technical people working within one specific field
are unable to communicate with associates in other fields- I am

sure that each of us from time to time has experienced the frustra-
tion of attempting to read an over-sophisticated paper in which the
author succumbs to the temptation to use highly specialized termi-
nology to express simple ideas.

The failure of our technical community to woo and win the under-
standing of the layman frequently extends into industry as failure
to win the understanding of management. There are many programs
proposed to management by which it is understandably perplexed not

.4• only by the cost, but by the rather inconclusive promises of gain or
purpose. As a result, we often find that the technical research
worker rarely believes he has sufficient resources in terms of men
or facilities to accomplish his task; while the manager on the other
hand is at a loss to understand his Research Department's insatiable
appetite for continuing and growing of support.

So as incongruous as it may appear, we the flag bearers of our
technological advancement, and that includes the whole of us in this
assembly, have the job of selling the idea of technical growth and
its benefits. We must accept the responsibility for attempting to
win the wholehearted support and understanding of the taxpayer and
of the various agencies who have a responsibility in administering
our programs whether within the government or within industry. This
understanding can only be gained by our efforts to present our
objectives in clear and simple terms--to honestly estimate costs and
to attempt to assess the probability of success.

This communication of understanding most certainly extends to
the subject we are going to discuss in this symposium. The appreci-
ation of the importance played by structural dynamics in modern

6
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design is still relatively restricted. The subject did not appear in
the curriculums of our engineering schools until the period following
the end of World War UI, so that there are many in the industry who
have only a passing and superficial feel for the importance that
dynamics plays in the design of our modern vehicles. Add to this the
concept of dynamic modeling and you can appreciate that management
may be mystified at some of the proposals that are from time to time
advanced for its consideration.

In light of these thoughts, I hope that some of the papers
delivered today and throughout the rest of this symposium will attempt
to emphasize the practical importance of dynamic considerations and
the use of modeling techniques in the development of high performance
aerospace vehicles. But more than that, I hope that this symposium and
others to follow can serve as vehicles to further understanding not
only between ourselves, but with our non-technical supporters--the
taxpayers.

7
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OPEN•LNG REMARKS OF SESSION I

by

Dr. Raymond L. Bisplinghoff

It is a distinct honor to chair this first session on Theory
and Design. We can observe, since more than 300 of our colleagues
are present, that we are dealing with a very popular subject. As
youngsters we all played with toys and many of us built models. As

adult scientists and engineers we spend much of our time building
models. In fact, our success often depends upon our ability to devise
mathematical and physical models. The former can be used to exploit
the laws of mathematics and the latter the laws of physics. Bohr's
classical hydrogen atom is an example of a physical model devised by
a scientist to study the microscopic world. Many examples can be
cited of models employed by engineers to study the macroscopic world.

Development of the field of aeronautical engineering has been
profoundly influenced by models. We are told of an ornithopter model
constructed by Leonardo da Vinci. Samuel Pierpont Langley demon-
strated heavier than air flight for the first time by means of a very
successful steam driven model airplane. He was unfortunately unable
to translate model technology into that of a successful man-carrying
machine. Flying and wind tunnel models of various kinds were employed
usefully to various degrees by Alexander Graham Bell, Otto Lilienthal,
and the Wrights.

The wind tunnel model, at first, and later the dynamic model
became important development tools for the aeronautical engineer.
Today, the space program offers a vast potential for increased employ-
ment of a wide variety of models. The high costs of full scale
prototypes demand that we learn as much as possible about these
prototypes prior to the." construction. The NASA is taking the first
steps in the dynamic modeling of large boosters. Our ability to
construct a gaseous core nuclear rocket will depend upon simulation
by means of hydrodynamic models of the flow pattern of the fissionable
material in the gaseous phaze. Modeling techniques may be employed to
advantage in both reentry and space vehicles.

Regardless of which model is employed, there exists the problem
of how model behavior is extrapolated to full-scale. Natu•re rarely
permits full simulation, and in most cases we must be content with
limited purpose models. The simplicity of the reduced frequency
scaling parameter of potential flow flutter will rarely be equaled in
the more complex problems which lie ahead.

In this morning session we will, be privileged to heair of new
applications of dynamic modeling and of the similitude requirements
which relate to them.

11
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ABSTRACT

DYNAMIlC M4ODELING, ITS PAST AND FUTURE

by

Dale E. Cooley and Robert F. Cook

In the field of aeroelastic instabilities, experimental results obtained
from dynamic models have been a vital source of information needed to verify
the accuracy of prediction methods, establish design criteria and to determine
the structural adequacy of flight vehicles. Recently, the use of modeling for
vibration and sonic fatigue prediction has been investigated and results
indicate that modeling may be a valuable technique. This paper covers, first,
the historical background of dynamic modeling and the evolution to the current
state-of -the-art of modeling methods and uses. A review and discussion of
recent research efforts dealing with various modeling problems, including
flutter models for inflatable structures, high angles-of-attack, high tempera-
ture environments, vibration and sonic fatigue prediction are presented. Also
included are remarks concerning future requirements and problem areas where
research is needed to assure the availability of adequate modeling technology
for the potential dynamic problems of advanced flight vehicles.

t
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RTD-TDR-63-4197, PART I

DYNi..MI(. MODELING - ITS PA6T AND FUTU1E

Dale E. Cooley and Robert F. Uook
AF Flight Dynamics Laboratory

IN TDOlAATION

One of the oldest hobbies of mankina is the making and use of models.
According to the Encyclopaedia Britannica (hef. 1) the early Egyptians believed
that the human spirit after death could travel on land, but required assistance
to cross water. Therefore, a small moael boat called a 0,6pirit --hipll was

buried with their dean to help their soul across the troubled river hile.
Others believed models could frighten away evil spirits. We might say that
even today we use dynamic models to assist us across the troubled waters of
aircraft design and to frighten away the evils of dynamic problems.

Leonardo de Vinci (1452 - 1519) was an early pioneer of' the science of
flight. lie made an intense study of the flight of birds for application of
similarity methods for manned flights. According to his notes, (Ref. 2), he
used a form of dynamic model to investigate principles or check-out theories.
For example, Figure 1 shows an interesting sketch from his notes of a bird sus-
pended from a bracket by means of a pulley which he uses to restrain the birdto study its flying characteristics. This may have been one of the earliest
flutter model studies. Dynamic modeling technology had its very early beginning
in the three following ares:

Steady state aerodynamic models - Model aircraft were built back as far as
Leonardo de \inci, but models of manned aircraft began with Orville ann Wilbur
Wright in about 1899, (Ref. 3). The Wright brothers built a five foot wing span
moael to investigate the wing twisting principle for turning control. In about
1901, the Wright brothers built a wind tunnel and tested model wings to determine
their flight characteristics. Since that time models have been used extensively
to test the aerodynamic characteristics of all aircraft components such as wheels,
nacelles, pods, wing as well as the complete aircraft configuration.

otructural mouels - The first scientific investigation of the resistance of
solids to structural failure appears to have been about lb3J by tne Italian
genius, Galileo, who considere. a beam built into a wall at one ena arna loaded by
its own or applies weight, (Ref. 4). Iince there was no known relation between
load and displacement at the time, Galileo's inquiry did not give satisfactory
results. This relation between stress and strain was experimentally aiscovered
in England in 1660 by Robert nooke and provided the founclatlon for the matheemati-
cal theory of elasticity including elastic vibrations. -ome of the earliest
correct, published accounts of experimental studies on the vibration of string;s
is creditec to the Franciscan friar, Marnn olersenne about 1636. (Ref. 5).
Mersenne measured the frequency of vibration of a long string and fran tt.is in-
ferred the frequency of a short striný of the same density and tension. Inis was
apparently the first direct aetermination of the frequency of a musical note.
around 1755, 1Daniel Bernoulli worked on the various vibration moces of strings
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and Lagrange developed theoretical methods for the solution of the vibrating
string problem in 1759. Euler and Daniel Bernoulli conducted studies on the
vibration of rods and bars around 1750. While the analytical solution of plates
came much later,, E.F.F. Chladni published in 1787 a description of his experi-
mental work on plates using sand sprinkled on the vibrating plates to show nodal
lines, (Ref. 5). The method of using sand to determine node lines on vibratory
models is still widely used. Around 1900, the analytical work and observation of
E. Mathieu and also, Lord Rayleigh contriruted ro the extension of vibration
analytical methods from flat plates to curved plates and shells, (Ref. 4). These
early investigations formed a basis for the structuraJ dynamics investigations
required for the intricate, lightweight. structure used in air.craft.

Acoustic models - Acoustic modeling originated shc.-tly after 1900 by Sabine
and Watson (Ref. 6) in the field of Architectural Acnustic.s. Two dimensional
models of auditoriums were excited by noise sources Lnd thie wave propagation
recorded by Schlieren photography. Water models were also used in architectural
work. These models consisted of a shallow tray having rectangular rods to form
the shape to be studied, filled with water. An exciter, usually a small plunger
mounted on a variable speed crank, was used to disturb the water surface, thus
producing waves much like that from a stone thrown in a pond. The wave propaga-
tion and reflections around complex objects could then be studied, (Figure 2).

REQUIREMENT FOR VEHICLE DYN.MIC MDELS

Any aircraft must of necessity be of light construction, and, therefore, is
flexible and subject to deformations. As a result, dynamic problems in -ero-
elasticity, vibration, and related dynamic areas occurred early in aircraft
history.

Adequate prediction and control of structural dynamic problems ip , 4mpor-

tint consideration in the development of flight vehicles because of . c- t .,
for higher reliability and more efficient use of materiel to achiev,ý' ..- . .form-
ance desired. Some of these dynamic problems which have been experienced :n the
development of flight vehicles are:

1. Liftint, Surface Flutter

2. Control Surface 3uzz

3. 1nel and Shell FluLter

4. iKissile oody oending - thrust vector instabilities

5. Sonic Fatigue

u. E:cessive Noise -nu Vibration

7. Landing Impact loads

b. ;,xcessive resporse in resonanit vibration modes due to buffet,, gusts,
exn11ust. :.o.so, or other random aexodyn•atic forces.

_'nese d-;a;:-c proolems are very complex phenomena involving many parameters
suc .s inertib forces, damping forces, aerodynamic loading, noise pressures, _

O.lnutiC forces, gravitationai .'"rces %nd control system inputs. Bocause of thi!
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complexity, the theoretical treatment is often lacking or inadequate to repre-
sent and predict these phenomena. Experimental investigations have thus become
fundamental in the study and treatment of these dynamic phenomena. Models are
often used in tests because testing of full scale specimens are often impractical
because of equipment limitations, expense of testing large specimens, lack of
test facilities, etc. Therefore, much work has been done in developing the now
generally accepted techniques for scaled dynamic modeling. Today the use of
dynamic models has become a vital part of most investigations of dynamic pheno-
mena to assure adequate design and flight safety for flight vehicles. ýome of
the important uses of dynamic models are:

1. Provide guidance for the development or verification of useful theories
"by pointing out important parameters, and trends.

2. Evaluate immediate practical problems and fixes where theory is not
yet dependable.

3. Allow Oproof-tests' of final vehicle designs to assure absence of
dynamic problems. This depends upon validity of the model which is not always
known. In some cases, such as missiles, a model is the only vehicle available
for test.

When models are used to investigate dynamic problems rather than the actual

flight vehicle in the true anvironment, some assumptions or approximations may
need to be made. Great care must be taken in order to achieve results on a
reduced scale dynamic model which will have application to the full-scale actual
vehicle. A general similarity analysis between the dynamic model test conditions
and full-scale or prototype conditions will provide a set of many parameters and
variables which lead to various conflicting moael requirements which would at
first appear to be hopeless. It is far from easy to obtain model results which
are truly representative of the full scale phenomena. Glearly many compromises
must be made. But the primary and secondary parameters which must be similar
or proportional betwaen model and full scale vehicle can be established by care-
ful attention to the physical phenomena to be investigated, the environmental

conditions and the vehicle characteristics. These principles of similarity for
dynamic models have been evolved over many years of research and development work
and some are discussed in detail in References 7. 8 and 9. In general, tue broad
requirements for dynamic models are as follows:

1. Geometric similarity for establishing model scale and also shape where
aerodynamics are important).

2. oimilarity of distribution of stiffness ,nd of restraints, in general.
model and prototype should have similarity in recurrent frequencies fna moae
shapes for those vibration aoaes which can influence the phenomena.

-: *i.nilarlty of the ratio of stiffness to dynamic pressure for flutter
tests. =V

4. oimilarity of mass-altituae psrumeter .j (dhicia eoverns materialdensity to air aensity). /
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5. Similarity of Mach number if compressibility effects are important
to aerodynamic loads.

6. -imilarity of heynolds number where flow separation or boundary layer
or other viscous flow effects are significant.

7. Where thermal effects are important many additional requirements must
be met such as similarity of temperature distribution, thermal strains, and
often structural aetails such as joints must be accurately simulated.

8. -)imilarity of the spatial distribution, level and appropriate frequency
spectrum in the noise field for sonic fatigue tests.

APPLIGATIOINS OF DYI"RMI( MOEL.S

Aeroelastic phenomena such as flutter are among the most spectacular and
dangerous dynamic phenomena facing the aircraft designer. Dynamic problems in
aeroelasticity, which involve the aircraft structural deformations and aero-
dynamic forces date back to the early days of World dar I when control surface
flutter became wide spread. The flutter oscillations were caused by the inter-
action of the motion of the surface with the induced, destabilizing aerodynamic
forces. During world War I, several cases occurred where flutter caused the
ailerons, and in severe cases portions of the wings, to break and tear off,
(Ref. 10). Model tests were used to study these early flutter problems and to
establish design requirements which define the mass needed ahead of the control
surface hinge line to decouple the modes of vibration and thus prevent flutter.
In this early stage of flutter- investigation experimental results were generally
relied upon because the very early theoretical work was usually iaadeqluate to
represent the aerodynamic oscillation forces.

The early biplanes, with their wing bracing, had a relatively stiff struc-
ture and serious wing flutter problems were generally avoided, however, ab the
speed increased, for even those early days, the flutter problem began to appear
in the late 1920's and early 19)C's.

An example of the model work of this period is that by Perring of Britain
(Ref. 11 and 12) involving wind tunnel modeltests of the wing of a single
seater biplane. The model was a semispan bi-wing mounted in a five foot wind
tunnel as shown in Figure 3. The experiments incluaed an extensive investiga-
tion of aileron parameters such as viscous damping, inertia; wing mass para-
meters such as struts, ano quantity of fuel in the tank. dome simple fuselage
inertia parameters were simulated although elastic effects of thu fuselage
were not simulated. This type of test proviode useful parameter trenas wtlch
gave insight into the flutter mecoanism and verifiea analytical results.

In (ermany some unconventlonsl biplane aesigns experiences flutter aiffi-
culties around l9'0 such as the He60 (Her. 10). The aircraft is shown in
!igure 14. The lowcr winii was braced against floats, but therL was no bracing
between the upper and lower wing;s. ,,so, steel was used in the spar rather
than woos. .jince the ratio of elbaticity to strength was lower for steel thaan
tne wood, the wing hau lower frequencies for the same streneth aesig-n. 1There-
fore, the upper wing •us relatively- Ilexible and in a-aition tht- aileron system
was not baldnced. in an attempt to reach the desiFn aivin- specs of about ; "t
miles/inoar the airplane experienced uangerous win1. flutter at acout 21J miles/
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hour and crashed as a result of a torn upper wing.

Two dynamically similar models were designed and built of 1:5.6 scale to
determine the cause of the accident and to evaluate structural changes in the
wing to prevent flutter. Whereas, most early flutter model tests were to study
trends of parameter variations, k,reat care was taken during this mouel investi-
gation to obtain the reduced frequency, parameter bQa similar to the full-

scale airplane for nearly complete dynamic similarity. The reduced frequency
is a ratio of the product of the wing semichord, b, and wing torsional frequency,

(&), to the forward ve loc ity -. ouch similarity between model and prototype is
required for flutter models today.%

During the 1930-1940 time period the work of' several scientists such as%
Glauert (hef. 13), Duncan and C;ollar (Ref. 14) in England. and Kussner (Ref. 15
and 16) in Germany and by T. Theodorsen (Ref. 17) in the Unitea 'Aates, and
others, provided the improved unsteady aerodynamic theoretical mtethods for
treating and understanding the dynamic flutter phenomena. tL series or tables
of unsteady aerodynamic coefficients computea from the complex theories, along
with suggested procedures for flutter analyses, was published by gright ý'ield
in Air k'orce Technical heport 4798 'Application of Three Dimensional F'lutter
theory to Aircraft -tructures" (Ref. 18). ThiLs report became the handbook for
conaucting flutter analyses for several years.

.Vith these analytical tools it was possible to obtain a better unaerstbna-
ing of' the flutter phenomena and to predict potential flutter problems in the *%

diesioin of aircr~f't. With these theories, corrective steps could be undertaken
in most cases. to prevent or correct problems. H-owever, unconventional aircraft
such as the Vultee Xk~-54 which appeared about 1942 proviaea some unolctaodox .

flutter problems. Ithis fighter airplbne hau a pusher propulsion system on the
aft fuselage. Twin booms extended aft from the wing to support the horizontal
tinc vertical tails. Because of' its unusual Qesign a plastic replica flutter
model of' the uirplane was specifiea uy the Air Force ana built ana testea by
Vul tee. This flutts-r model is shown in kiiure 5. ka elevator flutter problem
was aetectea during thle wind tunnel tests and corrections prevented this problem
on the airplane. Ihis mnouel cost about h>,)UUU.P

P. %

Int .iij liyinjý wing witn its 30'0 winK sweep also provtiaue ba *.nccnvtr.tion-
i.i pr0olu:fl in I'lutter predictions for wnicti thi., arouynatnic tfltorf Ves not atuc- 0%

comnplete. uirpluf.c flutter moacl shown in kii~ure b yes ý_uiistructuu by
inuatiing eacti part ana tcst-en ip thy; 2U foot wind tunnel at k-git cla about
194). 4,11Se test:; SthowtC ttre airplane shoula ou f rut- fr"j flutter ara extensive A

fli...nt. flutter tests were nw.~t ntteee.-

iUtnur cumplcitx ies in nesit:o. sucti as tne Ilexit-ilitics Qi the pylon
jiluunteci enijinea L-e-an to appear on aircrort. ~Ine A.&4j nt-.u a mjoriiy avept. win(6
arol pylun. Mounted en#.Ines. kiu~tter model vest-s were there~ure required b~y thio A
.-.ir rorcu. ibc MoZ.-l tezsten by 'Ali fy tinf. 6=caany was Uszentini"ly friu. f~inga
on a rod it. I~nc Wink tunnel ;;roV~i.inj; fýoa repruzsentation of' thtz uct%4i liiogbt

Li...rbc ter, stics., (riou~re 'i). 1he flaxibiliicti~ oc triese complex uEajona such
as tnea-4Y .ii eL.o- larFger modern je-t trunsp4ort. aircralU-. proviýued man~y dynam-ic
prý_.blcm'i 4niccn have becnr.ez~olve-z and 3alfet-ý veriiiea by f`lutter Mc~el cteat in.
tr.e wine tun:-.al. 6A i fluttur mocel tic~rq te~t-ea in trhe wind tunnel is S-t.(VL
in .:Ieure js.
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4.round 1950 flight at sonic speeds became possible with improved aero-
dynamic and propulsion techniques. (,ompressibility effects on the unsteady
aerodynamic forces in the transonic speed range generally have a detrimental
effect on flutter stability and theoretical flutter prediction methoas were not
available for this speea range. Also, the thin wings for high speea aircraft
hau lower stiffness le,,els. 'therefore, flutter .adUel tests were used extensive-
ly to estaolish stiffness requirements for preventine flutter ut transonic and
low supersonic speeds.

About 1950 when transonic wind tunnels suitable for flutter testing were
very scarce some flutter model tests were conducted by the A.ID on rocket sleds
(.ikuru 9). ana on the wing of an F-80 aircraft up to about M = 1, (Figure 10).
kree flight rocket models have also been used for high speed flutter mocel
Lests. Figure 11 shows a 8-5d free flight flutter model on a rocket launcher.
Around 1957, uornell Aeronautical Laboratory (Ref. 19) completes a research pro-
gram in their transonic wind tunnel sponsored by the Air k'orce to carefully and
systematically aefine flutter boundaries in the Mach number range up to about
1.2, Ior straight, swept and delta planforms. The models used a lightweight
plastic foam core covered with aluminum foil. This provided a lightweight model
as required vor dynamic similarity in the transonic wind tunnel. The transonic
speed ranple in most cases continues to be critical from a stiffness standpoint
for prevention of flutter ana thus, much transonic wind tunnel modeling work is
_eneraLly required for most new high speed vehicles.

rI'ne use of' flutter models has provided design stiffness requirements and
verified acequacy of desifn for most oi the modern high speea aircraft. A very
iine safety record has been established, in a large part due to the use of
flutter models to verify adequacdy-of the design from a flutter safety stand-
point. oig flutter problems which have been resolved by moas3l tests incluce
all-movable stabilizers, T-tails, and winps with suspendec engines and stores.
i.ircraft wnich have used flutter mouels to verify safety and resolve problems
carly in the aesign include the f-10u. F-l0l, F-104. Y-10), B-52, •-58 ana the
A-I:. illutter ,ouel tests are also an important part of the 8-70 flutter pro-
prau inciuuing low spees, transonic and supersonic tests. kigure lk shows the
3-'0 I'lutter moaci. heplicu type mocel construction by scalink the important
structu.ral inembers was used to assure adequate simulation of the advanced struc-
tural uesi~.ns anu complex vibrbtion modes.

iLnV supersonic ana hypersonic speed re.imes are Orowing increasinp.ly impor-
Lbnt 'or buvanccu vAiidlLs. Extensive flutter mocel investigations have been
corJuctea to *,xtend flutter trends into the supersonic and hypersonic speed re-
Aixues. ,n example of tiiis type of investigation is the work sponsored by the
A.La with vabssacLdsetts Institute of Tecnnoloiy to cover the Mach number range
ircrm I.". Lo v.0. inis was completea in 1959 (Rei. 20). Another with Uornell
.,ronautical Laboratory covered the ranpe D to 8 and was completed about 1961
(: l. •I o,nu ., anu eytericed to ivi = 10 tfis year. At 1 = 10 the stagnation
tempereture was urounc l40U~i (to prevent liquiaation in the air) so that the
.i.ouel iiu-t "u very ttuiperuture resistant. Ine hypersonic moaels were uonstructec
witt, a ceramic 'cam core wi.Lr a •i•erglass covering,. The ,izf has cone some ex-
plorttorv ilutter itirel work, i.t about ivi = l in a new facility at L"ngley which
ustS UIUli-,n o6 a test rncoii,. .itti heliun, stagnation temperatures can be kept
lower, avoiuizi mtnry tienrial problems with the models. 'Ihese oats indicate the

ur.•,ic .n.t hypursonic spt;..u regimes wili t.enerally require les6 stiffness to.
pr(.von fluttr tnial thu trursotijc u[peud regime. but for the very lightweikght
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strZvctural designs of advanced vehicles and the high temperature caused by aero-

dynamic heating at these speeds, these high speed regimes will have to be care-
fully investigated for advanced systems.

An Air Force sponsored program to determine the effects of angle of attack
on flutter at supersonic and hypersonic speeds with NJorth American Aviation,
Golumous Division has been recently completed. The first phase covered the
Mach number range from 1.0 to 5.0 and Is reported in Ref. 23. The second phase
from M = 5 to 8 was recently completed and will be reported soon. 6ome of the
results are shown in Figure 13 and indicate that over the Macb number range test-
ed up to 8, high angles of attack can have a very detrimental effect on flutter
velocity index. The models were semi-rigid with a flexible root support mechanism
shown in Figure 14. This mechanism provided automatic control to maintain the
model at the correct angle of attack and at zero roll angle as the dynamic
pressure and lift increased as flutter was approached. This control consisted of
electric motors which adjusted the tension in the pitch and roll springs to main-
tain the pre-set angle. This adjustment of spring force was necessary during the
test because at high angles of attack the lift forces generated woula tend to
deflect the model greatly since the restraint spring must be quite flexible to
obtain flutter in the wind tunnel.

An advanced method of testing to obtain flutter data from wind tunnel
taodels that can be interpreted as free-flight data through the use of mechanical
&iinmittance measurements has been recently investigated by The Boeing Company
under sponsorship of the Air Force, (Ref. 24 and 25). Figurc 15 is a schematic
drawing of an admittance model restrained with excitation equipment which is
n,,untea on a sting in the wind tunnel in such a manner that the model is more
stable w: ,h the restraints than without the restraints. The free flight flutter
Scharacteristics of the model can be determined without danger of loss of the

S mcdel by providing forced excitation to the model and observing response, to-
Sgether with mathematical removal of the restraint effects. Under an Air Yorce

-* contract with Aerojet General, the indicial method of flutter predictions has
been evaluated. This method includes obtaining aerodynamic influence coefficient
on a segaented delta wing model and applying these aerodynamic data in a flutter
analysis to predict flutter speeds. Figure 16 presents a drawing of the model

*, showing the three segments and location of balances used to determine the aero-
dynamic load on each segment. These data have been shown to give very good
correlation with experimental flutter results at supersonic speeds. The method
is to be checked in the transonic speed range in. the near future. The Massa-
chusetts Institute of Technology is investigating the flutter characteristics
of an inflatable wing model up to M = 6 under Hasearch and Technology Division
sponsorship. This investigation will be covered in detail by another paper at
this 6ymposium.

Acoustic and vibration investigations on Air Force aircraft began around
1940. The investigations were required because of crew discomfort and reduction
of efficiency on long missions. Noise investigations by models included lork by
Yudin (Ref. 26) in 1944 on sound eminating from rotating rods. Hubbard (Ref. 28)

* utilized model propellers to determine the free space fluctuating p:'essures near
the tips of propellers. Lighthill (Ref. 29) performed experiments using model
jets to determine the characteristics of noise generated by turbulence. Ligh6-

* hill's work provided the basis for the following studies.

The first concerted effort in applying the acoustic modeling t=cnnology to
advanced flight vehicles was about 1957. This effort was directed towara detei'-
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mining the use of model jets for turbojet noise prediction for the B-58 airplane,
(hRef. 33).

Lighthill's studies show that the acoustic power generated by air jets is

proportional to approximately the eighth power of the jet velocity. The jet
velocity is then considered as the modeling parameter which must remain fixed.

.Starting in 1960, modeling of propulsion systems was investigated quite
thoroughly by vMorgan in WADD M 61-178 (Ref. 30) and by Gray in A•L TH 61-547

These studies have shown that the sound pressure level at given ratios of
distance to jet diameter, for equal jet velocity, will be the same for both
model and full scale systems. The frequency spectrum is shifted upward inversely
proportional to the scale factor. The spatial characteristics remain unchanged
for the scUled frequency and the power spectrum level of the noise is reduced
directly in proportion to the scale factor. The results of some of the experi-
mental work are shown in Figures 17 and 18. The correlation of sound pressure
level (or power spectral density between model and full scale jets) is quite
good. The jet sizes in these studies were varied by a factor cf 8.

Modeling of simple structures was investigated by Gray (Ref. 31) in order i
to determine the feasibility of using structural models for sonic fatigue pre-
diction. His investigation indicated that the same material should be used for
the model as for full scale. The investigation showed that the natural frequency
of the panel would ahift upward as does the spectrum of the jet. Since the sound
pressure level is to be the same for the scale model as for the full scale model,
the stress at similar locations should be equal in the scale model to that of the
full scale model. Figure 19 shows the correlation of stress of a scale model end
a full size specimen. With the stress level being the same in both the model and V.-
full scale specimen it was evident that the time to failure in the scale model
should be proportional to the scale factor. Figure 20 presents the study results
of two specimen designs. It is to be noted that the trend was as expected even e
though the failure time was slightly different than being directly proportional
to the scale factor.

An investigation of a method for preuicting the vibratory response of
flight vehicle structures has also lea to the use of models, (Ref. 32). In this
investigation a portion of a one quarter scale 1NARiK ($M-62) missile was built
to study the modeling approach. Of course, the previous studies on modeling
jets and structure were used in designing the quarter scale vehicle. -imilar
points on the model were excited by a louc speaker and the transfer functions
measured. A typical result is shown in kigure 21.

The above studies of flutter, aeroelasticity, sonic fatigue, jet noise and
vibration response using models have given a clear indication that modeling may
be a feasible, as weli as an economical, approach to the solution of dynamic prob-
lems in future aerospuce veihicles.

The demands of high reliability, greater payloads, higher speeus and alti-
tudes, and greater range on future aerospace vehicles will require a nlghly efficient
vel'icle design. Lfficient vehicle designs can only be achieved by knowing and
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properly applying by analysis and experiment the environmental forces which the
vehicle will encounter in its lifetime. L•onservatism in the way of safety fac-
tors, component over-design, etc., must be minimized in order to obtain the
most efficient vehicle design for the defined mission.

At present most aerospace vehicle designs do not consider the combined
effects of all environmental forces, because a lot of these forces cannot be
handled Fanalytically. 'Iherefore# additional "weight" is added to assure the
desired reliability.

The technical area of dynamics will likely be an increasingly important con-
sideration in the design of future aerospace vehicles. One such vehicle under
study is the Aerospace Plane, an advanced concept for manned, winged, earth-to-
space vehicle with an air breathing propulsion system. These future vehicles
must have an extremely lightweight, efficient structural design to be feasible.
Yet these designs must have sufficient strength and stiffness to prevent dynamic
instabilities of lifting surfaces and skin panels, and also maintain a reasonable
fatigue life and internal acoustic environment. This will be a difficult under-
t&Jing in view of the extremely wide speed range, intense thermal and acoustic
environment, high angles of' attack and unusual configuration being proposed. I~e-
duced scale modeling will be a requirement for the very large vehicles unde: con-
sideration for extended aerospace missions. 6ome future problems which will like-
ly require extensive effort, including advances in dynamic moaeling technology,
to resolve and verify vehicle safety ana reliability are listed as follows:

1. high temperature effects. The extreme thermal environment of reentry
for orbital and superorbital vehicles will require improvea approaches in model-
ing technology, especially in the area of aerothermoelastic models.

2. Exhaust noise from rockets, multiple nozzle turbojets, ducted tans, etc.
Prediction techniques for these propulsion systems are accurate tor only the
simpler configurations. high acoustic power is generated by large rockets;and
the volume of air, both in silos and in the open,containing these rockets will
v.ve high noise levels during launch and early flight. Jets impinging on the
ground will provide hivn noise levels on the under surface of venicles. J monel-
ing approach would seem to be an excellent way to study and optimize the vehicle
configuration from acoustic effects. Mucn more effort is required to obtain aae-
quate prediction techniques for propulsion systems.

h3. igh angles of' attack. The reentry of advanced vehicles at high angles
can aggravate flutter ana buffeting problems. Advances in moaeling technology to
investigate flutter of elastic monels in the wind tunnel at higa angles ana ex-
treme temperatures are needed.

4. Fuel slosh in large fuel tanks and coupling with elastic wvaicle modes.
This effect can cause dynamic load and instability problems in advanced aerospace
vehicles; methods to simulate these fuel slosh effects with reduced scaled models
will be important.

5. Noise from separated boundary layer, shock waves, base pressures and
wakes. The pressure fields as6ociateQ with ttese phenomena i~s sulficient to
cause structural fatigue failures. There is almost a complete lack of preniction
techniques for these phenomena. Both full scale idn model experiments are required
to determine the moceling technology.
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6. Dynamic stability and control of missilus, including effects of struc-
tural flexibilities. Wind tunnel modeling techniques, including simulated servo
systems are needed to assure freedom from such aeroelastic problems.

7. Stability augmentators and gust alleviators on Supersonic Transport
and other advanced vehicles are intended to provide improved structural response
and damping characteristics. To investigate the characteristics of these systems
and to assume safety from flutter by coupling of the control inputs with the
elastic modes, improved modeling technology to simulate these characteristics
are needed. While it is considered highly undesirable by flutter engineers to
depend on a "black box" to prevent catastrophic flutter, it may oe possible in
some cases in the future to use very reliable servo systems to provide inputs to
the control surfaces in such a manner as to avoid wing flutter in critical speed
ranges with less weight penalty than would be possible with the addition of struc-
ture.

8. Developing techniques for testing complete vehicle moeels in super-
sonic -nd hypersonic tunnels. oith the very flexible fuselage configurations
of advanced vehicles, it becomes increasingly important to test complete vehicle
models rather than wall-mounted component models. Improved technology will be
needed for wind tunnel models of the large, flexible complete models of advanced
aerospace vehicles which will not have sipnificant mounting effect3 and simulate
I'ree flight conai-ýions.

9. 15hell-like lifting bouies. .zuch configurations are under consideration
for superorbital reentry missions. Lynamic problems in these vehicles will re-
quire mouel studies. Vibration and flutter modeling tecanology for shells will
require accurate simulation of a laree number of structural vibration modes, in-

S~cluding not only bendin&:, and torsion, but breathing modes as well.

10. P'anel flutter. A considerable amount of panel flutter research by
vhci- and the Kir Yorce is improving panel flutter testing technology, but im-
provements will be required in obtaining valid data on models because of diffi-
culties in accurate simulation of the many important parameters and nonlinearities.
•omne of these important parameters are panel edge conditions, pressure differen-
tial from inside to outside the panel, in-plane stresses, bucklinv. curvature,
temperature, ankle or attack, and size of the cavity behind the panel.

11. Inflatables, expandables, Rogollo wini, dynamics. This is a fairly new
field and will likely be of growing importance as advanced vehicles of tnis type
are developed. kIvethous to provide valid dynamic model results must bt developed.

12. Ground vibration tests of small scale replica of prototype too large
or not capable of' ground vibration tests. The large size and delicate nature of'
some auvanceu v.hiclus may prevent the conventional tround vibration test. IBe-
plica models may be used to represent the prototype to obtain these vibration
Liadt. Improvements in obtaining nighly accurate mouelint methods, inL;.uding the
effuct6 of joints betw~eei venicle stages and other complex mouuling problems wiil
-u required if vilid ru6,itL are to be obtaineu.

I-. hypersonic control surface "buzz" instabi.±ities my be a problem and re-
*luire moels. This phenomena apprently involve.s the interaction of shock waves
uiiu uouncary layer to I.ive an oscili.tory instaoility of controls similar to the
buzz problem uxperierced by many airuraft in the transonit.. speea range. ft few
cuses have buen recently noted on mouLLIS at hypersonic speeus. ±'urther inestiga-
tion to evaluate the sio'nificance of this phenomena to auvancea venicles are nueuea.
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14. Aerodynamic interference effects of vehicles components. This could
include such problems as the effect of highly swept wings on horizontal tail
flutter or buffet in variable sweep wing configurations. Methods to theoreti-
cally analyze this highly complex unsteady aerodynamic phenomena are not reli-
able and model technology will play an important rart- in investigating this
problem.

15. Dynamic models are needed to determine unsteady aerodynamic loads for
oscillating surfaces at high speeus and for new, blunt, highly swept configura-
tions for which theoretical prediction methods are unproven or not available.

016 Dynamic load problems of advanced vehicles include alightment with
crushable, collapsible or energy absorbing devices; space rendezvous impacts;
and dynamic loads on spinning space station modules connected by long elastic
cables. Advances in modeling technology will be required to provide the experi-
mental data needed for these phenomena on the new design concepts of spacecraft
and in view of the new space environments such as artificial gravity which will
be experienced by these vehicles.

17. Vibration and fatigue characteristics of structures. Sonic fatigue
facilities which can provide the required acoustic field, apply static loads,
high temperatures, etc., will be required. Advances in moueling technology will
be required in order to use many facilities due to size limit.ation.

18. Improved instrumentation and facilities for conducting tests on dyna-
-* mic models will be necessary if adequate measurements and simulations of the high

speed intense theimal ans acceleration environments are to keep pace with advanced
vehicle performance and missions.

19. Control of internal and external noise environment of advanced vehicles.
The use of models will most surely be of benefit in providing optimum configura-
tions to minimize noise environments.

In conclusion, dynamic problems will likely continue to be prominent in the
design of advanced aerospace vehicles. In view of the increasingly complex
nature of these problems, advanced dynamic modeling techniques will be extremely
important in resolving these problems for future aerospace vehicles.
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ANALYSIS OF SIMILITUDE REQUIREMENTS AND SCALING LAWS FOR

TRANSONIC BUFFETING

By H. C. Peterson and A. A. Ezra

The Martin Company

Denver, Colorado

ABSTRACT

When a launch vehicle accelerates through Mach 1, a shock wave forms,
remains attached to the nose for a brief time and then separates as the Mach
number increases. During the period of shock wave attachment, intense local
unsteady aerodynamic pressures of an oscillatory nature are generated.

These unsteady pressures which give rise to the violent shaking referred
to as transonic buffeting contain a wide spectrum of frequencies. Thus the
transonic buffeting forces must be specified, for analytical purposes, as a
non-dimensional plot of power spactral density versus frequency. Due to the
limitations of the present theoretical knowledge, these power spectral density
curves must be derived from wind-tunnel tests.

In order to conduct valid scale model tests, to determine the transonic
buffeting excitation, a careful analysis of similitude requirements is
necessary; and it is mandatory to determine the importance of those similitude
requirements that cannot be provided due to the limitations of existing wind
tunnels.

This paper derives the similitude requirements and the corresponding
scaling laws for small scale experimental work and describes the different
experimental approaches that can be used to circumvent the practical diffi-
culties of fulfilling all the similitude requirements.

49
""1, % '

%. Nf

I V 
,,,°



RTD-TDR-63-4197, PART I
SI. INTRODUCTION

The violent shaking which occurs when the velocity of a flight vehicle
approaches Mach 1 was observed with alarm by the pilots of fighter aircraft
during World War II. This buffeting often resulted from shock-induced flow
separation on the wings of the aircraft. The turbulent wake created by the
flow separation produced random fluctuating airloads which could cause buf-
feting of the wing itself or buffeting of the tail section. As flight at
high subsonic Mash numbers became a commonplace event, the problem of tran-
sonic buffeting increased i~n importance, The problem was sometimes "solved"
by limiting Mach number and incidence to values below a buffet boundary which
existed for each configuration. This buffet boundary could be modified by
boundary layer control to reduce the tendency for shock-induced separation.
When supersonic flight became a necessity, the buffet problem was "solved"
by rapidly accelerating through Mach 1 in order to avoid the violet±t dynamic
excitation produced by sustained transonic flight.

As could be expected, transonic buffeting has continued to be an important
problem in the era of launch vehicles, ICBM's, manned space probes, and manned
orbiting military systems during the exit and re-entry phases of flight. In a
sense the problem has become more severe because, while the supersonic aircraft
evolved toward compact configurations with low*-aspect-ratio wings, the rocket-
powered launch system has evolved toward a long, slender, shell-structure which
may have a bulbous payload*, or a configuration with control surfaces for use
in launch or re-entry. Since on this type of configuration random fluctuating
airloads may result from flow separation and unsteady shock waves near the
nose, the overall bending response of the vehicle may result in severe dynamic
stresses. Since on typical trajectories, Mach 1 occurs at a relatively low
altitude (say 25,000 feet) these dynamic stresses are added to the substantial
stresses resulting from steady-state airloads. In addition to the overall
bending response loads, there is also the problem of response of panels, sections
of stiffened shells, and equipment installations to local high-intensity aero-
dynamic noise.

II. IDEALIZATION OF BUFF'EI' RESPONSE PROBLEM

"Solution of the actual in-flight loads problem associated with transonic
buffeting would involve computation of the response of a dynamic model of the
structure to an unsteady pressure field which has a complicated spatial dis-
tribution and which has nonstationary random fluctuations with time. This
solution would require time histories of the unsteady pressures. The local

It should be noted that, however desirable a bulbous payload may be ýrom
the standpcint of the space vehicle (or space experieent) designer, it is in-
compatible with good aerodynatic design and places a very severe added barden
on the structur'al designer.
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unsteady flow which produces transonic buffeting is characterized by flow
separation and oscillating shock waves that may be attached to the vehicle.
The time-dependence of the unsteady pressures is extremely complicated; and
the spectrum of the unsteady pressures contains a wide range of frequencies.
The spatial distribution of the unsteady pressure field is highly dependent
on the configuration (particularly nose shape) and for a given confi.guration
is markedly affected by changes in Mach number and angle of attack. Time
histories of the pressures acting on the vehicle could only be obtained by

exact simulation of the flight parameters - that is, the time dependence of
Mach number, angle of attack, dynamic pressure, and Reynolds number - in either
a wind tunnel or free-flight test of a geometric model (perhaps full-scale) of
the configuration.

The lack of facilities to provide such simulation, and to a lesser extent
the lack of adequate analytical techniques to solve the non-stationary struc-
tuial response problem, has led to the adoption of an idealization of the actual
problem. In lieu of data on the nonstationary excitation, data on the excita-
tion at constant wind tunnel test conditions is used. Instead of computing
the response of the structure to nonstationary excitation, the response is
calculated by assuming that the excitation is a stationary, ergodic, Gaussian
process. If the excitation is a random stationary ergodiQ Gaussian process,
then the Gaussian statistics of the excltation are specified by the mean value
and the cross power spectral density* kCPSD) of the fluctuations about the mean. -.

If the dynamic behavior of the struicture is adequately described by linear dif-
ferential equations, the Gaussian statistics of the response are determined by
the mean response and the CPSD of the fluctuations of the response about the
mean. *

p

Even in this idealization of the buffet problem to a stationary excitation-
response calculation, the complications in the excitation producing transonic e•,.
buffeting make the simple determination of a coefficient of pressure inadequate. '.,. 4:,
The stationary transonic buffeting excitation is most conveniently specified
by the mean value of the pressures and the resulting forces and the cross power 4j'

spectral density' (CPSD) of the fluctuations about the mean with the implied 1...
assumption that the excitation is a stationary ergodic Gaussian process. At
the present time it is not possible to predict by analytical means alone the
mean value and CPSD. They' have to be derived from scale model tests in a wind
tunnel.

Exper.wental methods are beset by their own difficulties. One of these is
the inability of existing w4.nd tunnels to provide complete similitude for the
independent variables. Some of the discrepancies between the experimental
results of different investigators may be asuribed to this cause. To over-
come this difficulty, systematic investigations have to be conducted to deter-
mine the eifect of lack of similitude for each one of the important independent
variz-bles.

In what follows cross pow4ýr s5ectral densjity will sometimes be
abbr'eviated -s 2B P; an6 y-uwer spectral density will sometimez be -K
abbreviated aa -PS, '.
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III. SCALING LAWS AND SIMILITUDE REQUIREMETS FOR VALID SCALE MODEL WORK

The use of small scale models can be a very powerful research tool for
exploring unknown or poorly understood physical phenomena. To use it effect-
ively, the investigator must be prepared to derive valid scaling laws for the
dependent variables without being able to meet similitude requirements for all
of the independent variables and possibly without even being sure they have all
been identified. This is a situation that is encountered more often in practice
than is discussed in theory, but is really not quite as hopeless as it sounds.
It is the lack of knowledge of the governing physical laws that makes scale
model work necessary for prediction purposes.

A. General Principles

The validity of scale model work is based on two main principles. One is
that a physical phenomenon is independent of the units of measurement. The
second is that the physical laws governing the phenomenon are the same for
both model and full scale. From these basic principles it is possible to
derive the similitude requirements for the independent variables and the
scaling laws for the dependent variables.

A certain amount of krowledge of the physical phenomena is necessary,
however. First of all, the investigator must be sble to distinguish clearly
between the dependent and independent variables. Independent variables are,
by definition, those that can be varied in magnitude independently of each
other by the experimenter without affecting each other. For example, the
load on the beam, the span of the beam, the modulus of elasticity and area
moment of inertia of a beam are independent variables. The deflection and

T•% bending moment are dependent variables, since the magni'tude of each is fixed

by a prescribed set of values for the independent variables. While the bending
moment may be derived theoretically fi-om the deflection, this does not permit
the deflection to be Jlassed as an iriependent vari:.ble along with load and
bpan. This is brcause the value of any one of the other, truly independent
variables (ltke load and span) cannot be changea arbitrarily without altering
the values of deflection. It must also be possible for the investigator to
make at least an intelji_-ent guess as to the identity of most of the important
independent variables. In case of doubt as to the importar-e of an independent
variable, it should be included rather than left out. If it is really unim-
portant, or does not belong, scale model wo•k will reveal this without any
harm being done. If it is omitted :.nd is really importAnt, this too will even-

•-' tually be discovered with enough experimental work, but not without a good deal
of extra effort.

Starting with a clear kno&ledge of the difference between the dependent
and independent vari.,bles and an identification of the independent variables,
the scaling laws and similit,,de requirements may be determined.

J4



B. Derivation of Similitude Requirements and Scaling Laws

A physical phenomenon, y, may depend on several variables, xl, x2 , ... I

x , in some unknown manner. If the independent variables x1, x2 , .. , xn are

known, this already indicates that a considerable amount of knowledge ha- been

amassed on the subject, even if it is not known exactly how y depends on the

variables, x. In spite of this limitation, it is possible now to predict the

outcome, y, for a given set of values of the variables, x, it depends on. This
is achieved by model testing.

The relationship between the dependent variable, y, and the independent
variables, x, can be expressed in general as

G(y, xi, x2 , ":3"''' xn) = 0 (1)

where G is some function of y, xl,..., x . If the exact nature of the function

G were known, then this would be the matdematical expression of the physical

law governing the dependence of the phenomenon of y on the variables Xl,...,x,.

This physical law should be independent of the units used in measurement,

and should apply just as well to the model as it does to the prototype. Model

testing depends on this principle. Using the subscripts m to apply to the model

and p to apply to the prototype, we have the relationship .

G(ym, Xlm X2  ... , Xm) = G(yp, Xlp X2p ... , Xnp) 0. (2)

Using Buckingham's Pi Theorem, from the theory of dimensional analysis, the
n + 1 variables (j, x1, . . . , xn ) can be combined into (n + 1)-4 dimension-

less groups if four basic dimensions are used. We have then

G ' .2m' . " F(N-3)mIT T2 p' " " (N-3)pii(3)

where clm, 7lp contain the dependent variable y, and the remaining dimension-

loss groups zontain the independent variables xi. Now if the model is so con-

structed that

2m 2p (4)

=(N-3)m = (N-3)p

In what follows we will conLAder temperature to be the fourth basic
dimension.
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then it must follow from Equation (3) that

St (5)

im 1p

The value of ym contained in :im can be measured from the model test.

The value of 7( (which is equal to 9i) can then be calculated from the re-

suit of the experiment. From this value of ip , the desired value of y

that it contains can now be calculated. p

Therefore, it can be seen that knowing xlp, x2 p, . . , x the value

of ylp can be found by testing a model, even though the nature of the function

G is unknown, provideu the model is built to satisfy the relationships of
Equation (4). These relationships determine the required scale factors to be
used.

C. Scale Factors and Similitude Requirements L i 1

It must be stressed that Equation (5) will in general yield the scaling
law for the dependent variable if and only if the similitude requirements

( •km : Tkp' k = 2, 3, • • • , N-3, Equations -4) are satisfied.

A number of these requirements are satisfied by the choice of the arbi-

trary scale factors. The number of scale factors that may be chosen arbi-
trarily is equal to the number of basic dimensions in the problem. For ex-
ample, if all the variables in the physical law are expressible in terms of

four basic dimensions, i.e., mass, length, time and temperature, four scaleU
factors may be chosen arbitrarily, corresponding directly or indirectly to
each of them, to suit test requirements. The remaining scale factors will
then be expressed in terms of one or more of these four.

As stated above, the present wind tunnel facilities cannot provide test
conditions which satisfy all of the scaling laws. This means that the wind
tunnel tests to determine the transonic buffeting excitation are tests of dis-
torted scale models. Tests of this type are discussed in detail in the next
section.

D. Derivation of Scaling Laws When Complete Similitude is Lacking

(Distorted Scale Models)

1. General Principles

In practice it is not possible to satisfy all the similitude re-
quirements for transonic buffeting wind tunnel tests. Systematic methods have
been developed for dealing with this problem. These methods will be discussed
in some detail.
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The basic principle underlying the successful use of scale models when
similitude is lacking is this. For every similitude requirement that cannot

be satisfied in a model test, there must be provided a relationship, theoreti-
cal or empirical, between the dependent variable and that independent variable
for which similitude could not be provided. This relationship can then be used
in a manner analogous to a correction factor for the scaling law. Put more
precisely, for every similitude requirement that cannot be met for an independ-
ent variable, an adequate knowledge must be available of the partial derivatives
of the dependent variable with respect to that independent variable, for the
range of values of interest to the investigator. For example, if it were im- ý,7
possible to make it = kp and if the value of nk that can be provided in

the model test is not too far removed from the required value of ý then a
knowledge of in the neighborhood of g km will suffice for a linear

bik

correction to the scaling law. If the value of it that can be provided is
kmt

appreciably different from the required value of ik then must be akp' Qk

sufficiently well defined function of v to permit an accurate correction to

be made to the value of 'I This may be explained as follows. The required

value of iI at the proper value of Irk may be obtained from the observed value

of Xi1 at the model value of 7 km by means of a Taylor series if the partial

derivatives are known up to a sufficiently high order at the model value of
= -ik" This is shown below.

k km*

+

(lr) =(ir) =kp km

7rk lrkp •k km k km

(6),,.

(2
2!) k 7Wk 7rkm kp km

The case for the lack of similitude of two or more important independent
variables will be discussed later. .

2. Lack of One Similitude Requirement

Consider the case where only a single similitude requirement IWk

cannot be satisfied for practical reasons, i.e., 7r It According to ,..
km kp*

general principles, this difficulty can be overcome by providing a relation-
ship, either theoretical or expcrimental, between the dependent variable and
the independent variable for which similitude cannot be provided. .
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The simplest situation occurs when the effect of the unscaled independ-
ent variable is small, ie., 7l is weakly dependent on "r In this case, the

1 k
scaling law for the dependent variable, i.e., 7Ip =( lm, will be approximately

true, and the observed value of the dependent variable may be scaled up to full
size accordingly. If it is not possible to demonstrate theoretically that r k

is an unimportant variable, then this must be done experimentally, over as wide
a range of values of T km as possible, keeping all other values of the inde-

pendent variables constant. To do this, it may even be necessary to use a
number of scale models of different sizes, if there is no other way to vary
the value of 1C

km*

"When the unscaled independent variable is important, and no theoretical
relationship exists to show its effect on the dependent variable, then a simi-
lar experimental program must be conducted to determine Xlm as a function of

km. Ideally, the range of experimental values of'k should straddle the
desired value of Xik, or should be brought as near k as possible. If this

kp kp
too is impossible, then the functional relationship between 'Wlm and 7 km

should be defined by a sufficiently large number of values of km to permit

a valid extrapolation to the desired value ofiXt = 7k on the basis of
km kp

Equation (6).

3. Lack of More Than One Similitude Requirement

Let the general form of the unknown physical law be represented
in dimensionless form by the following:

S1 = F(-T 2 1 •3*** ' 3 k' . 'r (7)

If th. corresponding values of W " " r could be kept the same for

model and full scale at a set of constant values then an experimental plot of
i( vs. 7' would be identical for all sizes of scale model. For example, a

range of model sizes, one twentieth, one tenth, one fifth, etc., would yield
identical plots of W vs. This would not be true if the similitude re-

1 2•
quirements for Ck, '* r were not met, i.e., if the corresponding values

of •1t " " " 'it are different for different size scale models. If the re-
k' r

"sulting plots of ir vs. K 2 from different sizes of models are not very dif-

ferent from each other, in spite of lack of similitude for ' "K "'1rthis

would indicate that the combined effect of all the unsatisfied similitude re-
quirements represented by 7C k' . . r is not significant and im 1 Klp

will give an approximaftely true scaling law. This is the first possibility
that should be checked when a large number of similitude requirements cannot
be met.
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At the other extreme, let us suppose that the similitude requirements I
k " " are all important and none of them can be satisfied. A

straightforward, though cumbersome approach, would be to keep all but one of
the dimensionless independent variables constant at a time, and find experi-
mentally how 7 1 depends on it. Then in a manner similar to that based on

the use of Equation (6), the scaling law may be corrected for lack of simili-
tude of one variable at a time.

There is a much more economical solution, which is particularly useful
when all but one of the dimensionless independent variables cannot be held ,
constant to determine its effect on 7(1. To do this successfully, the experi-
ments must be designed in such a manner that even though 7rk ~ are

allowed to vary simultaneously, each of these W terms varies over as wide a

range of values as possible. For these experiments, it 2 , k-1 are

kept constant at desired values corresponding to those of the prototype. A
surface of best fit, analogous to a curve of best fit for two variables can
then be computed to represent 1 mathematically as a function of the variables %

X k. . . . 1 Ir from the experimental results.

The importance of a careful design of the experiments can now be seen ON .O

since a wide spread of values for each of I( . . . ir will insure an
k' r

accurate formulation of the surface of best fit. This mathematical expression
for 7r1 = f(i . . , ir ) can then be used to provide the necessary cor-

rection for lack of similitude in the variables ltk' " " i" for the scaling
law.r"• 4

Thus, it is possible to conduct valid scale model tests even when simili-
tude cannot be provided for one or more independent variables and the physical
law governing the phenomenon is unknown. The most difficult situation occurs
when similitude cannot be provided for a number of important independent varia-
bles. In this case, proper design of an experimental program combined with the
technique of deriving a surface of best fit in n-space may be used to overcome
this difficulty. These techniques may be applied to practical problems of in-
terest which have hitherto been considered "unscalable". Such efforts would be
very rewarding, not only in advancing the ability to work with dibtorted scale

models, but as a powerful research tool for exploring the unknown.

Ir
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IV. SIMILITUDE REQUIREMENTS FOR WIND TUNNEL TESTS OF SCALE

MODELS TO MEASURE TRANSONIC BUFFETING EXCITATION

A. Choice of Dependent and Independent Variables

In the similitude analysis of any physical problem, it is necessary to
decide in advance the dependent variables that need to be measured and to
distinguish clearly between the dependent and the independent variables in
the problem. Consideration of the problem of determining the aerodynamic
loads due to transonic buffeting leads to the following conclusions. The
dependent variables to be measured are 1) the dynamic response of the model,
2) the local differential pressures, 3) sums of these differential pressures,
(these sums are to be considered as approximations to the random lateral
load at a station on the model), and 4) the frequency of oscillations of

the unsteady pressure field. From recorded time histories of these local
differential pressures and their sums, the local lateral loads, the cross-
power-spectral-densities can be computed for use in the calculations of the
response of the prototype*. The dependent variables to be measured by the
wind tunnel tests are outlined in Table 1.

In writing down the dependent variables in Table 1, it has been assumed
that the loads w( t , t) are not dependent on the motion of the model in the
wind tunnel (or the prototype structure in flight).

Table 1 Dependent Variables to be Measured
Dimensions

P(rii t) p (t) = Local differential pressure at M L-1T-2
location of itb transducer

w(ti, t) wi(t) = Random lateral load per unit M T-2
length at station • =

SY( t) F yi(t) = Random lateral response at L
station =

W = Frequency of oscillation of T
unsteady pressures

Note that the random excitation can be completely described by the
cross-power-spectral-density obtained from single time histories of the
pressures only if the unsteady pressure field is a random stationary
ergodic Gaussian process. We are in essence assuming that this is true.
Later the validity of this assumption must be checked.
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Thus, the similitude analysis and the scaling laws developed in this
section apply only to buffeting excitation which is independent of body
motion. If the excitation depends on the body motion, then the equations
of motion for the vehicle take a form different from the case discussed in
Appendix A. Namely, the normal mode coordinates, q n(t), are solutions of
equations of the form

Mn [n + 2tn Wn 4n + w.~ n] = n [ (x, t)1 8

where y(x, t) = Z W 0n(x).Sn n

The response analysis is then concerned with determining aerodynamic in-
stabilities and stable limit cycle oscillations. Wind tunnel tests to in-
vestigate the buffet phenomenon of this type require an aeroelastic
("flutter") model, or an articulated model which simulates the nodes of the
modes of vibration.

However, in the case of negligible coupling between the motion of the
vehicle and the aerodynamic forces, a dynamically scaled model of the proto-
type is not required. In this case the measured pressures and the measured
response are independent of one another. This means that there are two basic
techniques for measuring the excitation producing transonic buffeting. We
can measure the space and time correlation of the unsteady pressure field
acting on a model system with transducers and use these measurements and
the properties of the structure to predict the dynamic response of the full-
scale vehicle; or we can measure the space and time correlation of the dynamic
response of a calibrated model system(one of known dynamic properties) and
use this measured response along with the known dynamic properties, to com-
pute the CPSD of the unsteady pressure field that is exciting the model
system. This computed CPSD of the pressure field can then be used in the
response calculations for the full-scale vehicle.

There are several types of wind tunnel tests which can be (and have
been) run. Three types of wind tunnel tests to determine design criteria
for the buffeting excitation are discussed in Reference 4. These include
1) a pressure model test, 2) a test of a dynamically calibrated wind tunnel
model system, and 3) a test of a dynamically scaled wind tunnel model. A
fourth type of test should now be added. This is a test utilizing the
inertia-compensated-balance system which will be discussed in a paper to be
presented in the fifth session of this Symposium. The similitude analysisand the scaling laws developed here apply to all of these tests.

The choice of the independent variables is governed by knowledge of the
fundamental physics of the problem plus physical insight and intuition. The
independent variables chosen to be significant are given in Table 2. These
variables can be divided into three groups: 1) the variables describing the
geometry of the body, 2) the variables describing the dynamic elastic behavior
of the vehicle structure, and 3) the variables describing fluid flow at high
subsonic and low supersonic velocities. The variables in group 3 (namely, V,
•,, ,o Y ,/ R) are inter-dependent since for example/ 1depends onA'.
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If the effects of variations of one of these variables are to be studied, then
this inter-dependence must be kept in mind. For example, the effects of 13
cannot be determined unless the density is varied to keep Reynolds number a
constant.

It may be argued that the vortexes shed or the thickness of the boundary
layer affect the unsteady aerodynamic loads and that these loads should, there-
fore, be considered to be functions of these variables. However, the vorti-
city and boundary layer thickness are themselves determined by the independent
variables listed above. These independent variables, therefore, ultimately
determine the unsteady aerodynamic loads.

Table 2 Independent Variables
Dimensions

D = Reference Diameter L

= Any typical dimension L I%.,.
S= Any characteristic time associated with the flow T

e = Any typical dimension representing roughness L

= Natural frequency of structure in the i•b mode T

m = Structural mass per unit length ML-

= Damping coefficient of io mode of bending vibration ML1 T 1
3 12

EI = Bending Stiffness of structure ML3T 2

V = Velocity of air flow relative to missile T1-

S= Absolute viscosity of the air ML-T-

= Mass density of air ML-3

= Specific heat ratio of air Dimension-
less

/G = Temaeruture of air
R = Gas constant of air L2 2

at = Angie oif attack Dimension-

NOTE: a i s velocity of sound in ail.

The subscript i refers to the iO mode. 'hen
n is used as a aubscript, it refers to the

mode l.
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B. Dimensionless Parameters Containing the Independent and Dependent
Variables

From the 15 independent variables given in Table 2 we can construct 11
[(15-4) = 11] dimensionless parameters containing the independent variables.%
These parameters are listed in Table 3.

Table 3 Dimensionless Parameters Containing the Independent Variables

r "

1 D

D
72 VT

= a , the Mach number

115 = o VD/J- ,the Reynolds number

=e/D

6

2

4 eV2

Ir9 EI/q D , where q 2- is the dynamic pressure

1W 1 - Ci the equivalent viscous damping ratio for
2 vi tk the i •mode

o(= o, angle of attack

I

generalized wass of the ilb mode. V1W"

From the four (4) dependent variables for the pressure model test -
(Table 1) ard the independent variables (Table 2) we can construct four (4)
dimensionlens parameters containing the dependent variablea. These are
listed in Table 4.

+ * . .* *
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Table 4 Dimensionless Parameters Containing the Dependent Variable

Pi(t)

12 13 q

wi (t) yj(t)

14 qD 15 D

whereV2 is the dynamic pressure.
2

C. Dimensionless Parameters for the Cross Correlation Functions and
CPSD Functions

The cross correlation functions and CPSD functions for the unsteady
pressure field and the dynamic response are defined in terms of the dependent
variables pi(t) = p( -ri t) and yi(t) = y(i t). We can therefore write

these CPSD functions in dimensionless form in terms of the dimensionless
parameters from Table 3 and Table 4.

Let us consiler two functions of time ,l(t) and , 't). The cross-

correlation functions, 4I (t'), and the cross power spectral density
12

function, Fi (w), Are Fourier transform pairs which may be written in

the form.

S-i6t'

F. ., ( ) : •i , ( ' t

and

1. t')2 it

in the 4hove V (t" is defined in trt•as c (t) and (t) by

ta. 'I(J

2-T 2
I ' T. -2 '" J
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Thus, ;i W(t) has the same units as the product 7 1(t) 7 2(t).
1 22

Applying the above relations and definitions to the CPSD of p(ri, t),

-w( , t) and y(4 , t) we obtain the following dimensionless parameters:

Cross Correlation Functions:

T
7rlim 1t i1 1 p~~

urn6 - 2 - 2----- dt
16 q T-3 L 7 q2T

-T

W w(t') 
T

S•T1 1 j =lim 1 [D qD dt

T-ct)] J, L J

'17 - (qD)2 T• CO -3

-T

-- • T

--- • == liram- dt
-- I"8D2 T - C

CPSD functions:

-- - •Fw 7r Itr Pil Pj] e td(tt/r)
7 v (W)=

1•T9 q 2 DFPipj (D/VTr)

7 2 2 3 " w , w ( ( ) =( .D/ V r)

00

CO 7r 8 y,, y] -iwt' d(t'/T)

V-F (W) I
7r 21. Yi Y

D i Yj D/Vr)
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the 7i. given in Table 5 and Table 4, we cain rewrite the above in
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n = Dp/Dm (the length scale factor)

n2 Vp/Vm

n 3 = p/9Pm

n 4 R p /Rm

The subscripts p and m refer to the prototype and model, respectively.

All other scale factors can be expressed in terms of these four by

making the dimensionless paramters 'X1 ' " " " ir 2 1 the same for the model

and the prototype. If IT i "" can be made the same for model and

prototype, it follows that rkp = °tkm' k = 1, 2, . . . , 21; giving the scale

factor for the dependent variables.

The following scaling laws are obtained by choosing nl, . . . , n4 and

setting (Ki~w = ( )p: i p,

Independent Variables

( m ( p m nl p

2U 7C Tp ' 12(2m 3 p m nI p

(4Xm = (7r3) ------ 6m = 
'

~ P

1

3 TSm = 31 p "---P; p nI 
OWN)/

n

(7 = (t7)p}n

4 "m 4

lpo n I

: kV %:*



( ) = > .. - 1 ] "( 8) 8q 8p n n n2 p

312( IT 9 )m = (7 9 ) p ( EI ) in 4 1 2 ( pI
"_" nI n2 n 3 P

lO lOp------- im

or (C.) - (Ci)
-m 2 p

11 m p m p

Dependent Variables

n1
"( 12 ) (t12) - : u• r
12) ' 1 p m n2

13 t 1 l pp Li''' 2 Lp±(t)TI
m n2 n3 p

(~l4)m (7 4) p r tw( j.t)] = [w( < t)j
n nn 2 n1 p

15( n 15p L m n J p

6); r(•.) U.- Q 2 ( t')
L "•, n" 2 p

P 7
J ' i.. " -. ~i .n r n-."- v - J ''
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(-T )m Or t Ym (1 ~1 )

(oW1 9 )m = (I.• 9 )p • [Fpuij()]_ -n 323 [F pip.(Lu)1

1 m p

o20)m 2p 2[F ( F

9w wn n 3n. 2 L,.ijm 1 2 3 p

1 21J Pm. n1 iYJi
m P

E. Discussion of Scaling Laws

The scaling laws for the frequency of the oscillating loads, temperature,
surface roughness, fluid viscosity (Reynolds number), and model structure are
of particular interest.

The scaling law for the frequency of oscillating loads is X

"n1
m n2 p

This requires that the unsteady pressures of the model should be observed
a eh n,at frequencies that are n- times the value of those frequencies of concern on

n 2
the full-scale prototype. Note that while a characteristic time associated
with the flow, (say, = D/V) is considered to be an independent variable, the
characteristic frequencies of oscillation of the unsteady aerodynamic pressures
are considered to be dependent variables. This implies that the scaling of the
frequency coordinate of the nondimensional PSD's is a function of the similitude
paramters involving the independent variables and is not simply a reduced fre-
quency (Strouhal number) based on a characteristic length, such as body dia-
meter or boundary-layer thickness. This viewpoint has the advantage that it
forces one to investigate the effects of lack of similitude on the abscissa of
the nondimensional PSD's as well as the effects on the ordinate of the non-
dimensional PSD's.

The scaling law for temperature is
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n4=

/M n2

For n4 = 1, i.e., the same gas is used for model and prototype, then the

scaling law for temperature becomes

n2

It is generally not possible to satisfy this criterion exactly in wind
tunnel tests. However, it is believed that this is not an important varia-
ble, and does not affect the results appreciably if the value provided is not
too far from the required value. The sensitivity of the results to this
variable can be checked by varying the total temperature of the wind tunnel.
Here it should be noted that variations in temperature also effect the
Reynolds number. This coupling effect must be considered in the planning
of a test and in the interpretation of the data.

The surface roughness of the flight structure is difficult, if not im-
possible, to define precisely - let alone simulate. The effect of surface
roughness can be investigated qualitatively in the model test by changing
the model roughness. If the magnitude of the unsteady aerodynamic forces and
pressures were found to increase with roughness, it would be necessary to
choose a particular roughness that would give conservative results for the
full-scale missile. The surface roughness parameter becomes especially im-

A 0portant if the buffet phenomenon being investigated involves shock-boundary
layer interaction and boundary layer separation. The separation of the
boundary layer may be significantly affected by the surface roughness. If no
flow separation exists on the "smooth" wind tunnel model, while it does exist
on the full-scale prototype, the loads measured on the model would not
accurately predict the loads on the prototype.

The scaling law for absolute viscosity cannot generally be satisfied,
and hence the Reynolds number (W I5), cannot generally be made the same for

model and prototype. A Reynolds number of about half the full-scale value
can usually be provided in the wind tunnel for a prototype which is about 10
feet in diameter. As the size of the prototype increases, the fraction

(RN)
m will necessarilydecrease unless larger and larger tunnels are built.

Since the latter alternative is a very costly and lengthy procedure, it is
necessary to investigate the Reynolds number dependence on the buffet pheno-
menon more thoroughly by careful analysis of test results and systematic
planning of future tests. For a given wind tunnel facility, the Reynolds
number can be varied by varying the total pressure or temperature of the
flow, by varying the model from a small size to the maximum possible size, or
by using a working fluid other than air; for example, Freon.
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In the case of tests of a dynamically scaled wind tunnel model system,
additional practical difficulties in scaling the model structure make it im-
possible to scale up the measured response of the model to full size directly
by the given scaling laws.

One difficulty is the requirement of equal damping for model and full-
scale, expressed b5 the relationship p = m " The damping for the full scale

structure is not kno:n before it is built, and, even if it were, it is practi-
cally impossible to build a model with a specified damping ratio. Since the
peak response of an elastic structure to a random excitation is sensitive to
the amount of damping, this factor alone makes it desirable to eliminate the
effects of the dynamic properties of the model by computing the CPSD of the
excitation forces using Equation ( 15) , p. 28. k"41

Another difficulty is the similitude requirement for all the natural fre- y--
quencies of the structure. A liquid-fuel missile contains slosh masses that
cannot be adequately simulated in a scale model. This is because of the
difficulty, if not the impossibility, of choosing a material for the model
structure that simultaneously satisfies the ratio p 1/t P = 1/n 3 , the bending e

stiffness ratio (EI)m/(EI)p n 4 2 and the mass ratio given byn nn, n2 n 3

12
mm/mp ,which includes the weight of the liquid propellant as well as

n n *. :"13 1
the structure. For example, if a value of n5 = i is chosen to provide the same

Reynolds number for model and full scale, it becomes necessary to choose a
structural material for the model that is five times denser that the prototype
material. If this requirement is neglected and the same material is chosen for
model and full scale, then the satisfaction of the bending stiffness ratio will
provide a model structure that is too light. This is compensated by simulating
propellant masses by a model material that is much denser that five times the
fuel, so that the overall mass ratio for both structure and propellant is satis-
fied. Therefore, it can be seen that the model response or internal loads on
the structure cannot be scaled up directly from the results of a scale-model
test.

It is possible, however, to use the measured response to compute the un- 0
steady aerodynamic loads and to scale up those loads acting on the model. a

-~..- %•
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V. REVIEW OF PREVIOUS WORK AND SUGGESTED AREAS FOR FUTURE RESEARCH

In the recent past, wind tunnel tests of all four types noted above ha-me
been conducted. The Ames Laboratory of NASA has conducted tests of a variety
of nose shapes. These tests have investigated the effects of nose shape on
the rms fluctuation level, the shape of the power spectral density (PSD) curves,
and the amount of aerodynamic damping. The coupling between the model deflect-
ion and the excitation forces has also been investigated. Some of these tests
have been directly associated with a development project, e.g., Atlas Able V,
and Centaur.

In addition to the work at Ames Laboratory, considerable work has been
done at the NASA Langley Research 'Center. ý?hese tests have investigated the
buffet problem on the Mercury-Atlas and, more recently, on the manned lunar
vehicle configurations. .91.

.* 1%

Transonic buffet studies of Titan II with the Mark 4 and Mark 6 re-entry
vehicles were conducted by the Martin Company at the Propulsion Wind Tunnel
at the Arnold Engineering Development Center. (This work is outlined in some
detail in Reference 4). The Martin Company is also responsible for the tests
of Titan III with a Dyna-Soar payload, and also with a bulbous payload. °.

In the course of this work, attempts have been made to investigate the j.
accuracy and limitations of the scaling laws given here. In the Ames tests,
Reynolds number was varied both by varying total pressure and by varying the
model scale factor. Some of this work is being presented at this Symposium in
Session 5, by Mr. C. F. Coe. At Langley, tests of the same configuration were
run with different gases (air and Freon) but the same Reynolds number. (Ref. 6)
These test results indicate that for equal Reynolds number the scaling laws
given above for It and I1 hold.

19 12

The investigations to date have indicated that there are two types tf
transonic buffeting: 1) Wake buffeting (e.g., buffeting by the wake of the es-
cape rocket on the Mercury-Atlas), and 2) Buffeting by loads created by inter-
mittent flow attachment and detachment. (This type of buffeting usually in-
volves a shock-wave-boundary layer interaction at the point of onset of the
flow separation.) The wake buffeting is characterized by unsteady pressure
fluctuations which have a relatively flat PSD curve, similar to "white noise".
The separated flow buffet is ch'tracterized by a large amount of energy at the
low frequency and of the spectrum. Thus, thi6 type of buffeting producec more
severe dynamic response of the structure in thp bending modes.

The question of coupling between the transonic aerodynamic forces and the
motion of the vehicle has not been conclusivt-ly answered. The tents at Ames
Research Center have indica-ted that coupling may exist for ;rofiles which have
a gradual boattail. Teý.ts using an articulated balance and light-weight fiber-
glass models have indicated that the bulbous payloads may have negative aero-
dynamic damping at transonic Mach number;rs. Further investigation of thia aspect
of the transonic buffet problem is required.
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Another area requiring further investigation is the axial correlation and
the circumferential correlation of the unsteady pressure field. The dependence
of the CPSD of the pressure field should be determined as a function of Mach
number, angle of attack, Reynolds number, surface roughness, and body shape.
This dependence is of particular importance with regard to the resulting
cross-correlation of the forces in the pitch and yaw planes. If these forces
are correlated in such a way to produce bending moment response in pitch and J

yaw which have high correlation, then the mean-square bending stresses will be
higher than either the mean-square bending stress resulting from the pitching
moment or the mean square bending stresses resulting from the yawing moment. I
Another important application of this information is in the design of pressure
model tests. The number of pressure transducers required to give an accurate V-N
approximation for the force acting on an area of a model is a function of the .

cross-correlation of the unsteady pressure field.

VI. SUMMARY AND CONCLUSIONS

Scaling laws which apply to scale model tests to determine transonic
buffeting excitation have been derived by direct application of the Buckingham
Pi Theorem, The difficulties arising from inability to provide exact similitude
have been pointed out. The theory of distorted scale models have been reviewed.

It has been noted that several important areas require additional study:

1) The effects of time variation of the flow parameters (M, oc, RN q,4) ",'

on the level of the unsteady pressures.

2) The dependence of the scaling laws on Reynolds number and the pro-
perties of the test medium.

3) The dependence of the excitation on motion of the wind tunnel model. . A.

(The importance of this effect is expected to depend on the con-
figuration geometry). %.*4

4) The variation in cross-correlation of the unsteady pressures (with p
axial distance and circumferential angle) with changes in geometry.

It is hoped that this review of the similitude requirements and other .""

factors associated with the design if scale model tests to measure the transonic
buffeting excitation will help engineers with the planning of future tests and
with the interpretation of test results.
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APPENDIX A

"RESPONSE OF NONUNIFORM BEAM TO TRANSONIC BUFFETING FORCES

This appendix presents a brief review of the analytical tools which are
available for calculation of the response of a non-uniform beam model of the
missile structure to stationary random excitation. The analysis as discussed
here applies to the gross loads problem. It should be noted, however, that the
local loads problem can be handled simply by substituting an appropriate
structural model which describes the dynamic response of the shell structure
or panels. In this appendix the normal mode approach of beam vibration
analysis is used; and it is assumed that the modes are not coupled because
of damping. This review of the response analysis for the idealized transonic
buffet problem indicates what information must be obtained from a wind tunnel
test.

Powell has shown that the cross power spectral density of the response
of this non-uniform beam is given by an integral equation:

F WY(Xk t), y(x , t) Z k

Sm n Z() Zm(W)

L L'=L

0 0

* where W (x) is the (n)b normal mode ol vibration of the beam;

a,.

Z Zn(W ) = mn ( Wn + 2itn)n - W 2)

i* the complex impedance for the n)b mode; and

F [ lw( t),W( t' t)j
ic the cross power spectral density of the disturbing force w(t, t) (Fig. 1).

S. H. Crandall: Random Vibration, Technical Press of Massachusetts Insti-
tute of Technology, and John Wiley and Sons, New York, 1958, p. 192.

In Equation (9) and in following equations asterisk (.) denotes complex
conjugate.
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If the length of the beam can be divided into discrete lengths

over which the distributed excitation w( t, t) has a unity spatial correlation

but is random in time; then w( t, t) can be written in the form

w(', t) = Wi(•) Q t) (I0)

for

ýi< < i+l"

For excitation of the form of Eq(O) the (integral) Eq (9) can be trans-

formed to a matrix equation as follows:

[u)'k' )] [ nk] T [4- [ j~ j[F v I ~ t, (t)]j j

n

where .4

0,( % _ X W (T(

kn k n k n E n

.4.

and

See Figure 1.

S[..ysbcl denotes a diagonal msnrix.
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Fji( WIQj(t), Qi(t)) is the cross power spectral density of QM(t) and QI(t).

The value of t is then determined by integrating Eq (11) over fre-

quency.

By assuming that power spectral density of the response has a negligible
value expect in the neighborhood of the natural frequencies of the system,
Eq (11) can be greatly simplified. Reference 5 shows that Eq (D!) can be re-

duced to

F &qfYk9 V) ~Pq (wq)"q(xk,)'q(xg Fqq (W q Pq t (12)

where

2 1
q q ( q2mq) 22 2 w

q q q

and

qq q Pq' pq) L Yqj j q Qj, Lq

qi and Fji( q I Q,. Qi) are defined in Eq (11). 1y multiplying each peak

value (at w = w ) by the half width of the resonance peak "•A w q ),
* q q q

an approximate value for the integral of Eq (12) is obtained which is

(Ykt); nuely,

k I

~3TtY U))

q qq q
q

q. q

" By definition " (T) v,(tt) 1 im kY ( r k dt.
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The determination of the transonic buffet loads iL-,sed on a launch
vehicle thus involves three steps:

1) Determination of the steady state and unsteady aerodynamic forces
by conducting a wind tunnel test;

2) Determination of the normal mode model of the missile structure by
analytical vibration analysis and by vibration tests; and

3) Determination of the transonic buffet response of the vehicle by
use of the results of 1) and 2) and Equation (11) or (12).

it

Botmant shows that the matrix Equation (il) may be inverted so that the
input spectra appear on the left hand side of the equation. The right hand
side of the equation includes the output spectra of tVe mechanical system
and transfer matrices H((,) that depend on the dynamic properties of the
mechanical system-

F IT
J F~ji •'~~) it) =|•- mxn, 14

0

y mxM mxn

,bY

From Equation (12) we can solve for the PSD of the generalized force
-- '•:Pq i .e.,

q

F((Jl qj F P q P q "-' Y J (
qý qa q

q'J q)k q N

SEquation (15) shows that since in a lightly damped model the respýonse is
restricted to small frequency bands about the values of W = Wa , only the PSD

q
* of the heneralized force P at W= w can be obtained by the inversion pro-

cedure. q

* The detail.s of the spatial distribution are lost. If several modez are
excited, then the PSD several ýntegral- (one for each roode) of the excitation
are deterzined for the valueos of W a W Addi tional value's of the PSD of P

can be obtained by 0) changiir. the mode nhapes •n(x) and 2) chancing the

natural frequencies 41 .

t M. L. Tot.n: The Response of! Linear System, to inhocnogenfoous Random

Excit t tn i onz S A aper No. 61-32, prez-nted at 7AS 29. Annual Meeting,
New York, .ewYork, 23-25 January, 19i.
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DYNAMIC STRUCTURAL MODELING

USING DISSIMILAR MATERIALS

by
Gale E. Nevill, Jr.

Southwest Research Institute

ABSTRACT

Use of structural models made of materials different
from full-scale offers promise of allowing considerable
latitude in choice of model test conditions, particularly
in the intensity and duration of loading. An analytical
and experimental evabuation of the feasibility and po-
tential of this approach has therefore been made. Pre-
sented are an analysis of the general similitude require-
ments for the modeling of dynamic response of aero-
space structures utilizing dissimilar materials and an
investigation of the problems associated with meeting
these requirements. Also, model tests involving the
elastic-plastic response of impulsively loaded beams
and plates made of relatively weak and dense lead-
loaded plastic are described and their results are com-

pared with independent full-scale results for aluminum.
Agreement indicates probable usefulness of approach.
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SYMBOLS

a Acceleration (LT- 2 )

d Displacement (L)

e Strain component (-)

e Strain-rate component (Ti)

E Young's modulus (FL-)

f Function (-)

F Force (F)

g Gravitational acceleration (LT- 2 )

i General identifying subscript (-)

I Impulse (FL-ZT)

k Strain-rate sensitivity (T)

I Characteristic length (L)

m Subscript referring to model (-)

o Subscript referring to original or characteristic state (.

p Pressure (FL- ), subscript referring to prototype (-)

P Material plastic modulus (FL- 2 )

r Suoscript indicating ratio, model to prototype (-)

R Radius (L)

S Stress (FL--)

t Time (T)

Y Yield stress (FL.-I)
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z Displacement (L)

0 Angle (-)

_. Poisson's ratio (-)

p Mass density (FL' 4 TZ)

Function ( -)

S
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RTD-TDR-63-4197, PART I

DYNAMIC STRUCTURAL MODELING
USING DISSIMILAR MATERIALS

Gale E. Nevill, Jr.
Southwest Research Institute

INTRODUCTION

The formal rules leading to the development of modeling or si-
militude criteria are relatively simple. Since these formal rules are
well known and comprehensively treated in various references, they will
not be presented here. This simplicity is somewhat deceptive, however,
and it is easy to neglect the crucial need for sound judgment in the appli-
cation of these rules to specific problems. It is considered appropriate
therefore to emphasize two points of this theory. First, it is noted that
exact modeling requires that all parameters significant to the model and
prototype systems be included in the analysis and that the same parame-
ters and natural laws apply to the model system and the prototype system.
The second point is that the use of model techniques to solve real prob-
lems will invariably require compromises and approximations to exact
modeling and that the choice of appropriate compromises and approxima-
tions remains primarily an art, dependent on the judgment and experience
of the experimenter rather than on established mathematical procedures.

In this presentation, consideration will be restricted to modeling
of the response of structures subjected to opecified dynamic loads. The
specific class of problems to be considered will involve large dynamiz
deflections of complex structures; an example of the area of concern
would be the response of stiffened shells to blast loads. This presenta-
tion will not consider the important areas of coupled problems in which
the loads are dependent on displacements and thus cannot Ie spe-ified
independently. Neither will problems be considered which would allow
gross approximations of the structure in the nature of a lumped stiffness.
In spite of this necessarily restricted scope, however, it is intended that
the extension of the concepts presented here to the broad field of dvnami.
modeling be evident.

MODELING OF THE RESPONSE OF
STRUCTURES TO DYNAMIC LOADS

As a first step, consider the elastic respcnii? of a struc'u,'t
made of a single material to some prescribed dynamic loading condition
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Thl geomertry of t his structure will be described by a single characteris-
tic length 1 and by various nondimensional length ratios 1i and angles Oi.
The elastic material behavior will be described by the properties E, p-
and p If the applied load at any point can be represented by a relation
of the form Pi = po fi(t/to), then the significant load parameters will be
Po, fi, and to Here the response parameter of interest will be restricted
to sonsc displacement z Applica-ion of the well-known Buckingham rr
Theorem then leads to a relation of the form

z/1 -: 4 li, ei, L, • ,I po/E, pl 2/E to7) (1)

The nondimensional response parameter z/1 will then be identical in
model and prototype if all of the nondimensional parameters on the right-
hand side of Eq. (1) are identical in model and prototype. Note that the
requirement is that the nondimensional groups be the same in model and
prototype-.- not that individuarproperties be the same.

The usual approach in modeling is to construct. a geome.rizally
similar model from the same material as the prototype and to accept thle
limitations in test conditions which result. Consider now the consequences
of this choice of model material. First, identical li and 0i in model and
prototype requires a geometrically similar model. The requirement that
fim - fip means that the shapes of the loading functions must be identical.
Since the same material is used in model as in prototype, FVm = P-p and
Em - Ep. The parameter po/E then leads to the requirement. that the
pressures involved in the model tests must be identical with the pressures
associated with prototype tests. Finally, since Pm = pp, the nondimen-
sional parameter pl 2 /E to 2 leads to the requirement that tom/top " lm/lp.
Thus, it is seen that in the conventional approach, in which the model is
made from the prototype materia.l, model tests must bc conducted at
pressure.s equal to those for the prctotype tests and the model time scale
will be reduced in proportion to the reduction in geometric scalc

As a next .Ste'), consider the possibilities of exact modeling if the
restriction of construction of the model from the prototype material is
r-rnovcd. The requirement that p-m p-p remains; however, since in
many problems Poisson's ratio is not a significant parameter, it is ex-
pected that deviations from this requirement may often prove to be quite
satisfactory. It will be noted that thus far there have been no spccific
restriclions placed on the value of Em. Therefore, a model matcrial
'iligh' be selccied such that El,1 is significantly smaller than Ep. Let us
inves'igae the (:onsequences ul selecting a model material with Em
.P/1)0 First, it is seen that. the model tests will now oe conduc'ed at

prcsýtr(t-# P),,, pp/100, often a very significant experimental advantage
S( cotid, if thl nrodel material selectedI has p, - 0 pp then, for a geome tric
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scale ratio lm = lp/5, the resulting model system time scale will be in-
creased to four times that of the prototype, i. e. , tom = 4 top. This
choice of properties for the model "-iaterial would thus result in an ex-
perimental situation in which the model would be tested at significantly
lower pressures and longer'times than the prototype system. With regard
to the very important practical problem of how an actual structure, made
of aluminum for example, might be modeled, a lead-loaded plastic mate-
rial might be considered.

Let us next investigate the possibility of testing models at signifi-
cantly lower pressures and shorter times than those associated with the
prototype situation. Such model tests would be valuable in connection
with the problem of predicting the response of structures to the loads re-
suiting from large thermonuclear blasts. If a model material is selected
which has properties Em = Ep/10 and Pm = pp/10, then the model tests
could be conducted at pressures lower by a factor of 10 than those asso-
ciated with the prototype, and the model characteristic times will be
shorter than the prototype times by the same factor as the geometric
scale reduction. In this case, perhaps an appropriate set of material
properties could be obtained using foamed plastics or foamed metals.

As a third example of the potential application of models made
from different materials than the prototype, consider the need to include
the effects of gravity or other external accelerations on a structural
dynamics modeling problem. Such a problem might arise in the consid-
eration of the response of re-entry vehicles to blast loads during re-entry.
In this case, the characteristic acceleration, a, must be added to the
list of significant problem parameters and one additional nondimensional
group would be added to Eq. (1). Such an appropriate nondimensional
group is pal/E. From this new modeling paramoter it is seen that if the
same material is used in model as in prototype, geometric scaling lm =

lp/10 would lead to am = 10 ap, i.e., the model accelerations must be
ten times the full-scale accelerations for similar stresses, deformations,
etc If it is desired to test the model at the same acceleration as the
prototype, then this might-be accomplished for a 1/10 linear scale model
through the use of a model material with Er = 1/10 and Pr = 1. As
anothc;r situation of potential interest, consider the need to make model
tests at Ig of a prototype situation involving 50g. In this case, ar = 1/50
and for a scale model with Ir = 1/5, Er/pr must equal 1/250. This
might be accomplished using a very weak and very dense model material
such that Er = 1/100 and Pr 2 2. 5.

The preceding examples of the possible control of experimental
conditions for model testing should give some feeling for the flexibility
which the dissimilar material. approach provides to the experimenter.

Next., it seems appropriate to consider certain gene:'alizations and
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z;ophistications of this approach. Thus far, effects of rate of strain have
been neglected. Since many materials are quite insensitive to strain-rate
effects*, this neglect can often be justified. However, it is important to
note that the use of the same material in model and prototype precludes
the exact scaling of rate effects and thus this conventional approach can-
not be used when rate effects are important, which is the case for many
of the plastic structural materials. This preclusion can be seen from the
facts that the modeling described requires strains to be the same in model
and prototype whereas timeT-must be different b[ the same factor as the
geometric scale; therefore strain rates in model and prototype would
differ by .he same factor as the geometric scale. For the elastic case,
the situation might be appropriately expressed as E = Eo fl (kli) and

L= o f 2 (k 2 e) In this case, exact modeling would require that (kl/to)m
= (kl/to)p, (k 2 /toim = (kz/to)p, flm = flp and f2m = fzp- For a specific

example, if a simple linear relationship E = Eo ki b would hold, then if
tor = 1/5, the model material strain- rate sensitivity klm would have to
be 1/5 that of the prototype material strain-rate sensitivity k1 p. From
this it is also seen that there exists the possibility of exact modeling of
strain- rate effects if model materials with appropriate sets of properties
can be either selected or formulated.

Next, le t us consider the extension of the proposed modeling tech-
niques into the inelastic material behavioral range. In general terms, the
material behavior might be described by a function relating stresses,
strains, strain history, temperature, and time. The complexities of any
attempt at such a general definition seem rather overwhelming at this
stage, however, and it is believed that the only acceptable course of ac
tion is to assume greatly simplified models for the particular problem or
class of problems conti mpla*ed For the present class of problems,
namely the dynamic response of engineering-type structures, we will
restrict consideration to materials with constitutive relationships ade-
qualtLlV expressed by an equation of the form

S/E f(e, 1k-) (2)

ln this case, exact modeling would require fm = fp and (k/to)m :, (k/to)p,
as well as appropriate equality of the other nondimensional parameters
described previously, between model and prototype situations. To see
what these requirements might mean in a practical problem, let us ex-
amine the requirements ass-ociated with modeling of simple uniaxial
tensile stress situation.s If the material tensile stress/strain Lurve

For example, compression properties of aluminum 6061 .T6
vary less than 5% at strain rates of 2.0 x 10-2 in/in /min and
1 0 x 10 4 in/in/main.
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obtained at a certain constant strain rate is as shown in Figure 1, one
possible approximation of f would be in terms of the initial slope E., the
yield stress Yo, and the post-yield slope Po of the curve as shown in
Figure 1. Further, if testing at other strain rates indicates relations of
the common form E = Eo log kl, Y = Yo log kZe and P = Po log k3ý,
then the material behavior can be described in terms of the six parame-
ters Eo, Yo, Po, kl, k?, k3. In this case, a model material would be
required to have properties stch that the ratios Yo/Eo, Po/Eo, kl /kz
and k 1 /k 3 would be -the same as in the prototype material. Of course,
one of the strength and one of the rate parameters, say Eo and kl, would
have to have values compatible with equality of the other previously
described nondimensional parameters.

In the general case, where more complex stress and strain states
exist, a very significant problem arises in defining and carrying out the
experiments necessary to obtain an adequate description of the material
properties. It is, of course, not feasible to make a complete determina-
tion of the material constitutive behavior and therefore it is believed
necessary to examine carefully the anticipated model system behavior
and to suggest appropriate tests accordingly. For example, if the model
material deformation is expected to be primarily of a bending nature,
then it would likely be appropriate to utilize simple bending tests to define
the material properties. If, on the other hand, a combined stress situa-
tion is anticipated, then it may be necessary to define material proper-
ties using combined stress tests.

Perhaps the most difficult problem associated with modeling uti-
lizing dissimilar materials is the selection or formulation of model mate-
rials with appropriate combinations of properties. This problem is ag-.
gravated when several materials must be considered simultaneously, for
in that case not only must the properties of each material have the proper
relation to one another but they munt also have the appropriate relation
to the properties of other materials. Nevertheless, the potential of this
approach is believed high.

EXPERIMENTAL INVESTIGATION

In order to obtain some better feeling for the potential of the dis-
similar model material concip-ts presented and of the'problems to be
encountered in their use, a limited number of simple experiments were
conducted. The prototype situation chosen for modeling involved the
responsc of simply supported rectangular beams and plates of aluminum
6061-T6 subjected to normal impulsive loading produced by sheet high
explosivc. in contact with the surface. 41 The model test situation selected

These prototype tests were made at. Stanford Research Institute
and reported in AFSWC TDR 62-94, Vol. i.
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involved impulsive loading, at considerably reduced pressures and longer
times, as produced by a shock wave in air. In view of this contemplated
modeling situation, a model material was sought having low strength and
high density. The low strengtir would allow te sting at significantly reduced
pressure and impulse levels while the combination of low strength and
high density would provide for relatively long model characteristic times
and thus allow longer impulse times.

Since pirimarily bending deformation was contemplated, a simple
bending test definition of the properties of the prototype aluminum 6061-
T6 beams was chosen. A simple approximate characterization of the
stress/strain behavior, consisting of two straight lines, as defined in
Figure 2 and discussed previously, was then made. The bending behavior
of the prototype material was considered characterized by the values
Eo = 1.03 x 107 psi, Yo = 6.50 x 104 psi and Po = 2. 14 x 106 psi. A
model material was then sought which would have a significantly lower
strength but would have bending properties with the same nondimensional
ratios Eo/Yo = 159 and Eo!Po = 4. 82 as the aluminum.

An evaluation of the properties of a large number of available
plastics was then made. The results of this study indicated that a wide
range of properties and of combinations of properties could be obtained,
but that in general the ratio Eo/Yo was far lower than the desired value,
usually in the order of 25 to 35. Next, a search was made to determine
the properties of the common dense metals Generally speaking, the
more common dense metals in their relatively pure forms had Eo/Yo
ratios much higher than the desired figure, the ratio for lead, for example,
being approximately 2000. Also, these metals had mechanical properties
in the same order as the aluminum properties and thus were significantly
stronger than desired,

In view of the fact that the ratio Eo/Yo was generally too small
for the plastics and too large for the metals, an approach of a.tempting
to combine metals and plastics was chosen with the hope of achieving the
proper ratio at some appropriate combination of materials. Since practi-
cally no experimental result4F-r other information could be found on the
mechanical properties of metal/plastic combinations, an experimental
material development program was initiated After some exploratory
work utilizing various metal powders and plastics formulated with various
plasticizing agents, curing agents, solvents, etc. , a combination of com-
mercially pure lead powder and epoxy plastic was chosen. After further
development work, the final model material used was a 14 to I by weight
combination of 100-200 mesh standard grade lead powder and plasticized
Epon 828.

See AFSWC TDR 63-., "Similitude Studies of Re-Entry Vehicle
Respontic to Ilmpulsive Loading'(TJ), Vol. I unclassified, Vol .L
Secret, for a romplete description of this and related work.

90



The properties of the model material were determined using the
same bending test technique as was described for the aluminum 6061-T6.
The mechanical properties resulting, together with the properties of the
aluminum prototype material, are shown as follows.

6061 T-6 Beam Plate
Aluminum Model Material Model Material

p (lb sec 2 in- 4 ) Z.53 x 10-4 0.596 x 10-3 0. 596 x 10-3
E 0 (lb in-) 1. 03 x 107 1. 79 x 105 I. lq x 105
Yo (lb in-Z) 6. 5 x 104 6.6 x 102 6. 1 x 102

Po (lb in" 2 ) 2. 14 x 106 4.47 x 104 3.20 x 104

EolYo 159 253 195
Eo/Po 4.82 4.83 3.70
Po/Yo 33 56 52

The Stanford Research Institute prototype tests were made on
simply supported beams of depth 1/4", width 1", and span 18" and on
simply supported circular plates with diameter 8" and depth 1/4". The
Southwest Research Institute models were made to one-half geometric
scale, resulting in beams of 1/8" depth, 1/2" width and 9" span and
plates of 4" diameterand L/8" depth, and were made of the lead/plastic
material described previously. The impulsive loading was applied to the
models through the interaction with the shock wave in air produced by a
siniple shock tube. Since the prototype loading was on one surface only,
the models were appropriately shielded so that only normal surface load-
ing was involved. In these model tests, a photographic record was made
of the oscilloscope trace representing the impulsive load. This trace
was obtained from Kistler 701 quartz pressure pickups feeding into Kistler
655 amplifiers-calibrators. A-typical pressure-timc. picture is shown in
,'igtitr, 3 After each test, the permanent deformation of the center of the

plate or beam was mea',ured, using a micrometer, from a reference
point on the support fixture.

Before direct comparison of results could be madc, it was neces-
sary to make corrections for the dynamic properties of the model mate-
rial, which were quite strain-rate sensitive, and for the impulse duration
for the model plates where the response time was not sufficic-ntly high as
compared with the impulse duration to allow treatment of the loading as
a.r, idealized initial impulse. For the model materials, dynamic com-
pression properties were measured using a modified Hopkinson pressure
bar facility and an appropriate dynamic strength was obtained by inter
polation between these result-i and quasi-static compression results.
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For this interpolation, a constitutive relationship of the form S = So log

k was used. The strain rates used were based on the maximum strains

occurring and the periods of elastic oscillation of the beams and plates in
appropriate modes. Since relatively small deviations from elastic behavior

occurred., this seemed a reasonable approach.

The correction for impulse time duration for the plate results was

based on the maximum deflection occurring in a simple oscillator due to

a triangularly shaped impulse, as shown in Figure 4, of constant magni-
tude with various ratios of impulse duration to oscillator period.

Since in most of these tests the impulse duration was much shorter
than the response time of the structure, it was deemed satisfactory to

consicder only tot impulse and to neglect the shape of the pulse. Under
this assun'ption, vie exact pressure-time history of the loading would not

be included but would be replaced by the initial impulse I. Under these

circumstances, the response parameter d/l should be equal in model and
prototype tests if the nondimensional impulse parameter V/J-pE12 and the

other previously mentioned parameters are maintained equal in the model

and prototype situations.

The results of the beam and plate experiments, with appropriate

corrections made for material properties and impulse durations as dis-

cussed previously, are shown in Figures 5 and 6. In these plots, the

characteristic lengths 1 used are the plate radius and one-half the beam

span.

The results presented for beams indicate that the threshold im-

pulse for permanent deformation of the beams was quite accurately pre-

dicted, but that the results of the two situations diverged significantly at
larger permanent deformations. This divergence is believed attributable

to several factors. First, the model material property description used
was meaningful only for strains relatively close to elastic behavior.

Second, the average value of strain-rate sensitivity used might be off
significantly for large strains. Also, the influence of strain rate was
not the same for the various different material properties and thus the

actual nondimensional shape of the stress /strain curve might be signifi-

cantly altered under dynamic conditions.

Unfortunately, the experimental facility used in the model tests

was not capable of producing impulses which were both sufficiently short
in time and large in magnitude to allow larger deformations of the plates.

In light of this sit.iation, it is believed that no conclusions, other than that

thc results are not unreasonable, are considered justified from the plate

tests. It should be mentioned also that the primary, emphasis in the
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modeling effort concerned bending properties and that since the plate
deformations would involve multi-dimensional stress effects, the model-
ing of the plate response was not expected to be as satisfactory as that
for the beams. Another factor, of course, is that the correction made
for long impulse time du):ation may not be accurate.

CONCLUDING REMARKS

It is hoped that this presentation has clearly demonstrated the
potential of dynamic structural modeling using dissimilar materials and
has pointed out a number of the associated problems. While the experi-
mental work accomplished thus far has been relatively crude and cannot
be considered conclusive, the model test results presented here do show
good qualitative agreement and reasonably good quar.titative agreement
with the prototype results. In view of the very significant altelation ill
material properties and in model test conditions, these results are con.
sidered quite encouraging. Although many questions remain incompletely
answered, these results are believed to demorstrate the leasibility and
promise of the use of dissin-ilar materials for modeling dynamic struc-
tural response.
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A STUDY OF THERMAL SCALE MODELING TECHNIQUES

J.M.F. Vickers

ABSTRACT

The techniques which may be evolved from the basic laws of thermal
scale modeling for spacecraft are described. All but two of these techniques
can be rejected at once, since they require conditions which are very diffi-
cult to fulfill in practice. A comparison is drawn between the two remaining
techniques, the technique of preserving temperature from prototype to model
and of preserving materials from prototype to model. It is found that, for
steady state conditions, the technique of preserving temperature has inherent
advantages over that of preserving materials, but that when transient condi-
tions are to be modeled much of this advantage is lost.
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NOMENCLATURE

A area of surface

Ai, v area of Ai which is visible from dAj

Cp specific heat

C thermal contact conductance

Fji thermal radiation configuration factor from surface i to surface j

k thermal conductivity

L length

q net heat input to a certain portion of the spacecraft

q net heat flux
q internal power generated per unit volume

r magnitude of the vector "O between elemental areas dAi and dAj

R scale ratio, Lm/L

S radiant flux from external source

t temperature

T absolute temperature
a thermal diffusivity

as absorptivity of surface to external radiation spectrum

! ctij absorptivity of surface i to radiation from surface j

SC total hemispherical emissivity

delnsity

a St efan--Bolt zmann constant

T tim e

angle forn-%ed by i"and the normal to the respective elemental area

intensity of radiation from surface j incident on surface i

Subscripts:

ni and p refer to model -ind prototype respectively
t and 70 refer to tenmperatures of the material in degrees

fahrenheit and to the refei-'nce tenmperature, 70"F
resspectively

Cu, Al and Ni refer to Copper, Aluminum and NickelM reslp.ct ivrly
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RTD-TDR-63-4197, PART I

A STUDY OF THERMAL SCALE MODELING TECHNIQUES

J.M.F. Vickers

Jet Propulsion Laboratory, California Institute of Technology

The physical size of spacecraft is steadily increasing and is likely to
increase futher as larger boosters become available. This leads to a
demand for an increase in the size of thermal test facilities. The prime cost
for such facilities, including some form of solar simulation, will be consid-
erably greater than for those presently in use. The difficulty and cost of
operation will also be much greater. The type of solar simulation in the test
chamber is of extreme importance, since the surface coatings are very sen-
sitive to the spectrum of the light striking the surface. At present, the sim-
ulation system which apparently gives the best approximation to the Johnson
curve for the spectral energy distribution of sunlight in space is given by
carbon arcs with rare earth cores in the rods (Ref. 1). Such systems,
however, are limited to areas of good collimation of about three feet in
diameter.

For these reasons it appears that thermal scale modeling will be an
attractive technique when it can be developed into a working method. The
use of reduced scale models will extend the useful life of test chambers
already built, and will also enable the testing of still smaller scale models
in conditions closely approximating actual sunlight if they can be reduced to
leas than three feet in diameter.

The basic laws of thermal scale modeling are well established, but
experimental difficulties exist in their practical implementation. The pur-
pose of this paper is to examine how the basic laws should be applied and In
what inherent advantages exist with any particular modeling basis. It will be
shown that the steady state conditions (existing in interplanetary flight) have
to I., considered separately from the transient conditions (present during
planetary encounter or midcourse maneuvers). There appears to exist a
clear cut case for using a technique which preserves temperature from
model to prototype in the steady state condition. The choice of the technique
to be used in the transient case is not so clear, but certain recommendations
are made.

DIM ENSIONL ESS GROUPS

The basic dimensionless groups for thermal scale modeling in a high
vacuum, where the only heat transfer mechanisms are conduction and radia-
tion, may be derived either from the differential equations or from consider -
ation of the physical parameters involved. They have been stated by Clark
(Ref. 2), Clark and Laband (Ref. 3) and Katz (Ref. 4), and may be conveni-
ently written in the form used by the present author (Ref. 5) as follows:
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F.. 4aT A.
Where ji _IA. (9)

A

and fCos cos-JdAi dA 1 (10)31 A. f 1r

according to Jakob (Ref. 6j.

Equation (1), which may be considered an analog of the Biot modulus,
may be used to relate the temperatures, surface emissivities and thermal
conductivities to the scaling ratio, Lm/L or R. Similarly, Eq. (2) relates
the joint conductances to the thermal conductivities and R. Equation (3),
which is the Fourier modulus, can be used to relate the time to the thermal
diffusivities and R. Equations (4), (5), and (6) can relate the net heat input,
the heat flux, and the heat generated per unit volume to temperatures,
thermal conductivities and R. Finally, Eqs. (7) and (8) can be used to relate
the heat flux absorbed at a surface from outside sources and that absorbed
from other portions of the spacecraft to temperatu::es, thermal conductivities
and R. From this set of equations the basic modeling laws must now be
deduced.

At first sight it would appear that within the restrictions imposed by
the groupings above, a complete freedo.mn of choice should exist in deciding
the modeling laws to be followed. Katz (Ref. 4) briefly mentions some of the
problems associated with two techniques, but makes no attempt to recommend
either, while Clark (Ref. 2) and Clark and Laband (Ref. 3) consider only one
method of attack on the problem. It is felt that these papers present only a
limited discussion of the problems associated with thermal scale modeling.
In the present paper, a more complete discussion is presented, together with
recommendations on various modeling techniques.

TECHNIQU ES AVAILABLE

Many modeling techniques in other areas use distorted scaling systems
in which the scale ratio in one direction differs from that used in the other
two. This is opposed to a geometric scale modeling system where dimen-
sions along all three axes are reduced by the same factor. However, in all
problems involving thermal radiation, it is immediately apparent that geo-
metric scaling is vital to stuccess since if this rule is not followed, the
thermal radiation configuration factor, F ji, from surface i to surface j will
vary from model to prototype. While these factors can be evaluated with
reasonable accuracy for simple shapes, it is extremely difficult even to
estirmate their values for the complex shapes involved with spacecraft. Whenthe conditions of multiple reflectances and the variation of emissivity with
direction from the normal are considered, the problem become-. impossible
unless the geometry is preserved. Under these circumstances it is felt that
geometric scaling of all radiating surfaces is essential to success.
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The two most attractive techniques at first glance are: (1) setting the
temperatures of the model and protocype the same and, (2) using the same
materials for both the model and the prototype. With both of these tech-
niques the surface emissivity would be identical for model and prototype.

This comparison has been summarized by the author (Ref. 5) and the results
are shown in Table 1.

An initial comparison may be drawn between thi two techniques.
Examination of Eqs. (5a), (7a), and (8a) shows that technique 1 involves pre-
serving the heat flux from model to prototype. This, together with the fact

that the thermal gradient is greater in the model due to the temperature
preservation and the reduced geometric scale, accounts for Eq. (la). This
in turn indicates that lower conductivity materials must be used for the
model. If the exact scale size is fixed by Lhe test chamber and the prototype U
sizes, the thermal conductivities of all portions of the model are determined
from the ratio and the thermal conductivities of the prototype mateiials. It
is more likely, however, that the exact scale will be decided from the ratio
of the thermal conductivity of t he material occurring most often in the proto-
type to that of the most convenient modeling material which will give approx-
imately the desired scale. This will then determine the exact conductivity
ratio to be used in choosing all the other modeling materials. Katzoff
(Ref. 7) suggested one method in which it is possible to produce any required
thermal conductivity by cutting grooves or slots in the material (though
extreme care must be taken to avoid affecting the surface properties of the
material). Another method is to choose a modeling material with a thermal
conductivity below that called for in the model, and then plate the surface A
with copper or silver. A very thin coat, a few ten-thousandths of an inch
thick, will considerably modify the effective thermal conductivity without %V0
seriously affecting the geometric shape, and also without introducing any
major modification of the surface geometry. A final plate or coat of paint
will provide the correct surface properties.

Both of these methods may lead to considerable technical problems. It
appears, therefore, that the material used most commonly in the prototype
should be modeled with an available material rather than a manufactured one.
The combination of flux preservation and temperature preservation accounts
for Eq. (2a), which indicates that the thermal contact conductance or joint
conductance must be preserved from model to prototype. Examination of
Eq. (5b) shows that in technique Z the heat flux, and, as a consequence, the _
temperature gradients within the structure vary as (l/R)4/3. This means
that both the heat fluxes and the temperature gradients increase rapidly as
the model size is reduced. Equati n (lb) shows that the absolute tempera-
tures within the model vary as (1/RII/3, and will increase also as the model
size is reduced. Equation (2b) indic.ates that the joint conductances vary as
(I/R), and must therefore increase as the size of the model is reduced.

STEADY STATE

TEC14NIQUE 1 (TEMPERATURE PRCSERVAK ~ON)

This first technique has an immediate advantage, since the critical
item in spacecraft temperature control is the actual temperature involved.
The maximum or minimum temperature to which a component is exposed is
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Table 1. Comparison of emissivities for model and prototype

Technique 1 Technique 2
Temperature and surface emissivi- Materials and surface emissivities
ties the same in model and the same in model and prototype.
prototype.
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the most important criterion in deciding its performance and life so far as
pure thermal behavior is concerned.

Certain inherent experimental difficulties exist with this technique,
most of them associated with the variation of thermal properties with tem- F
perature. The values of the conductivity ratio between model and prototype
for certain materials modeling other materials are shown in Fig. 1, over
the temperature range 32'F to 572°F. In the range 32°F to 2000F, the
normal range of temperatures for the major electronic components, fuels •N
and batteries in spacecraft, the variation in the conductivity ratios for
aluminum modeling copper is about 4%; for nickel modeling aluminum, about
7%; and for nickel modeling copper, about 2%. While these materials are
not representative of those normally used in spacecraft, the actual values of
their thermal conductivity and the variation of their thermal conductivity with K. ):
temperature cover the range of values which exists for actual spacecraft
materials. It should be noted, further, that the upper curve will give about ___

1/Z scale modeling at 700 F, the middle curve will give about 1/3 scale, and
the lower curve about 1/6 scale.

The variation in Fig, 1 shows that neither the set of Eqs. (la) through
(8a) nor the set of Eqs. (1) through (8) will actually hold, since the assump-
tion of constant thermal properties with temperature is inherent to their
derivation. It will be shown later, however, that this variation is not serious
and the effect on model temperatures is small in the range of temperatures
"normally encountered in spacecraft.

The effect of the variation of thermal properties will be ignored and
Eqs. (7a) and (8a) will be considered. Taking Eq. (8a), if temperature is
preserved from model to prototype, emissivity is preserved, and geometric
scaling is used, then it is possible to write Fjim - Fjip and ýjim = jip- This
means that aijim = aijp, or both the long wave length absorptivity antWe_
emissivity are preserved from model to prototype. Equation (7a) must be %
treated for two separate cases; first, where true solar simulation is available
and second the case, obtained in practice with all chambers, where either the
solar intensity or the solar spectrum or both of these are not available in the
chamber. For the first case Eq. (7a) reduces to asm = asp, that is the com-
plete surface properties are preserved from model to prototype. For the '.
"second case, Eq. (7a) indicates that asm/asp = Sm/Sp, that is that the short
wavelength absorptivities must be scaled in relation to the change in light .
intensity and wavelength/energy distribution. At the same time the long
wave length absorptivity and the emissivity must be preserved from model
to prototype.

Since the spectral distribution of monochromatic emissive power for
ideal radiators is a direct function of the temperature of the source, it is
possible that the conditions imposed by the equation relating the short wave
length absorptivities can be satisfied. The maximum in the curve for sun-
light occurs at a wavelength of about 0. 5p, while that for a black body below
10000 F lies beyond 3, 5[1. If one had available a solar simulation source for
a tesf. chamber behaving approximately like a black body above 10, 0000 F,
then the peak will lie at about 1P. Under these circumstances it seems that
suitable surface coatings cn be found to satisfy the model requirements,
that is identical long wave length absorptivities and emissivities in model
and prototype with scaled short wavelength absorptivities.
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This point was not considered by Clark and Laband (Ref, 3), since
they assumed the use of a source whose spectrum closely approximates that
of the sun. They assume, in effect, that they have true solar simulation,
and can therefore use emissivities and absorptivities throughout their model
which are identical to those of their prototype. However, when other sources
are considered, the spectral behavior of thesi.e lamps is sufficiently different
from that of the sun that the scaling of the absorptivities can no longer be

TECHNIQUE 2 (MATERIALS PRESERVATION)

As already pointed out with the modeling technique involved in using the I .- vA
same materials for model and prototype, the absolute temperatures in the
model will be equal to the product of the absolute temperatures of the proto-
type for the corresponding point and the inverse of the scale ratio raised to
the one third power according to Eq. (lb). This means that a reduced scale
model will have temperatures that are higher than those of the prototype.

Fron Eq. (lb) it can be calculated that the model temperatures cor-
responding to 70°F in the prototype for scales of 1/Z, 1/4, 1/6, 1/8 and 1/10

are respectively, 2070 F, 38Z2F, 5030 F, 6000 F and 6820F. These values,
together with the ratios of the 'hermal conductivity at the corresponding
temperature to the thermal conductivity at 700F are shown in Figure 2. When J
these results are considered, it is immediately obvious that the thermal con-
ductivit it --ot constant for the material, and that for aluminum and nickel %

the errt - ;nirreases rapidly as the model decreases in physical size. At
1/10 scale, this error is approximately Z0% and 12%0 respectively. This
means that, as with technique 1, neither the special Eqs. (Ib) through (8b)
nor the general F;qs. (1) through (8) will apply. The corresponding temper- J
atures and the errors in thermal conductivity ratio assuming that the thermal
conductivity is constant are shown in Table 2. It will be noted that the per-
centage error for aluminum in the prototype is -0.2 at 32° F and 1. 2 at 2000 F,
giving a range of percentage error of 1.4, while the range for a 1/10 scale
model of aluminum for the corresponding temperatures is from 14. 8 to
33.5, or a range of error of 18.7. On the other hand for a copper prototype
and model, the range decrtases froin 5.8 in the prototype to 1.9 in the 1/10
scale model and for nickel from 5. 3 in the prototype to 3. 4 in the± model.
The percentage error is based on the thermal conductivity at 700 F for the "% N

prototype and for the model on the thermal conductivity at the model temper-
ature equivalent to 700 F in the prototype. It will be demonstrated later that
the effect of this variation oi thermal conductivity is far more serious with
this technique than it was with technique 1.

Even if the change of properties with temperature is neglected, wihichl
may be legitimate for the half scale model where tihe errors in assuming
km = k are small (Table 2), the use of Eqs. (7b) and (8b) present difficulties.
When the values of from Eq. (9) are substituted in Eq. (8b) this reduces,
as with technique 1, to aijm/aijp = 1. However, from Eq. (7b), with true %
solar simulation, the short wavelength absorptivity must be scaled according
to

a ~ L)sp \ m/
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This means that the emissivity and the low temperature absorptivity must be
preserved from model to prototype, while the high temperature absorptivity
must be scaled. This is the same problem as that encountered with technique
1 without true solar simulation. If, on the other hand, true solar simulation
is not available, then Eq. (7b) must be used, with the correct values of
Sm/S Again, the same situation arises. The high temperature absorptivity
must Le scaled (though differently than for the case of true solar simulation),
while the low temperature absorptivity and the emissivity must be retained.
Regardless of whether or not true solar simulation is available, an extensive
search must be made for surfaces with the correct properties.

In summary, technique 1 involves a search for materials for the model
which have the correct thermal conductivities, or the manufacture of mate-
rials with such conductivities, but with the temperatures of the model the
same as those of the prototype. If true solar simulation is available, the
complete surface treatment of the model will be identical to that of the proto-
.ype; if solar simulation which does not correspond to the solar spectrum
either in intensity or in spectral energy distribution or both is the only type
available, then the short wave length absorptivities of the model must be
scaled from those of the prototype. In technique Z the identical materials
are used in model and prototype, but the temperatures of the model are
scaled L-or *hose of the prototype. In the case of small-scale models, this
leads t. a considerable increase in temperature for the model. The short
.vavýŽ length absorptivities of the model must be scaled from those of the
prototype regardl-ss of whether or not true solar simulation is available.
"Under all crcumstanceq, for both techniques, the emissivities and long wave
leng.h absorptivities of -he model ane prototype are identical.

OTHER TECHNIQUES

Considering the ramher of basic parameters and equations which are
available it seems that there should be many modeling techniques that could
be used. However, more detriled analysis reveals that this is not so.

If the surface t-ec.t.-.ent is assumed constant, that is the emissivities
and absorptiities are retained (.ecinnique 3), then for true solar simulation
this reduces to technioue 1. Without true solar simulation the equations
become Eqs. (1c) through (8c), Table 3. This is potentially a useful system,
since if Sm/Sp is le-s than 1, which can always be arranged, then Tm Is less 0
than Tp. 'this would hl.te mary advantages over tf.:hnique 2 where Tm was
greater than Tp with many inheren, experimcntal problems.

*rne following systems wili not be listed as techniques since a single
group eimrinates them from practicrl use in each case.

System 1. V the absoi ptivities as well as the materials are fixed, it is
possible to obtain the folloxving relationship for the emissivities:

SL 4 1% 7-,

L '
m p (Iz),
p m
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Table 3. Technique 3

Surface treatment same for model and prototype

S \1/4

Tm mt
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T Is 1/4~A pý
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tNote that Eqs. (1) and (8) yield Eqs. (Ic) and (8c) which are identical.
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This result cannot possibly be satisfied since, for example, the emissivity
of a 1/10 scale model would have to be 10, 000 times that of the prototype.
In practice, the emissivity range of the present spacecraft is from 0. 04 to
0. 93, so that any factor increasing or decreasing this range will either lead
to a demand for materials with emissivities above unity, which is impossible
theoretically, or with emissivities below the lowest available, which might be
possible to meet in principle but cannot be attained in practice.

System 2. If the variation of the surface emissivity of future space- Hi
craft should happen to be reduced so that the highest emissivity used is less
than 0. 5, then it would be possible to set an upper limit for the emissivity

ratio of 2. If this is then assumed, together with the preservation of mate-
rials and absorptivities, then true solar simulation cannot be used and the
required values for the solar simulation are given by:

S 1 Lp \4/3
Sm _ I V=

S 1,261L7 (13) -

p

For a 1/10 scale model this gives a simulated intensity of over 17 times that
of the sun, which is excessively large, and a value for the vicinity of Venus
of about 30 times that due to the sun in the vicinity of the Earth. In general,
it appears that any attempt to modify the emissivity of the model is unlikely
to succeed.

System 3. If the emissivity and q are preserved, then:

( m)= (14)
T

p

Lsm m (15)a L

sp p

7/4 '•
k /L

Mk = (16)

k \ Lp

"This system appears to have no advantages over techniques 1 and 2; the
temperature is not preserved, the thermal conductivity is scaled more
radically than for technique 1, and the short wavelength absorptivity is not
preserved even if good solar simulation is available.

From the above discussion, it appears that only three techniques are
feasible, 1, 2 and 3. Technique 3 neither preserves temperature from pro-
totype to model (though with suitable choice of simulation intensity the small
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scale model can run at temperatures lower than the prototype), nor does it
preserve materials from prototype to model. Technique 3 is only an indi-
vidual system when true solar simulation is not available - otherwise it is
identical to technique 1. Techniques 1 and 2 will now be examined in greater
detail.

COMPARISON OF TECHNIQUES 1 AND 2

There exists one basic requirement in thermal scale modeling which
must be met as closely as possible. The model must predict the tempera-
ture of the prototype throughout. This means that the model must predict theheat flux through any particular part of the prototype.

In order to assess the two techniques, three simple mathematical
models were analyzed, the prototype version of which is shown in Figure 3.
This prototype was chosen as the simplest geometry which would approximate
a spacecraft-type temperature control problem. It consists of a source of
energy and two heat paths of different thermal conductivity leading from the
heat source to separate radiating surfaces operating at different temperatures.
The temperatures in the system were fixed by the heat flow distribution and
the radiating characteristics of the surfaces. Technique 1 was then used to
design two models at 1/10 scale, the assumed behavior of the thermal con-
ductivity with temperature being different in the two cases. Technique 2 was
used to design a third model at 1/10 scale. By using the results from the
technique 2 model to forecast the prototype temperatures, the results from
all three models could be compared.

The radiating surfaces at the ends of the prototype are not shown in
Figure 3, but they are assumed to be 16 square feet and Z0 square feet in
area, with emissivities of 1. 0 and 0. 943 respectively. All three dimensional
effects caused by the radiating surfaces are ignored since they are merely
considered a convenient rejecting device. The high input power of 1,000
watts was used deliberately to show the effects that might appear. This 2.'
power was assumed to be delivered at a plane source of zero thickness situ-
ated at the boundary between the aluminum portion, or leg, of the model on
the right and the cast iron leg of the model, on the left. All other external
surfaces were considered adiabatic. The cross sectional areas of the legs
were one footZ.

While the materials chosen are not representative of those used in
spacecraft, the thermal conductivity of aluminum is as high as, or higher

than, any normal spacecraft material with the exception of the copper used
in the cabling. The thermal conductivity of cast iron is comparable to that
of the lowest thermal conductivity metal used on spacecraft. In addition, the
thermal conductivity of aluminum increases with increase in temperature
(positive slope), while the thermal conductivity of cast iron decreases (nega-
tive slope), so that both the conditions of thermal conductivity range and of
thermal conductivity behavior are fulfilled here.

No particular significance should be attached to the radiating areas or
their assumed emissivities. The 16 square foot area will dissipate 6516 of
the input power with an emissivity of unity at about 70" F. The Z0 square
feet was chosen simply as the nearest round number which will dissipate with
an emissivity less than unity the remaining power, at the temperature fixed
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by that of the right hand end of the model, and the remaining conditions

specified fcr the model. The exact value of the emissivity was calculated for
the temperature and dissipation involved for the chosen area.

No materials exist with exactly the right values of thermal conductivity
for 1/10 scale modeling of either aluminum or cast iron by technique 1.
Materials were assumed with the correct values of thermal conductivity, but
varying with temperature more rapidly than do actual materials. In addition,
for the first technique 1 model, it was assumed that the slopes of thermal
conductivity were the reverse of those of the prototype, i. e. , the material
modeling the aluminum had a negative slope, while that for cast iron a posi-
tive slope. This means that th'. conditions assumed were worse than the
worst attainable in practice. For the sect.',,J model using technique 1 the

slopes of thermal conductivity for the model were assumed to be the same as
those of the corresponding prototype materials. For technique 2 the actual
values of the thermal conductivity at the temperatures involved were used.

The results of the calculations are shown in Fig. 4 for the prototype,
the technique 1 models, and for the technique 2 model. The actual technique
2 model would run at temperatures considerably above those of the prototype,
however these are converted back into the corresponding figures which the
model forecasts for the prototype, and it is these latter figures which were
plotted in Fig. 4. The results for the second technique 1 model were indis-
tinguishable from the prototype on this scale.

The errors involved in the two techniques can be calculated from
Fig. 4 for the first model using technique 1 and the model using technique 2.
The maximum errors in the absolute temperatures are 0. 3% and 1. 7%. While
both of these are small, the difference between them is significant considering
that each is inherent to its technique and will be compounded in the actual
experimental work. Since all heat from a spacecraft must be dissipated
finally by radiation, it is also significant to examine the error involved in T4
if these stations were radiating instead of adiabatic. In this case the error
for technique 1 is less than 1.5% while that for technique 2 is nearly 7%6. For
the second model using technique 1 the corresponding errors in temperature
and radiant flux are 0. 1% and 0. 4%. .

A final comparison may be drawn between the flux distributions in the
left and right legs of the prototype and models. The actual ratio (right leg
flux/left leg flux) is 1. 857 for the prototype, 1. 849 for the first technique I
model, 1. 860 for the second technique 1 model, ani 2. 049 for the technique 2
model. This means that the inherent errors in the flux distributions in these
models are 0. 43% and 0. 16% for technique 1 and 10. 34% for technique 2.

Considering the variety of materials already used in spacecraft, and the
probability that materials with even wider ranges of behavior will be used in
the future (in spacecraft where the temperature ranges are considerably
larger), it was felt that the results obtained above might not be representative
of certain future problems. For this reason, and in order to assess the effects
of large differences in the variation of thermal conductivity with temperature,
the following more extreme example was taken.

The prototype shown in Fig. 3 was assumed to be made of two materials
different from those used in the earlier models, with the radiating surfaces
on one square foot, the thermal conductivity of one varying with temperature
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from 1. 0 to 0. 97 and the other from 0. 5 to 0. 47, in a temperature range of

180°F (i. e. , the thermal conductivities fell in this range by 3% and 6%
respectively). The models, 1/4 scale, were assumed to be made of mate-
rials whose thermal conductivities varied in the same temperature range
from 0. 25 to 0. 2Z and 0. 125 to 0. 095 respectively. None of the values for
the thermal conductivity have counterparts in practice, though the variation
of 3% in 1800F is representative of the behavior of many materials. These
variations were assumed, for the first model, :o have the same slope as the
prototype materials and for the second model to have the reverse slope, all
thermal conductivities being in w/(ft)Z 0 F/ft. These models differ from
those described earlier. They were set up to amplify the effects of variable
thermal conductivity far beyond that attained in practice in order to deter-
mine trends rather than to establish the behavior of actual materials. The

- ~~results for the models are demonstrated in Fig. 5 with 10w input to the ,•prototype. It should be borne in mind that the results shown here are delib-

erately forced, the temperature drops in the two legs of each model are con- .....
siderably larger than for Fig. 4, and the variation in thermal conductivity
assumed for the various materials over the temperature range is very much
larger than that encountered with real materials except for the right leg of
the prototype. These results should not be compared with those obtained for
the preservation of materials earlier, since if materials with property values
varying like that of the prototype postulated here were used, the errors would
be very much greater than those shown in Fig. 4. It does appear however,
that where the thermal conductivity may be expected to vary widely with tem-
perature, such as that of nickel, a reverse sign slope is to be prefered over
a slope of the same sign, since the maximum error and the mean error is
considerably less under these circumstances.

TRANSIENT CONDITIONS (COMPARISON OF TECHNIQUES)

Most of the life of a spacecraft is spent in interplanetary coast during
which steady state heat transfer conditions apply, or at the most the
extremely slow transients over periods of many days due to changes in the
local value of the solar constant. However, certain transients of extreme
importance do occur. They include the initial stabilization to interplanetary
conditions after launch, the perturbations due to both the energy release and
the change of attitude during any midcourse maneuvers which may be carried
out, and the transient conditions imposed by planetary encounter. For earth
satellites or planetary orbiter vehicles the transient condition is predominant.
For these reasons it is necessary to examine the laws of scale modeling for
transient conditions.

If Eq. 3 is rewritten to give the time scale, it is found that the scale is
dependent upon the square of the scaling ratio and the inverse of the diffusivity
ratio of the model and prototype.

p a p/
,p
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For the case in which the variation of materials properties with temperature
is ignored, the controlling dimensionless group may be derived for technique
1 from Eq. (3a) and for technique Z from Eq. (3b).

The behaviors of the thermal diffusivity with temperature for copper,
aluminum and nickel are shown in Fig. 6. The specific behavior of these
three materials should be noted, since they are representative of spacecraft
materials in general. First, the diffusivity of copper decr.ases by about 15%
in the temperature range shown; second, the diffusivity of avitminum decreases
by about 6% in the first .3000F of the range, and then increases again rc2aching
a value at 750° F which is about 1.516 above that of the value at 0° F; third, ...

the diffusivity of nickel decreases by about 42% in the temperature range
shown. These three different behaviors will be shown to have a profound
effect on the modeling of transient phenomena.

The diffusivity ratios of these materials are shown in .Fig. 7 ever the
range from 32°F to 5720F. Examination of Figs. 6 and 7 in conjunction with
Eq. (17) shows that the assumptions inherent to the derivation of Eqs. (3a)
and (3b) are in error, so that only the effect of the results in Eq. (17) will be
considered here.

Equation (17) shows that if the temperature varies from one portion of
the model to another at any instant of time, and hence the thermal diffusivity

• ~ratio varies from point to point, then the time scale at that instant will vary -:

from point to point in the model. In addition, during a transient, the time
scale at any particular point is a function of the temperature, i. e., the time
scale at any given point will vary with the temperature-time history.

The effect of temperature on the time scale is shown in Table 4. The
results for technique 1 are shown in Table 4a, the model scale being fixed by
Eq. (la) from the thermal conductivity ratio for the model and prototype at
70 0 F. The percentage variation over the temperature range in the scaled
tine is shown in Table 4c. It should be noted that the time scale variation for
aluminum modeling copper is extremely small, but that for aluminum model-
ing nickel or nickel modeling copper is of the order of 10%. Ný"

The results for technique Z are shown in Table 4b, and the percentage •%M
variation over the temperature range is shown in Table 4c. Here it is neces-
sary to determine both the scaled time and the percent variation for each of
the three materials to be preserved for each scale. This is because the
temperature range in the model is a function of the scale ratio, Eq. (1b), and •

this determines the diffusivity ratio. The actual time scale is then a function
of the particular diffusivity ratio and the square of the scale ratio according
to Eq. ( 17).

Table 4c may now be used to compare the two techniques. For model-
ing at approximately half scale, technique 1 has a definite advantage if the
behavior of the materials in question resembles that of copper and aluminum.
At about 1/3 scale the errors inherent with technique 1 have increased by
nearly an order of magnitude, while for technique 2 they are about the same
for copper and nickel and have been reduced by 60% for aluminum. This
means that, if the prototype and model materials behave like copper or alu-
minum, there is a definite advantage at this scale in using technique 2.
Finally, for about 1/6 scale, technique 1 appears to offer about the same
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Table 4. Comparison of time scales for techniques 1 and 2

a. Technique 1

Minutes in model equivalent to
1 hr in prototype

Prototype Model Scale at 320 F at 2000 F

Copper Aluminum 0. 5280 22. 15 21.80

Aluminum Nickel 0.3013 28.65 31.25

Copper Nickel 0. 1559 10.05 10.80

b. Technique 2

Minutes in model equivalent to 1 hr in prototype
Prototype

and At temperature equivailent At temperature equivalent
model to 320 F in prototype to 2000 F in prototype

Scale 0. 5280 0.3013 0. 1559 0. 5280 0. 3013 0. 1559

Copper 16. Z3 5. 13 1. 33 15. 51 4.90 1.25

Aluminum 16.23 5.23 1.42 16. 13 5.38 1.52

Nickel 15. 12 4.32 1.04 12. 6 3.71 0.85

c. Percent variation in model time scale from lowest model temperature
to highest model temperatur,- %

Scale Technique I Technique 2 '" "

Copper Aluminum NiLkel

0. 5280 1. 6 4.4 9. 1 16.7

0. 3013 9. 1 4. 5 2.9 14. 1 '

0. 1559 7. 1 6.0 7. 1 18.3
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accuracy as technique 2 using materials behaving like copper and aluminum,

but has definite advantages over technique 2 using materials behaving like
nickel.

One further comparison may be drawn between the two techniques.
From Table 4a it can be seen that the time scale for technique 1 lies between
1/2 and 1/6, while from Table 4b the time scales for technique 2 lie between
1/4 and 1/60. This will lead to some degree of flexibility in modeling, since
for the modeling of such slow transients as the time taken Lo reach stable
conditions in interplanetary space the time scale 1/60 may reduce the test
time to reasonable proportions; for such rapid transients as those involved in
a midcourse maneuver it will be desirable to use a time scale at least as large
as 1/2.

CONCLUSIONS

While many modeling laws can be postulated from the dimensionless
groups controlling conductive and radiative heat transfer occurring together,
the actual behavior of materials and surfaces appears to prevent the use of
all but two sets of these laws. Technique 1, in which the model is so
designed as to have the same temperatures as the prototype, and technique 2
in which the model is designed with the same materials as the prototype.

When these two techniques are compared for steady state problems,
'.4, technique 1 appears to have many advantages, whether true solar simulation
a is available in the test chamber or not. First, the inherent errors of tech-

nique 1 are considerably less than those encountered in technique 2, and are
actually of the same order as the standard experimental errors of heat
transfer. Second, if good solar simulation is available, technique 1 also
involves using identical surface treatments on the model and prototype, which
is considerably simpler than the absorptivity scaling called for by technique 2.
Third, contact resistance, which will probably have to be simulated for some
years to come, is preserved in technique 1; it has %o be decreased as the
model size decreases with technique 2. Fourth, it is probably more con-
venient to use a model in which the temperature is the same as that of the
prototype, as in technique 1, than to use a model in which the temperature
of the prototype must be calculated from the experimental results of the
model, a•i in technique 2.

"The problems associated with the modeling of the steady state will
increase as the temperature range within a given spacecraft increases.
Obviously it will be more difficult to model the solar cell array together with
the rest of the spacecraft than to model either of these alone, and the intro-
duction of nuclear reactors in spacecraft will compound the problems of
modeling. However, increased temperature ranges within spacecraft will
still give rise to fewer problems using technique 1 than ubing technique Z.

Technique I will lead to some difficulties in finding materials with the
correct thermal conductivities, since each material in the spacecraft proto-
type will call for a specific thermal conductivity in the corresponding maite- "-

rial of the model. Two approachss may be used here: first, where radiant
heat exchange is insignificant and therefore the radiation configuration factor

* need not be preserved, the cross sectional areas of the heat conducting
members may be modified rather than scaled exactly; second, where
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radiation is significant and the configuration factors must be preserved, the
effective thermal conductivity of the path must be modified without affectingthe geometric scaling. The various techniques that could be used to manu-

facture materials with the required thermal conductivity have been discussed.

The time scale variations within the model for transient phenomena will
cause considerable difficulties, and a compromise between the relatively
inaccurate temperature readings and relatively inaccurate time predictions
must be sought for individual cases. Technique 1 has no overall advantage,
though it appears that it will be more useful in the modeling of rapid transients. 77-

Technique 2 will be more useful in the prediction of extremely slow transients
and the transition to equilibrium after launch. In general the relative behavior *YN_%
of the thermal diffusivities of the materials used will have to be carefully
assessed for either technique. However, the transient case will be inherently
more difficult to model than the steady state and since the transient times are
modeled differently for different temperatures and time intervals, there will
always exist errors in heat fluxes throughout the model which will then feed
back causing increasing errors in the temperatures.

,% _ _-V

A contract from the Jet Propulsion Laboratory to study the feasibility of
experimental thermal scale modeling has been undertaken by Arthur D. Little
Incorporated of Cambridge, Massachusetts. The first phase of this contract
showed that it was possible to model a fin, heated at one end and radiating to
liquid nitrogen cooled walls. The fin was divided into two sections separated
by a simulated contact resistance (Refs. 9 and 10). In the second phase, a
more complicated prototype is being modeled in two and three dimensional
heat flow at I/Z scale and 1/5 scale (Ref. 11). These experiments seem to JAL
indicate that the use of technique 1 provides satisfactory results. A report on
this contract will be made later.

In summary, it appears that there is no inherent theoretical reason why
steady state conditions cannot be successfully modeled for spacecraft. Obvi-
ously there is much to be done in developing the experimental and fabrication
techniques, but no major technical breakthrough is required. The inherenti
errors involved with the technique recommended here are of the order of nor-
mal experimental error. The modeling of transient conditions is less clear
cut, more zompromise is required and the inherent errors are larger due to
feedback between errors in scaled time and errors in temperature. However,
it appears that it will be possible to develop a reasonable technique, though the
effort involved will be considerably greater than for the steady state.
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APPLICATION OF AEROELASTIC MODELING
TECHNIQUES TO THE DETERMINATION OF
STRUCTURAL LOADS AND STABILITY AND

CONTROL DYNAMIC CHARACTERISTICS

by

J. A. Hill

X. A. Gikas

Astromechanics Research Division
Giannini Controls Corporation

ABSTRACT

This paper considers the application of aeroelastic modeling techniques
to the determination of structural loads and stability and control characteri-
stics. Specifically, the paper deals with considerations for development of
static and dynamic flexible wind tunnel models to be used to measure
structural loads and stability and control characteristics. The need for
development in these facets of modeling is indicated by reviewing the present
technological status of aerodynamic wind tunnel simulatior and testing. It
is emphasized that these modeling extensions provide another, but significant,
"development tool" for the vehicle designer and a means, whereby, a signifi-
cant cost savings can be realized during prototype flight test. The tech-
nical considerations required for these modeling extensions are divided into
seven areas: similitude, model, mounting system, control system, sensors,
data transmission, and data handling. The requirements and problems pertin-
ent to each of these areas are defined. It is concluded that these extensions
of aeroelastic modeling techniques are feasible and desirable from both
technical and ecenc"tic points of view.

INTRODUCTION

This paper presents a summary of aerodynamic modeling and scaling tech-
niques available to the flight industry today. It briefly considers
velocity/altitude ranges from subsonic through hypersonic and from sea level
through orbital or super-orbital. Theoretical scaling considerations are
discussed as well as model hardware availability. The technological status
of testing mechanisms, data transmission and data reduction, and instrumenta-
tion is given. Wind tunnel testing is exclusively considered.

The paper skirts the specific problems associated with the "thermal"
environment, i.e. neither scaling nor modeling technologies are summarized
for thermal considerations. (See Reference I).

Emphasis is placed on methods for determining structural loads and *"
stability and control criteria. The central theme for the paper is, in fact,
the development of suitable modeling methods for determination of these
items.
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A status report for the MODEL FLY program is given.

The authors are presenting all data made available through written docu-
mentation, limited personal discussions, and past experiences. It is
appreciated that we represent but a small segment of this technological area,
and we therefore hope that this paper will stimulate interest and entice
others to contribute any additional technologies or methodologies not herein
presented.

It is the opinion of the authors that additional work in aeroelastic
modeling will yield results which are economically, technically, and season-
ably gratifying to the aerospace industry.

The discussion follows a format which presents, first a broad outline
of the status and follows with a detailed discussion of each main area.

Particular emphasis in the discussion is placed on the present technological
boundaries. The MODEL FLY project is placed in context of the total aero-
elastic modeling technology presented.

TECHNOLOGICAL STATUS

The purpose of Table 1 is to place the subject of aeroelastic modeling
applications to flight loads and stability and control into the context of
the symposium and to define the scope of the paper at the onset. The table
encompasses rigid model testing also, so that conventional loads and
stability and control testing can be related to the symposium. Space
limitations obviously restrict allowable detail.

The N's (no capability) in the right hand zolumn point out the defici-
ency of our present very high speed test facilities. Some orbital velocity
parameters (e.g., Mach Number) can be simulated but the need for a greater
expansion of all parameters continues to exist.

Line 4 points out some important accomplishments related to dynamic
modeling that are sometimes overlooked.

Servo driven stings (line 5) have been used where the mechanical com- %
plexity can be justified to reduce the test time required to map aero-
dynamic characteristics. Coupled with a flexible model (line 6) through an
analogue computer which simulates the dynamics including the structural

inertia terms, it could serve a more important role with little, if any,
additional research required.

Lines 7, 8 and 9 will be discussed in detail by several authors at
the symposium.

Lines 9 and 10 are the apparent next steps for intensive development on
this list and are the subject of this paper.

Some trajectory simulation (line 11) has been reported by NASA using
ballistic ranges but no results on extensively instrumented and/or dynamic
models are available.
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The last line was added as an ultimate, perhaps unrealizable and now
impractical simulation involving simulated equipment tied into a wind tunnel
model. Frequently, control system components are tied into some iron mock-
up, thus obtaining extensive system characteristics data. It would be ideal
to tie-in control systems to a wind tunnel model, but because of model
scaling, it would require simulated hardware for many components. The high
cost and limited possibilities for test on the actual flight vehicle for che
huge systems of the future may mean that complete model simulation systems
must be recognized as a seriously considered alternate test.

USEFULNESS OF AERODYNAMIC TESTING

The conventional aerodynamic testing techniques listed in Table I have
and will continue to play an important role in the development of new
vehicles. Their contributions to researching and developing new configur-
ations are immeasurable and cannot be quantitized. We are presenting
considerations for the application of aeroelastic modeling techniques to
the determination of structural loads and stability and control character-

istics. The need for such extension can be best indicated by reviewing the
modeling techniques which are currently used and their range of utility.

The techniques for measuring static force derivatives and pressure data
have proven to be the most reliable tool of the experimental aerodynamicist.
For complex configurations, they have no equal. The combination of pressure
data correlated with force test data for a specific configuration usually
yields good load distributions.

Dynamic derivative testing methods, especially rigidly or inexorably
forced techniques have provided excellent data. The rigid oscillation tech-
niques are very good for obtaining experimental data needed for systems
with low stability typical of high performance vehicles. Reliable dynamic
derivatives have been measured in subsonic through supersonic flows.

The present state of knowledge concerning spin has been largely de-
rived from tests of complete models in the wind tunnel. Because spin is a
low speed, high lift phenomenon dependent on non-linear aerodynamics,
analysis has not proven very reliable. Full scale flight test experiments
have yielded meager results because testing is limited by safety consider-
ations.%

Flutter model tests have been invaluable in design for flutter prevent- R
ion. Because of unsteady aerodynamics and complex modal interactions, the
analysis of flutter has frequently lacked reliability. Complete aeroelastic
modeling for flutter in the transonic and supersonic regimes has been ,0
limited by the lack of mounting systems which allow rigid body degrees of
freedoms.

Modeling for gust response has been rather limited until recently.
Lack of a high-speed five degree of freedom mount, has made it difficult to %
study problems such as platforw stability, riding comfort, and guidance
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information. These characteristics are affected by pitching, plunging, yaw-
ing and rolling motions. Gust alleviation methods can be studied by pitch-
ing models, but complete airplane simulation would be a better means for
designing alleviation systems.

POTENTIAL EXTENSIONS OF AEROELASTIC MODELING

The design of modern high speed vehicles has been significantly influ-
enced by aeroelastic effects. As a result, considerable progress has been
achieved in the art of constructing and testing flutter models. The effects
of aeroelasticity on the other aspects of airplane design and performance
e.g., structural loads, maneuverability, control system design, dynamic
stability, have been engineered largely by theoretical analysis. As evi-
denced by previous discussion on aerodynamic testing methods, considerable
progress has been made in rigid static and dynamic data measurement. There-
fore, it appears that the progress made can be consolidated by application
to the simulation of aeroelastic effects, both static and dynamic, on
structural loads and stability and control characteristics.

The feasibility of constructing static, flexible structural loads
models has been demonstrated before, most recently 'v a program at MIT. The
trend for future vehicles is toward low aspect ratio, complex configurations.
Prediction of elastic effects becomes increasingly difficult. More accuracy
is needed for predicting tail loads, control effectiveness and stability as
a function of q, M, a, etc. Static aeroelastic modeling presents a feas-
ible, reasonable approach which is technologically possible at this time.

A maneuvering, flexible dynamic model is another extension of aero-
elastic modeling techniques which merits considerable investigation. Such
an extension would essentially permit us to "flight test" in the wind
"tunnel and thus provide a signiticant new "development tool" for the
vehicle designer.

The major application of this modeling and testing technique would be

to perform all or a part of an aircraft flight loads program in the wind
tunnel. The airplane maneuvers could be flown, maneuvering limits establish-
ed or verified, critical load conditions determined and possibly
aircraft structural integrity could be demonstrated. This modeling and
testing technique could also be used to demonstrate the airplane stability
and control characteristics. Also, during the developmnt phase, this
technique would be amenable to simulating and testing possible stability

* augmentation schemes. In addition, the gust response flight test require-
ments could be satisfied if the atmospheric turbulence can be suitably
represented. Thus, the maneuvering flexible model would provide a meaus
whereby gust alleviation schemes could be developed.

The flight tests mentioned above are only a part of the total develop-
ment program for an airplane. Other tests such as landing and take-off
performance, drag measurements, local environmental studies, etc., are more
efficiently performed using conventional modeling techniques. However, the
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accomplishment of flying loads maneuvers, and obtaining stability and
control, and gust response in the wind tunnel will save considerable develop-
ment time and money.

For example, the structural flight loads program as defined in MIL-S-
5711, is conducted in two phases. Phase One consists of maneuvering grids
at airspeeds and three altitudes defined in MIL-S-5711. The maneuver% e.g.,
pullouts, pushdowns, rolls, etc., are performed at various percentages, i.e.
50, 60, and 80%, of the design limit load factor in an effort to determine
critical conditions. This phase of the program is flight time consuming be-
cause weight and c.g. must be maintained to close tolerances, thus requiring
many flights to explore the entire flight envelope. Phase Two of the
program consists only of the demonstration of the airplane structural
integrity at 100% limit load factor for the critical conditions.

Phase One of the flight loads program generally constitutes about 75%
of the flight time. Even iL the critical conditions must be demonstrated
on the full scale airplane, a considerable savings will be realized (cost
per hour of flight test is approximately $10,000). In addition, if the
critical load distributions can be accurately defined utilizing the loads
model, the full -cale loads airplane will not require extensive instrument-
ation if it is to be used only for the 100% demonstration maneuvers. Re-
"duction of instrumentation requirements will introduce additional cost
savings, e.g., transducers, calibration and checkout manhours. ,

It iF certain that adequate flight testing for advanced vehicles, such
4 as Dynasoar and Spaceplane, will be very costly, time consuming and

possibly hazardous. Actually, for maneuvering reentry vehicles, flight
testing per se can not be realistically performed. Since major aero-
elastic effects and maximum load factor are suspected tc occur super-
sonically or transonically, a maneuvering flexible model technique could
be a valuable development tool. This modeling technique would permit a
thorough investigation of these problem areas before the vehicle leaves the
launch pad.

FACTORS IN DYNAMIC ODELIM(

_I The application of aeroelastic modeling techniques to the determination
of structural loads and stability and control characteristics will represent
a significant advance in the modeling and testing art. This modeling ex-
tension encwnpasses all technical aspects of airplane design and test. The
technical considerations netcessar-y for achievitig the proposed modeling tech-
nology are divided in seven areas: similitude, mooel, mounting system,
control systen, sensors, data transmission, and data handling. Each of
these areas will now be discussed.

SLILM,1M. The developmvnt ol any modeling technologFy begins with
the derivation of the similitude requirer.ents. Ideally, the laws of •-mili-
tude define the absolute bounds of nimilation attainable. However, the
practical elements of the simulation, I.e. wind tunnel characteristics,
mounting scheme, model contruction., etc., determine the degree of sinmUlation
witich can be truly realized.
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The similitude parameters for a physical process can be derived in two
ways; (1) studying the equations which describe the process or (2) through
the standard algebraic procedure of dimensional analysis. The relative
importance of these parameters can only be established by viewing them in
respect to the objectives of the modeling technology under consideration.

We are presently considering the extension of aeroelastic modeling
techniques for application to static and dynamic response i.e., loads, and
stability and control characteristics. The dimensionless parameters which
describe the dynamic aeroelastic system are listed in Appendix A. According
to Buckingham's Theorem, the following functional expression completely de-
scribes the dynamic aeroelastic system,

_VV P4. 0 (A

The comparable expression for the static aeroelastic system can be .
expressed

L n0,T v DJ a (B)

The formal derivation of this expression is obtained by changing
primary dimension system in the dimensional analysis procedures from MLT .'..--. J

to FL system. The result is apparent; i.e., the time parameter 4/1

is dropped and the mass parameter combines with the Froude number (weight
becomes important rather than mass in the equilibrium or static system).

The areas of non-simulation for these systems are well known (Ex-
pression(A~also describes the flutter model). They are non-scaling of
Reynold's number and the effects of gravity.

I,,--
Interdependency of the parameters M, R.,and / des not Permit

simultaneous satisfaction of all three parameters for aeroelastic models.

We generally chose to neglect Reynold's number, but match M and ko_1V'fV2.

Physically, it is well known that Reynold's number is a ratio of the fluid
inertia force to the viscous force acting on a body in a streaming flow.
For high Reynold's number at which prototypes generally operate, inertia
forces'predominate. Viscous forces are primarily drag forces; longitudinal
forces have negligible effect on the pitch-plunge loads. Therefore, they
are generally of little consequence in aeroelasticity.

The Reynold's number non-simulation affects both static and dynamic
aeroelastic systems in the same manner. From Expression (A), the law of

mass similitude derived utilizing the relative mass parameter M.

states that mass of the model should scale as the length scale cubed times
the prototype mass. From the static aeroelastic systems expression, the

law of mass similitude derived utilizing the parameter Mo%/fV1dictates

that the mass be scaled proportional to the length scale squared. Therefore,

when we simulate the mass using the dynamic scaling law, the model weight is
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less than required for static considerations. Noting that theparameter
Sn Vp 0z is the equilibrium lift coefficient, this non-scaling of

weight causes the model to fly at an improper trim angle of attack.

Achieving Trim Angle Simulation. Non-simulation of prototype weight
manifests itself in a reduced model equilibrium or trim angle of attack
(when compressibility simulation has been achieved). The trim angle for an
elastic prototype or model consists of two components, the rigid airplane
(mass) trim angle and the aeroelastic increment due to deadweight deformation
(twist and camber) of the lifting surfaces. Both of these angle components
cannot be truly simulated due to non-scaling of gravity. This non-simulation
would be of no consequence to the simulation of dynamic stability response
and would yield conservative load distributions, if the aerodynamics are
linear. However, in the transonic region the aerodynamics are generally
non-linear; and it will therefore be important to correctly simulate proto-
type trim angle.

Similitude of equilibrium angle due to rigid mass non-simulation can
be achieved by introduction of a massless vertical force independent of the
model motion. This capability will be available with the dynamic mount -

inertia cancelling device which will be discussed later under mounting
requirements.

The aeroelastic increment to the trim angle can be simulated by buil!e-
ing a twist and warp distribution into the model lifting surface equivalent
to the deformation which would be developed if the weight increment re-
quired for true similitude were applied. Built-in warp or camber and
twist affects the zero-lift (basic load) distribution of the surface, but
the additional load distribution (load due angle of attack) is essentially
unaltered. Total load and moment distributions are matched. This technique
obviously violates the requirement of strict geometric similitude i.e.

(Thz)M = (T•,)r P (Appendix A), but pplied force and mass distribution

are simulated. Therefore, dynamic similitude can be achieved.

Maneuver Potential in the Wind Tunnel. We are considering the use of
aeroelastic maneuvering models in the wind tunnel. Theoretically, a model
built to match the derived dynamic scaling laws will b.e kinematically
similar to the prototype when forced similarly. Thus, by properly scaling
cntrol inputs or external forces, i.e. gusts, the model maneuver response
can be directly related to the prototype response. There are practical
modeling and testing considerations which will affect the maneuverability in
the wind tunnel.

The primary limitations on the maneuverability are:

(1) Tunnel and model safety considerations
(2) Tunnel test section dimensions
(3) Geometric and physical system limitations
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For obvious wind tunnel safety reasons, a maneuvering mounting system
will be required to keep the model from flying downstream. As will be
discussed later, the mounting system must be capable of driving itself to
follow the model motions, thus, effectively leaving the model in free flight.
Any mount restraint on the model would affect its maneuverability, hence,
essentially none is tolerable. The mount should also keep the model from
slamming into the walls, thus, preventing damage to the model and subsequent U
damage to the wind tunnel.

The tunnel dimensions limit the equivalent maneuvering altitude. The
tunnel equivalent maneuvering altitude is a function of the model length
scale. For practical utilization, the theoretical maximum equivalent alti-
tude is reduced by safety consideration and also because wind tunnel inter-
ference effects would distort the model aerodynamics, i.e. shock reflections,
pseudo-ground effects, etc. The apparent solution to the situation of
limited tunnel altitude is to reduce model scale. However, decreasing the
model size imposes other limitations on the maneuvering system. First,
model frequency is increased as length scale is decreased. Although both
model and mount mass ire decreased, the frequency response capability of the
mount must be increased to permit it to follow the smaller model motions.
Reduced model scale also comprises or at least makes the construction of an
accurate model more difficult, and reduces the amount of instrumentation
that can be installed. .•

Flight test maneuvers are a function of the prototype maneuverability
and design mission. A maneuvering model on any proposed mounting system can
not perform all possible maneuvers. Because of physical limitations spins
and LABS maneuvers will not be possible. However, the major portion of the
flight loads demonstration program, e.g. symmetrical pull-ups, push downs,
flaps down pullouts, roll and yaw maneuvers, and the control pulsing maneuvers
for stability and control response could ')e performed in the wind tunnel.

During the full-scale maneuver program, the pilot does not generally
concern himself with the altitude used to perform the maneuver. His
primary objective is to pull the desired limit load factor. Therefore, it
might not be feasible to attempt duplication of the exact flight test
maneuver within the wind tunnel. To illustrate this point, let us assume
we are flying a one-tenth scale F-106 model in a 16 x 16ýfoot wind tunnel
section. Figure I depicts the scaled time history of the model response in
a typical symmetric 7g pull-up (70g model scale), (flight condition 55-201,
Reference 2). The time histories reveal that the pilot has not attempted to
check the maneuver; the airplane has vertical velocity and continues to gain
altitude. The maneuver as depicted could not be confined to the wind tunnel,
i.e., equivalent altitude is approximately 100 feet.

As mentioned before, the pilot's objective was only to match the limit
load factor without concern toward the consumed altitude or time history.
Now consider the load factor time history superimposed upon the actual
flight history (Figure 1). This maneuver takes advantage of the model jerk
(time rate of acceleration) ability and the maximum negative load factor to
decelerate the maneuver. As a result, the maneuver can be performed in
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approximately eight feet of equivalent altitude, and matches the desired

limit load factor. The data time, 4D for the assumed maneuver, was arbitr-

arily set at 4 = .01 seconds. This value can be changed with a proportional

change in equivalent altitude. Thus, it appears quite feasible to perform
flight load maneuvers in the wind tunnel using scaled models.

MODELING. The design philosophy for the aeroelastic model is guided by
similitude theory. The structure of the aeroelastic model must as a result

(1) provide external geometric contours to simulate prototype aero-
dynamics

(2) scale stiffness magnitude and distribution
(3) scale mass magnitude and distribution.

These are the design requirements for the flutter and aeroelastic dynamic
stability models. An additional requirement for the static and maneuvering
aeroelastic loads model would be to provide a structure which is capable of
withstanding the scaled limit loads.

Direct scaling or a replica type structure will match all similitude
requirements plus provide adequate strength. However, the aeroelastic loads
model construction may be simplified provided the similitude design require-
ments are met. The departure from scaled replica-type construction for
flutter models has long been the standard practice when aerodynamic heating
(aerothermoelastic) simulation is not desired. This deviation from strict
similitude can simplify model fabrication at a very slight loss of aero-
dynamic, mode shape, and low frequency response accuracy.

Direct scaling of the prototype structure has some reward; model
stresses would be in one-to-one correspondence with respective prototype
stresses. From these stresses, the external load distribution'n be cal-
culated. Deviation from replica-type structure, for fabrication ease, de-
stroys the model-to-prototype stress correspondence but the loads distri-
bution can still be obtained in the same manner.

It is hoped that the above discussion has not imbedded the thought
that strain gauge instrumentation is the only means of extractirng loads in-
formation from the dynamic loads model. Miniature pressure transducers
appear to be quite feasible and offer a distinctive advantage over strain
gauges. Using pressure data, direct integration yields the external (air-
loads) loads distributions. The transformation from stress to loads is a

N two step calculation. First, net loads distributions are obtained and :hen
the inertia loads must be algebraically combined with the net loads to
yield the airloads. The inertia loads are not known directly, but must be
analytically derived.

There are problems which must be resolved if pressure transducers are
to be used. The main problem is maintaining the mass distribution required
by similitude. This requirement might impose a restriction on the number
of zransducers which can be utilized, and thus limit the accuracy of load
resolution.
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MOUNTING SYSTEM. Holding a model in a wind tunnel poses one of the
most serious problems associated with wind tunnel testing. To list a few
of the considerations that must be taken into account:

(1) Model aerodynamic interference
(2) Force measurement - data readout

(3) Wind tunnel blockage_•(4) Strength

(5) Dynamic response
(6) Stability
(7) Safety provisions

The primary function of the mounting system is to hold or support the
model in the wind tunnel. The mount also provides a position reference,
supports instrumentation, and sometimes provides coolants. There are a
variety of ways that it is desired to hold the model, for example: in static
testing it is desired to hold the model rigidly at a fixed position and at a
fixed angle in order to measure lift, drag, or other various rigid body
static derivatives. Any motion of the model or perturbations of the air-
stream are a source of noise in the system and are eliminated if possible.
In other types of mounts, it is desired to place as little restraint as
possible on the model - ideally reacting only drag forces. An example of
this mount would be a flutter model test wherein "rigid" body degrees of
freedom are deemed important and purposefully the body is allowed nearly un-
restrained motion.

It would be beneficial to poixLt out the difference between flutter
model and dynamic stability model mounting requirements. For dynamic stabil-
ity modeling, it is of utmost importance that the mounting system has a
frequency response capable of following all rigid body motions and possibly
some of the lower structural frequencies. The latter requirement is of
course dependent on the frequency separation between the structural and
rigid body modes. The flutter mount must have a frequency response that
provides good simulation of at least the first three or four free-free

structural modes.

Static mounts are no doubt familiar to all, and except for certain sub-tleties, their designs and operation are generally straightforward. Dynamic •

mounts are much less common, however,and deserve some special mention.

There are two general classes of dynamic mounts, those which force the
model through prescribed motions and those which appear (or attempt to
appear) passive to the model. The first type of mount ordinarily is used O
in measuring dynamic stability derivatives and lately has found use in
measuring flutter stability criteria (as developed by Boeing in their
admittance technique) (Reference 3). Several mounts which are currently in
use and appear at least semi-passive to the model are:

Princeton University Forward Flight Facility. This facility which
is not a wind tunnel utilizes a 750 foot long track with a five
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degree of freedom mounting system. The mount is designed and
especially suited to studying dynamic behavior of V/STOL aircraft
or helicopters during transition phases. Maximum forward velocity
is 40 feet per second. (Reference 4).

Ling-Temco-Vought High Speed Wind Tunnel. This facility has a
static servo-driven mount especially designed and used for docking
and body separation studies. The mount senses aerodynamic forces
which are fed to an Analog Computer. The computer adds the necessary

rate derivatives, solves a six degree of freedom set of equations,
and prescribes the motion for the hydraulicaliy driven mount to follow.

National Aeronautics and Space Agency, Langley Field, Transonic
Dynamics Tunnel. This facility utilizes a cable suspension system
especially for flutter model testing. The mount has cables running
both forward and aft which essentially rc..train only fore-and-aft
motion of the model.

Many low speed wind tunnels have provision for vertical rods especially
suited for flying low speed flutter models. These rods allow nearly
complete freedom in the vertical direction and by proper gimbal arrange-
ments the angular degrees of freedom are realized. Some lateral and
fore-and-aft restraint is offered.

Other dynamic mounting systems which are under development are:

At the Massachusetts Institute of Technology, a mounting system using
magnetic force to hold and control a small model is under development.
This mount will be used for static testing models and for stability
derivative measurements. The stability derivatives will be measured
by forced motions of the model. (Reference 5). Additional work on
magnetic mounts has been performed by the University of Virginia
(Reference 6).

At the Cornell Aeronautical Laboratories, a dynamic mount is being
developed which will alLow separation of dynamic derivatives.

At the Astromechanics Research Division of Giannini Controls Corpor-
ation, a dynamic mount is under development as a part of the MODEL
FLY system. This mount is being designed under Air Force sponsorship
for use in the 16-foot Tranýonic Wind Tunnel at AEDC. The mount will
allow a model to b.. maneuvered in the wind tunnel in order to measure
loads and stability and control characteristics.

MODEL SENSORS. In measuring model data, it is necessary to know both
the input force and the model internal response. Ordinarily basic wind
tunnel instrumentation (static pressure, temperature, density, etc.) in
conjunction with model attitude variables provide sufficient data to de-
termine the input forces to the model. However, if a distributed or
localized description of these forces is required, then additional instru-
mentation is needed.
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faces presents two problems - weight and size. Heating can also present a
problem depending on the wind tunnel temperature. There are three primary
dynamic sensors which can practicably be placed in lifting surfaces;
strain gages, accelerometers, and pressure transducers. Table 2 presents
the properties of each of these basic types. It is assumed that miniature
solid state devices are used.

Strain Accelerometer Pressure

(cps)

Frequency Response 0 1 1000 3 _K 1000 0 1 1000

Size .003"x.125"x.250" .100"x.500" dia. .200"x.350" dia.

Weight I gram 1 to 3 grams I to 2 grams

Output Level I volt full scale 1.5m volt/g i/2volt full scale

Power Requirements 0.1 watt 0 0.3 watt

Cross talk Acceleration sens.
Environmental Limit. Temp.comp.req'd. Acoustic sens. Acoustic sens.

TABLE 2

Other instrumentation important in controlling and data analysis of
dynamic models but usually placed in the fuselage is:

Control surface position sensors
Pitch, roll, and yaw rate sensors
Translation velocity sensors

These sensors are usually available off-the-shelf, but should be kept small
and light weight.

Another very important bit of external instrumentation is a visual
record of the dynamic motions sustained by the model. Both high speed came-,as
and the Mark I Eyeball system are recomnnended.

MODEL CONTROLS. Model controls can be divided into two classes - those
which are external to the model as with a mount which moves the model, or
those located within the model and actually move the control surfaces.
Controls external to the model are a function of the mounting system and as
such are designed into the mount.
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Controls which are to be placed within or directly adjacent to a
dynamic model generally have a severe set of restrictions imposed upon them.
The power source must be very light in weight, small in size, good resolution
good repeatibility, high power, good frequency response, etc.. The power
transfer system and position sensors have the same general restrictions
imposed upon them. Figure 2 presents a comparison of typical weight vs.
power curves for small power systems. These curves were derived from modi-
fied or off-the-shelf hardware. It should be noted that there is no off-the-
shelf equipment which is readily usable in model control systems. There are,
however, some components which when modified are satisfactory for use, e.g.
small pneumatic actuators or hydraulic dampers.

6

Pneumatic

Elect .Mot.

2

0

WATTS OUTPUT

FIGURE 2. COMPARISON OF TYPICAL WEIGHT VS POWER CURVES

Design requirements for control equipment for model use are somewhat
different from conventional small industrial equipment. Some of the
significant differences are:

Very higia reliability
Short life - say less than 50 hours of operation
Intermittent operation
Iligh structural efficiency
Lower power conversion efficiency permissible
Withstand rugged environments.

DATA TRANSMISSION. The data transmission system for the maneuvering
model must perform two functions: (i) transmit the data measurements in a
form suitable for recording and future data processing, and (2) provide a
counnunication link for purposes of control and safety of the model. The
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familiar low speed flutter model data system performs these same functions.
However, hardware and design considerations required for the maneuvering
model system are more difficult and sophisticated because of the required
number of measurements and their frequency characteristics. These factors
are important considerations in selecting the mode of data transmission.

There are three modes of data transmission which can be considered for
the maneuvering model. These are (1) parallel hardwire transmission (2)
time sharing hardwire by means of commutation and (3) commutation with
radio frequency (RF) telemetry. A data flow chart showing the flow of data
and equipment utilized in these modes can be found in Figure 3. It will be
noted that all of these modes of transmission are suitable for both
functions previously mentioned.

A description of each transmission mode and its advantages and disad-
vantages follows:

Parallel Hardwire. The parallel hardwire mode is the most commonly
used mode of data transmission. In this mode, signal wires lead from each
transducer to the recorder and/or control center. The data signals from
each transducer are transmitted and recorded simultaneously. Thus, the
name "parallel hardwire" is derived.

The quantity of information to be transmitted is the prime limitation
of this transmission mode. The maneuvering loads model will be extensively
instrumented. Although it cannot be instrumented exactly as the full scale
flight loads airplane (primarily because of matching scaled weight require-
ments), the model will require a large number of transducers to obtain
loads distributions, local accelerations, control position, etc. The
exact number of transducers required will be a function of the vehicle
tested. However, an estimate of fifty (50) transducers would be reasonable
and would suffice to carry the point of discussion. Each of these trans-
ducers would require two (2) signal wires plus shielding to minimize the
effects of wind tunnel noise. The power wires to drive the transducers
need not be considered because all transmission modes require them and their
number can be minimized by common use. This bundle of wire (100 wires plus
shielding) could prove to be physically unwieldy and impede the free flight
response of the model. This factor, by far, overshadows the advantage of
parallel hardwire over the other modes. That is, no additional weight is
required for signal conditioning.

Time Sharing Hardwire by Means of Commutation. The name of this mode
is derived from the fact that the data sigitals, which occur in parallel,
are converted by means of the commutator into serial signals which are
transmitted over the sawe wire (time sharing). The output from the commut-
ator is a pulse-amplitude-modulated(PAM) signal. The reliability of PAM
when transmitted over a long wire is greatly reduced by signal attenuation
and the noise environmient. To minimize or eliminate these signal errors,
the PAM signal is generally amplified and passed through an analog-to-
digital (A/D) converter. The signal emerging from the (A/D) converter is a
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pulse-code-modulated signal (PCM) whose reliability is unaffected by noise.
The transmitted signal 'must pass through the inverse of the above described
procedure to retrieve the data in parallel analog formt for either real•

time control processing or data recording for further analysis (see Figure
3).

The advantage of this mode over parallel hardwire is obvious; the

"big bundle" of wires has been replaced with just one wire. However, a
weight compromise is needed to enable this achievement. The package of
commutator, amplifier and analog-to-digital converter must be housed in the
model. For a dynamically scaled model, this added weight could be intoler-

able. The commutator is the heaviest component. Its size is dependent on
the number of data channels and frequency resolution desired. Therefore,
the allowable size of commutator could limit the amount and quality of the
systems data output.

Commutation with Radio Frequency (RF) Telemetry. This transmission
mode is exactly the same as the second mode discussed above except that the
PCM signal leaving the A/D converter is transmitted to the control center %N)
by means of a radio frecuency transmitter rather than the single hardwire.
Therefore, the advantage of this system, if batte-ies can be-provided to
power the transmitter, commutator, and transducers, is that all wires are
eliminated. The disa.dvantages are that the weight of the radio transmitter
(and batteries) must be added to the model and the cost of the transmission
system would be increased.

The consideration of the second and third modes is made possible by
recent advances in solid-state electronic components. Present off-the-
shelf components, will permit us to assemble the system described above,
with a capability of bandling 50 data channels with frequency resolution up
to 100 cps. This package would be approximately 4" x 3" x 6" in size and
weigh approximately eleven (11) pounds. This weight might be untolerable.
However, there are currently in development, mlcro-miniaturi-ed components
which would be considerably smaller in size and weigh approximately one
pound. Therefore, these data transmission nodes will be quite feasible.

DATA HANDLING SOFTWAKC. An imý.ortant factor for utilization of aero- *4

elastic maneuvering models will be the development of the data handling
software or processing system which can provide on site data reduction of
model response and loads parameters while testing or shortly thereafter.
A system with such capability would greatly enhance the application of this
type of model to performance in the wind tunnel of all or a major portion
of a prototype's flight loads and stability and control program.

With a data reduction system as envisioned, the model test engineer
could have model response data and loads information shortly after his
test, check the validity and magnitude of the loads frequencies, decay
factors, etc., and use this information to either "refly" the mane,,ver or
proceed with the next maneuver. This data precessing capability would
enhance the overall testing technique, especially when applied to the
flight loads program. A typical test sequence for a Phase One sucvey
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maneuver as flown in the wind tunnel would be as follows: fly maneuver at
5u% limit load factor and review data; maneuver at 60% and 80% limit load
factor; plot data and extrapolate data to limit load factor; decide whethermodel could withstand limit load; perform maximum load maneuver. This,•,r•

sequence of maneuvers, of course, differs from that followed in full-scale
flight. For the full scale, the 100% load factor condition can not be per-
formed prior to static load test demonstration and correlation with data
from survey maneuvers. Thus, the data processing system provides ý signi-
ficant savings in program time duration as a result of maneuver sequencing.
This time savings in addition to the time gained by model scale greatly
reduces the time duration for the entire flight program.

Although the desired data handling system. is quite important and
* sophisticated, there do not appear to be any real problems in achieving the
* system desired.

The dynamic analysis methods, i.e., inverse Laplace transformation,
harmonic analysis, etc., for stability and control computations have been
developed and coded for the computer by NASA and others and are readily
"available. The only possible problem envisioned in assembling the desired
data system would be non-compatability of programs with equipment at the
test facilities. This problem has been encountered previously, and standard
conversion programs or minor input/output format changes will provide the r
"fix". The envisioned, almost on line, data system will probably not in-
clude Lhe transfer function and power spectral density computations.
These computations should be deferred until daily testing has ended; they
require considerable computer time and core storage and would "tie-up" the
facility. Also, it might be more economical to perform these computations
on special transfer function computers or st)c.Crum analyzers to obtain
increased accuracy.

The primary loads programs necessary for the envisioned system are a
pressure integration scheme and a strain gaup- load calibration matrix
with a matrix operation package. These programs have been coded and can
he found in the computing library at LIl wind tunnel facilities.

MODEL FLY PRRAM SUMMARY

OBJECTIVE. 1The objcctive of the MMOD., FLY rro.ýram is to develop a
general testing technolog, wh, ruby the flight l,',dis, dynamic response
characteristics and dynamiL stability and control of fall scale air vehicles
can be obtained from tests of suitably scaled models in a wind tunnel.

BACKGPOUND. It is evident that in order to accomplish the above
objective and obtain the most :. -rate estimate of the dynamic character-
istics of th • vehiLle, the mod. must be allowed to maneuver in the tunnel
much as the full scale air vehicue would in free flight. Therefore, it was
realized at the onset of this program, that existing schemes for testing
models would not suffice. saome wind tunnel mounting schemes, such as hold-
ing the model in the tunnel by ,means of wires or rods do have merit. For
high speed flow, these mounts ciuse significant aerodynamic interference and
impose restraints on the mc lel which in effect do not permit "free flight".
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Secondly, these other mounting systems were designed for other purposes, Ii
e.g. the estimation of stability derivatives. It, therefore, became clear
that a mounting system was required that would provide the propulsive force
to "propel" the model with respect to the air (restrain the model in the
tunnel) and yet add no spurious forces to the model. Thus, the MODEL FLY
mounting scheme was conceived.

LOW-SPEED DEMONSTRATION SYSTEM. The details of the operation and
components which make up the system are given below. It should be empha-
sized that the low speed phase of this pro ram was conceived only for the
purpose of demonstrating the principles embodied in this mounting scheme; %r.4

i.e. proof of model-mount stability and the ability of servo-wings to cancel %

the mount reactive forces on the model. The demonstration mount was designed V*-"

specifically fir this purpose and is shown in Figure 4. It was never in-
tended to be a prototype for larger scale mounts and it should not be regard-
ed as such.

Servo-Wings. As noted previously the dynamic mount was designed to
add no spurious forces to the model other than providing the propulsive
force required to "propel" the model in the tunnel. To accomplish this,
the effect of the mount static and dynamic forces on the model must be
eliminated. Simply balancing the mount with the model off so that the

mount center of gravity is at the center of rotation will provide static
balance. In this way, the model when flying at a trim condition need only ,.o
provide a lift force sufficient to cancel its own weight. There still re-
mains the problem of removing the mount force sensed on the model resulting . "
from model acceleration. This force is mount inertia reaction. Hereafter, 1%

cancellation of this force with an equal magnitude acceleration-phased
force will be called "inertia cancellation". •.

The inertia cancellation is accomplished by introduction of an inertia
nulling device denoted as serva-wings and shown diagrammatically in Figure
5. Here, the servo-wing is free to pivot at a point forward of the servo -
wing center of pressure and center of gravity. Local acceleration is sensed
at the center of gravity of this pendulous system. (The servo wing is
trimmed to desired steady state lift during operation by means of a tab ..

located at the trailing edge of the wing).
- . S d•'

Consider further the behavior of the inertia nulling system illustrated
in Figure 5 under -iny input of local acceleration. Acceleration causes the

driving force •A 5 - which rotates the servo wing to the angle • Accord- -

ingly, the lift force Ls is generated on the servo wing. It is shown here

in its correction directional sense, a directional sense uhich makes it
capable of cancelling a large inertia force in the structure To wtich it is . "

attached. The angle 0, iJ determined by the balatnce hetween the inertial

moemnt, M3' and the aerodynamic centering mont Ls .0.-* , .% &[-•
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AIRSTREAM

ZERO REFERENCE
POSITION

AS CENTER OF GRAVITY

FIGURE 5. SERVO WING UNDER ACCELERATION

The servo wing assemblies are placed on che dynamic mount in such a
way as to cancel entirely the inertial moment of the dynamic mount without
introducing any spurious spring or damping forces. The servo wing location
for the demonstration mount was selected to be the forward and rear box
sectirns, since any hardware attached to these sections will remain hori-
zontal due to the 4 bar (beam) parallel linkage system, thereby, sensing
vertical acceleration exactly.

As in the design of any practical mechanical system, some criteria must
be set up to ensure efficient operation. For the servo wing assembly these
are:

1. Wing angle, , , per "g" acceleration - This value must be low
enough so th..c the wing operates over its most efficient and
practical aerodynamic range. The parameters which affect this
quantity are determined from a sunmmation of the moents over the
airfoil. Consider Figure 5 once again. Sunmmtion of the quasi-
static moments aL the pivot point gives (written about the trim
angle)

013 cp,

,.hi
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Solving for wing angle (2)
-= _--_--_--i

Therefore, changing any of these parameters will affect the wing

angle per g. However, because of other equations (to follow)
which must be satisfied, only two variables for each velocity
remain which directly control this equation. They are__..

and S3 , the lift curve slope and servo wing area respectively.

2. Low pitch inertia - This ensures that the wing will have good
dynamic response (high natural frequency). To accomplish this
in the present design, the wing was constructed of foam plastic
with a fiberglas cover. This construction results in a wing of
high strength and stiffness.

3. High structural rigidity - This ensures that servo wing flutter
speed will be well above any operating velocity. This would be
a compromise with the aforementioned criterion #2, since high
rigidity would probably also cause an increase in overall weight
and, therefore, inertia.

It is probably quite apparent that there exist means by which the
amount of inertia to be cancelled can be approximately predicted. If it is
assumed that all the weight of the mount acts as a point mass at the servo
wing rotation points, then from a ý.ismmation of the quasi-static forces for
one wing

R (3)

where IM is the inertia of the mount and P is the distance from the mount
rotation point to the servo-wing pivot point.

CcmbininG Equations (2) and (3.'

- (4)

inspection of this quasi-static equation written for steady-state acceler-
ation shows that inertia cancelling is not a function of wind tunnel
velocity; an important result since barring compressibility effec s the
same wing could operate over the entire speed range. Oiowever, j¢. the *
"distance between the pivot point aud the center of pressure, can c ange with fl
Mach number and angle of attack or both). Equation (4) was derived for one
wing only. To obtain the total inertia cancellation capability of the sys-
tern, the left hand sidc of Equation(41must be multiplied by the total number
of servo wiugs utilized.

A complete dynamic anaysis has been perfornied on servo wings. This

"1...
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analysis included such input parameters as:

Mass of mount
Mass of model
Servo-wing inertia
Tunnel velocity
Dynamic pressure
Servo-wing aerodynamic terms

Servo-wing aerodynamic damping terms

Servo-wing geometry (M wings, W wings, thickness)

Plots and cross-plots were made for such variables as natural frequency

versus ad,, , c aand damping ratio versus these same

variables.

It has been found that Equation 4 presents a good first order approxi-
mation .to this complete dynamic analysis so long as the natural frequency
of the servo-wing is about one octave higher than the mount natural fre-

ADJUSTMENTL SCREW

V .

FIGURE 6. DETAIL DRAWING OF SERVO WING-ROD ATTAC}RMENT

•.% .. "
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Several sets of servo-wings were constructed. Originally a wing-tail
configuration was tried; the addition of the tail added so much inertia that
an impractical system resulted. Wings of delta planform were also tried but
were discarded because of their inferior inertia and aerodynamic properties
in the low speed range.

The fixture holding the servo-wing to the rod is illustrated in
Figure 6.

Dynamic Mount. The demonstration dynamic mount shown in Figure 4 was

designed to support the model in the wind tunnel test section, yet add to
the flying model no spurious forces, that is, forces or moments not felt by
the flying prototype. The basic components of the dynamic mount are two
main beams, upper and lower, supporting a sting at the forward end and a

drag compensator at the aft end. The motions of b^th sting and drag compen-
sator are constrained to be translatory by the two beams since the beam
linkage points, center and ends, are along two parallel lines, thus leaving

.the sting and drag compensator horizontal at all times. The model is
attached to the sting by a pivot at the model c.g. The two beams are
pivoted at their centers to the two vertical members denoted as the pylon.

90.

FIRST ORDER THEORETICAL
80. NEDIAN EXPERIMENTAL
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FIGURE 7.SERVO WING AXIS OF ROTATION % c
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The purpose of the drag compensator, pictured in Figure 4, is to pro-
vide a drag moment on the linkage which nominally cancels the model
destabilizing drag moment. By adjusting the angle between the two hinged
plates, a drag force can be obtained which creates sufficient moment to
balance the pitching moment due to the trim drag of the model.

In designing the dynamic mount it was always sought to keep the
strength to weight ratio at a maximum. Aluminum structure and balsa wood
fairings were used for this purpose.

Tests. Tests were conducted at the University of Michigan low speed
wind tunnel during the spring of 1962. These tests were performed on a
basic mount-spring configuration without servo-wings, on the mount-spring
configuration with servo-wings, and on the complete system with model
attached (no springs). The tests on the basic mount-spring configuration
with and without servo-wings were -zonducted to measure the inertia cancell-
ing capabilities of the servo-wings. The tests with the model were to
demonstrate overall mount-model stability.

Results. The tests satisfactorily demonstrated that significant
inertia cancelling is possible. With certain configurations some stability
problems were encountered with the servo-wings and mount coupling to form
a limited amplitude instability. This instability is predictable and pre-
ventable. The model was flown on the mount and encountered no stability
problems. Noticeable changes in model response were observed as increasing
amounts of inertia were cancelled. Figure 7 illustrates measured and first
order predicted inertia cancelling capabilities for a typical configuration.

CURRENT PROGRAM. The current MODEL FLY program retains the objectives
that have been basic with the project since inception. A dynamic mount is
now being developed that will be capable of passively following a maneuver-
ing aeroelastic model in transonic flow. The 16-foot PWT transonic wind
tunnel at AEDC is the facility that has been selected for this installation.

Mount Requirements. The mount will be capable of acceleration rates
of up to 70 g's, velocities of 160 feet per second, frequency response of
at least 30 cycles per second, and angular rates of up to 300 degrees per
second. The mount will be able to support dynamic loads at sting end of up
to 2500 pounds. It is planned for the first development phase to de-.elop
the mount for only the pitch plane, i.e. vertical translation and pitch.
Later phases extend the mount to the yaw and roll planes and into the 16
foot supersonic wind tunnel at AEDC.

Model Requirements. A model of a recent high performance aircraft
(probably the F-106) will be developed with a capability for maneuvering
at scaled maximum normal load factor, flying with its own control surfaces
through stability and control maneuvers, and measuring distributed load
values, and response criteria. This model in the case of the F-106 would
probably be a 0.10 scale, weigh approximately 30 pounds, maneuver at normal
load factors of 70 g's, and measure approximately 50 parameters while
dynamically maneuvering.
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Inertia Cancelling Device. Pure seismic servo-wings in high speed -

especially transonic flow are not suitable for the inertia cancelling re-
quirements. This is due to the center of pressure shift with Mach number
and with angle of attack change. A series of M and W wings were tested at
AEDC in an attempt to find a configuration which exhibited a C.P. shift
within the desired tolerance over a reasonable Mach number range - none were
found. Consequently, it has been decided to use one of two potentially sat-
isfactory means for accomplishing inertia cancellation. These methods are
large hydraulic actuators which by cables would move the sting as prescribed,
or servo augmented wings which would not depend on external conditions for
control. There is also a possibility of using both servo augmented wings
and large actuators in combination, the large actuators for high amplitude,
low frequency following and the servo wings for the higher frequency
perturbations.

Schedule. Current PERT schedules indicate that testing in the AEDC
wind tunnel will commence in about 18 months with the complete pitch plane
system checked out and ready for use in about 30 months. A very simple PERT
chart for this program is shown in Figure 8. This PERT chart depicts the I
interactions of some of the major considerations of the program.

CONCLUSIONS

In summary, it can be said that the considerations for the application
of aeroelastic modeling techniques to the determination of structural loads
and stability and control characteristics have been presented. It can be
concluded that:

1. The required aeroelastic modeling extension is feasible and does
not represent a severe extrapolation of the present state of
modeling technology.

2. The modeling extensions proposed will provide a significant new
"development tool" for the vehicle designer.

3. The proposed modeling and testing technique would yield a signi-
"ficant cost and time savings during prototype development.

4. The major technological status improvement required is the develop-
ment of a mounting system with adequate frequency response to
passively follow a maneuvering model.
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APPENDIX A

DIMENSIONLESS TT PARAMETERS

This appendix lists the dimensionless 1T parameters that completely
described the prototype system. Their derivation can be found in Reference
(7). The prototype can be described as a structurally elastic, winged
vehicle, flying through a viscous, compressible fluid, air, at a particular
altitude and velocity relative to inertial or fixed space. The "1- para-
meters which completely describe the environment, motions, geometry andforces acting on the prototype are:

5 41 Mach Number

Re = 1.V4 Reynolds Number

-= V5' Froude Number

7T.=A X Force Coefficient

77" / = p Relative Mass Parameter

7T a1,V 11 Relative Stiffness Parameter

7r= W7, / Non-dimensional Deflection

_IT'S V Non-dimensional Time

-- 5 ( Ratio of Specific Heats

7&= k( Dimensionless Stiffness Distribution

•. •7T, Dimensionless Mass Dist'ribution

"-Tf Length Distribution, i.e., Thickness Distribution

'T71 Control Deflection

71-- = Pitch Angle

iT -, Angle of Attack

3T/= Yaw Angle

I-i- Roll Angle

717• =Sideslip Angle
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DYNAMIC TESTING TECHNIQUES FOR A WIND TUNNEL MODEL

G. L. Kugler

General Dynamics/ Astronautics

ABSTRACT

This paper presents testing methods and techniques which were used to define
the structural dynamic characteristics of wind tunnel models. These models and

techniques were developed for a wind tunnel test program on ground wind induced
oscillatory loads on Atlas Space Launch Vehicles. Models of nine different space
launch vehicles, utilizing the Atlas Space Booster, were tested. The 1/15 scale
aluminum model was so constructed as to facilitate the simulation of various pro-
pellant loads with the resultant varying dynamic parameters. The structural dy-
namic characteristics of interest were the damping factor of the first bending

mode, the first elastic mode shape, the first mode frequency, and load deflection
information. Discussion will include the model excitation method, vibration
measurements, model instrumentation, and certain model construction details.
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RDT-TDR-63-4197, PART I

DYNAMIC TESTING TECHNIQUES FOR A WIND TUNNEL MODEL

G. L. Kugler

General Dynamics/Astronautics

Ground wind induced oscillations of specific missile and payload
configurations were studied recently by General Dynamics/Astronautics
in the 12-foot pressure wind tunnel at NASAs Ames Research Center. (1,
2, 3) In order to extrapolate prototype behavior from model studies,
it was necessary to determine; for each configuration and in several
orientations, the frequency, shape, and damping factor of the first
elastic mode, together with the oscillatory load-deflection relation-
ship. Ground wind induced oscillations, normal to the wind, are caused
by vortex shedding around a cylindrical body. The problem is further
complicated by various protuberances extending from a cylindrical-
shaped vehicle. (4, 5)

Program management was under the direction of the Air Force Space
Systems Division with technical direction provided by the Aerospace
Corporation. Tests were conducted to determine the critical orientation
of the vehicle protuberances with respect to wind direction and speed,
the effect of surface roughness, and the effects of tanking conditions.
The various umbilical towers were also simulated. Vehicles simulated

- included the Atlas booster as a first stage, Centaur and Agena second
stage configurations with Ranger and other payloads. The wind tunnel
test resume will be presented in a General Dynamics/Astronautics' report
by E. F. Gaffney. A general discussion on the results of ground wind
induced oscillations in being published. (6)

Knowledge of certain structural dynamic characteristics was
required in order to predict full-scale vehicle response from the
model study. It was necessary to determine these characteristics with

q the model mounted in the wind tunnel, due to the contribi .ing influence
of the wind tunnel response on the model. In order to test a model
which would retain relatively constant dynamic characteristics, certain
model design criteria were suggested by the Ames Research Center
personnel. This paper describes the model fabrication, and techniques
and equipment used to determine the dynamic characteristics.

STEST PARAMEERS

The wind tunnel test program covered models of nine separate
booster/payload configurations including several payloads with and with-
out environmental shrouds. Three tanking conditions were simulated for
each configuration tested. A design, to meet the above requirements,•! resulted in a model with 1) basic assemblies which could be used with

s a configurations, eae assembly for rapid configurationchanges, 3) structural rigidity between sections to insure relatively
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consistent damping coefficient.

Prior to each wind tunnel test, it was necessary to determine the
first elastic mode frequency, shape, damping factor, and oscillatory
load deflection relationship for each model configuration in the drag
and lateral directions. In addition the damping factor was determined
each time the model was moved on the mounting pedestal. The first elastic
mode frequency was in the range of 15 to 70 cps and tne damping factor in
the range of 0.001 to 0.008 for the various models. Maximum design
bending moment on the model pedestal wus in the range of 65,000 and 95,000
in. lb.for the different models.

MODEL FABRICATION

The model, as shown in Figure No. 1, was built in sections such
that the basic assembly could be used in several of the different models,
The lower section, or Atlas portion, was used with all of the models.
Two interchangeable midsections were fabricated simulating the Agena or
the Centaur. The forward section consisted of the appropriate different
payloads for the Agena and Centaur. All protuberances extending from
the basic cylindrical structure of the prototype such as fairings, pods,
ducting, and cable ways were included on the model. These protuberances
were removed and/or replaced when changing from one model configuration
to another such as from Agena B to Agena D.

The 1/15 scale basic model was machined from aluminum forgings and
heat treated. The protuberances were attached with small machine screws.
All screw head holes were filled with dental cement. The entire model
was then polished to approximately a 20-microinch finish. The sections
of the model were bolted together at internal flanged interfaces,
assembling from the aft end forward. Access for bolting the payload
section to the midsection was gained by removing a threaded nose cap.

Additional weight, to simulate various propellant load conditions,
and thereby changing the fundamental frequency,was added to the inside
of the model by several means. Weight was added to the Agena and Centaur
midsection by attaching one of several solid steel cylinders. The
cylinder was screwed into the forward end of the lower section and
clamped to the forward end of the midsection. Weight was added to the
Atlas body by bolting a steel slug to the aftside of the forward flange
of the lower section. Additional weight was added to the payloads by
filling with "Cerrobend", or bolting steel-jacketed lead slugs to the nose
cap.

The model was mounted on a compliant, instrumented pedestal which was
bolted to the wind tunnel floor. A'Marmod' clamp attached the model to '. ...
the pedestal and afforded an infinite number of model orientations with
respect to wind direction. Five interchangeable pedestals, each with a
different spring rate resulting in a fundamental frequency change of
approximately 1 to 3 cps, were used as a method of varying the first modal
frequencies of a given configuration.

The umbilical towers associated with various payloads were also
modeled. Two umbilical towers were used with the Agena, AMR and PMR launch
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complexes, and a third for the Centaur complex. The towers were
orientated according to model position in the wind tunnel.

DYNAMIC TESTING EQUIPMENT

In order to obtjain the maximum number of wind tunnel tests in a
given time pertiod, certain criteria and limitations were imposed on
the type and usage of the dynamic test equipment. As it was necessary
to determine the above mentioned structural dynamic parameters for each
configuration or orientation change, it was highly desirable to have
test equipment that could easily be placed in the tunnel, setup and
operated. To this end, plus the required performance capability, the
test equipment wis selected.

The test eq.-ipment required to obtain the stri:tural dynamic
information consisted of a very simple setup. The equipment included a
small (20-pound peak force output) permanent magnet electro-dynamic
vibration exciter as shown in Figure No. 2. The exciter was driven and
controlled by an audio amplifier and signal generator. The vibration
exciter was mounted in a trunnion such that the drive link and exciter
could be rotated up and away from the model for complete mechanical
decoupling. The exciter and trunnion assembly was supported on a
tripod which could be adjusted for height alignment with the different
models. Weight of the vibration exciter system was approximately 80 lbs.
The vibration exciter system was essentially seismic Jn the frequency

*• range of interest. The remainder of the test equipmeei consisted of two
strain gage type accelerometers operating through a carrier amplifier
system to a direct writing oscillographic recorder, voltmeter, and an
oscilloscope.

Instrumentation on the model consisted of strain gages mounted on
the pedestal calibrated to measure bending moment in the direction of
wind (drag) and normal to the wind (lateral). The strain gage tridges
were attached to the inside of the pedestal in such a manner as to
provide temperature compensation and to respond to strain caused from
bending only. During the first series of tests, strain gage type
accelerometers were used to meastire drag and lateral vibratory accele-
ration. The accelerometers were locAted in the paylvsd section of the

*# model. The strain gage bridges located in the pedestals were excited
and the siginals amplified by a carrier amplifier system. The amplified
signals wer,.e then paralleled into a direction writing oscillographic
recorder, tape recorder, oscilloscope and a voltmeter. Calibration of
the strain gaged pedestals was accomplished by applyang a steady state
load at a givr" moment arm through a dummy aft section. The strain
gage type accelerometers were dynamically tested in the laboratory for
amplitude linearity and frequency response. to the wind tunt-el the .4

acceleromoters were calibrated by the flip-fxp stati,= metaod. The 14
calibrations were repveted each time a utgaal cable was disconnected.

. • nYSAYlC TESTING TWXIN.'14CES

The first modal frequeny won( by manually astratk-ng the
model while rec&,rdansg a respot ,.xgnal on an electrically-tioed record.
"--Th frequency would then be tuned in on the vibration exciter oscil-
later.
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The mode, shape for each model configuration wss determined by
exciting the model at the first modal frequency and measuring the
response at several predetermined longitudinal locations, The
vibration exciter, mounted on the tripod, was attached with a steel
band around a cylindrical portion of the model. The model was vibrated
at approximately one-third the maximum design bending moment as
measured at the pedestal. Response measurements were then taken at
each of the several predetermined locations by moving the accelerometer
from one location to the next whils maintaining a constant oscillatory
peak bending moment. The bending mode response data was normalized
and plotted as the measurements were taken, thus greatly reducing the
chance of error.

The oscillatory deflection bending moment relationship was deter-
mined using the same vibration cxcitation setup as described for the
mode shape determination. Payload deflection was measured by the use
of a visual sight gage which takes advantage of the persistence of the
human eye. Deflection was held constant at a nominal distance, such as
1/8 or 1/4 inch peak-to-peak, while the oscillatory strain (read as
bending moment)was recorded.

The damping factor was determined each time the model configuration
or orientation was changed. The model was excited with the same
equipment as previously described with the exception that the mechanical
linkage attaching the exciter to the model could be completely decoupled
during model vibration. The coupling mechanism consisted of a truncated
cone, attached to the vibration exciter stinger, which was mated into a
similar cone attached to the steel band around the model. The act of
decoupling the exciter was accomplished manually. The damping factor
was obtained by exciting the model at the first modal frequency, at an
amplitude of maximum design bending moment, and completely disconnecting
the vibration exciter while recording the bending moment and subsequent
decay. The value of the damping factor was then calculated for quick-
look information by dividing the constant 0.11 by the number of cycles
for the amplitude to decay 50%.

CONCLUDING REMARKS

The use of the portable seismic vibration exciter and other
associated test equipment to obtain the desired dynamic information was
accomplished in approximately 25% of the time required using a previous
method. To date over 200 runs have been conducted with a time savings
of one to three hours per run. Accuracy of the damping factor by
aechanically decoupling the vibration exciter from the model, was
improved by 20 to 100% over the previous method of electrically discon-
necting the vibration exciter.
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A NEW "FREE-FLIGHT" MOUNT SYSTEM FOR HIGH-SPEED

WIND-TUNNEL FLUTTER MODELS

By Wilmer H. Reed III and Frank T. Abbott, Jr.

NASA Langley Research Center

ABSTRACT

Wind-tunnel investigations of aeroelastic models often require that rigid
body as well as elastic modes of the test article be simulated. In effect, the
mount system must allow the model to be "flown" in the test section and have

negligible aerodynamic interference at transonic Mach numbers. Such a system
has been developed for flutter and gust response investigations on complete
models in the NASA Langley transonic dynamics tunnel. The system consists of
a pair of cables which pass through pulleys in the model and run upstream and
downstream of the test section in mutually perpendicular planes. Stability
and natural frequencies of the cable-supported model are controlled by the pre-
load tension in a spring in one of the cables. The paper describes some eval-
uation tests and presents a stability analysis which shows the influence of
various parameters that govern dynamic characteristics of the system.
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RTD-TDR-63-4197, PART I

A NEW "FREE-FLIGHT" MOUNT SYSTEM FOR HIGH-SPEED

WIND-TUNNEL FLUTTER MODELS*

By Wilmer H. Reed III and Frank T. Abbott, Jr.

NASA Langley Research Center

INTRODUCTION

Wind-tunnel investigations in such areas as flutter, gust response,
dynamic stability and the like often require that the dynamic behavior of the
test article in free flight be simulated. For example, flutter instabilities
on an aircraft may involve interaction between elastic and rigid-body modes.
If, in wind-tunnel studies of the problem, these modes are significantly
altered by constraining forces associated with the model support device, cor-
responding alterations in the flutter characteristics of the model as compared
with those of the free-flying aircraft might be expected. On the other hand,
if the model is mounted in some arbitrary manner that might permit simulation
of free-flight rigid-body modes, we have no guarantee that the resulting sys-
tem will be satisfactory. In fact, without careful consideration of the
dynamics of the overall system, violent instabilities may occur, making the
dynaxvIc behavior of the model on its mount strikingly different from what it
would be in free flight.

The present paper concerns a new free-flight mount system that has been
developed for flutter and gust response studies in the NASA Langley transonic
dyn: Lcs tunnel. Practical experience with the present and some earlier mount
systerms is described, and ) stability analysis presented to show the influence
of various controllable parameters on the dynamic characteristics of the
syste'i.

SYMBOLS

a horizontal distance between center of gravity and outer cable-
tangency-point on rear pulleys (positive when e.g. ahead of rear
pulleys)

b :-pan of wing

c etl'WI ZI(21t(iynw-1ic chord

*Ptet:nt yLeJJ•d Ifor.
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aij,bij,cij coefficients in longitudinal equations of motion

aij,bij,cij coefficients in lateral equations of motion

d horizontal distance between model plane of symmetry and outer cable-

tangency-point on rear pulleys

e horizontal distance between model center of gravity and outer cable-
tangency-point on front pulleys

g acceleration due to gravity

-h vertical distance between model center of gravity and outer cable-

tangency-point on front pulleys

!Ixz product of inertia

"k spring constant

Skij cable stiffness influence coefficient giving increment in cable

restraining forces or moments in mode i due to unit deflection

in mode J

length of cable i from wall attachment point outer cable-tangency-
point on pulley i

L,M,N roll, pitch, and yaw moments about x-, y-, and z-axes, respectively

m mass of model including pulleys

NSF static stick-fixed-neutral point

q dynamic pressure, 12

rx, ry,rz radius of gyration about x-, y-, and z-axes, respectively

a Laplace operator

S wing area

T cable tension

U vind-tunnel test-section velocity

W weight of model including pulleys

x) ,z displacement coordinates of model center of mravity

X,Y,Z external forces on model

CD coefficient of drag, qS

17Z
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CDo CD at = 0Lift

CL coefficient of lift, f_

CLo CL at a = 0

C1 rolling-moment coefficient, Rolling moment

qSb

Cm pitching-moment coefficient, Pitching moment
qSc

Cmo Cm at m = 8 = 0

Cn yawing-moment coefficient, Yawing moment
qSb

Cy side-force coefficient, Side force
qSc

a. angle of attack, 00 + +&

angle of sideslip, U-

01,02 angle tn vertical plane between x axis and cables 1 and 2,
respectively

03,04 angle in horizontal plane between x axis and cables 3 and 4,
respectively (for trimmed flight 03 = 04 = OR)

OR angle in horizontal plane between x axis and rear cables for

trimmed flight

5~o elevator deflection angle for trimmed flight

effective viscous damping ratio of mount in mode i for no wind
condition

damping ratio of model in flight

TI real part ýf root of characteristic equation

0 pitch angle pertubntlon from trim condition

0o pitch augle of trimmed -light

SOo +0

mras density of wind-tunnel test .ediuM
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=PUS

( angle of roll

angle of yaw

W circular frequency

np 
r um

wn undamped natural frequencyI

Stability derivatives are indicated by subscript notation; for example:

-|n mSLc....... CLIP = cm, )

2U ~2U T

;Cy ;cL
Cy 6 CLC- etc.

Subscripts:

'1: 1,2,3,4 cable numbers (see fig. 12)

F front

R rear

GENERAL REMARKS

Mount System Requirements

Let us consider some general requirements which represent desirable and
perhaps essential features iiL a free-flight mount system (see fig. 1). First,

associated with the mount are well below the frequencies of the free-flight

rigid body and elastic modes of interest. A soft support implies that the
model should be given freedom to respond with large tunplitude motions. A
secund requirement is that moving masses associated with the mount are negli-
gible relativ.: to the total. mass of the test article. Also, aerodyrnamic
interference associated with mount structure exposed to the airstremun should
be low, ospecially if the system is to be operated at high subsonic or tran-
,onic Mach numbers. Another very imnportant requirement is that the system
have both !tatic anid dynwric stability under all o|perating conditions. III
cases where it is necessary to simulate the steady-state air loads
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corresponding to level flight (Froude number simulation), the mount should be
capable of applying a steady vertical force to the model which is essentially
independent of model motions. Finally, a simple, passive system is preferred
over one requiring black boxes or other complex gadgetry in order to meet the
above requirements.

Some Typical Systems

Various techniques for mounting dynamic wind-tunnel model<; have been pro-
posed (see, for example ref. 1). Some typical systems with which the authors
are familiar will be discussed with the aid of schematic diagrams shown in
figure 2. (Motion pictures illustrating the performance of models utilizing
these systems are presented in the oral version of the paper.) The tow-line
mount system, described in reference 2, has low aerodynamic interference and
provides considerable freedom of motion for the model in all but the longi-
tudinal direction. The major drawback of the system is that a complex, fast-
response, autopilot is generally required in order to achieve satisfactory
lateral stability and keep the model flying within the confines of the tun-
nel test section. With the endless wire mount system the model is attached
to a vertical wire which passes through pulleys outside of the tunnel to form
a continuous loop. While this system has a number of desir'ible qualities
previously mentioned, it was found that models mounted in this way tended to
become unstable in yaw. The vertical rod mount system was developed by
Boeing Airplane Company and has been used successfully in low-speed wind-
tunnel tests for many years (see refs. 3 and 4). At transonic Mach numbers,
however, shock waves generated by the rod support become a problem as well as
deflections of the rod under high drag loads. The mount system which appears
to satisfy the greatest number of the previously mentioned requirements is
the two-cable mount, which is the subject of the present paper.

TWO-CABLE MOUNT SYSTEM

Description

The basic two-cable mount system is shown schematicaLly in t'lgur, 5.
The model is held by two cable loops, one extending to the tunnicl wallt 1i1
the upstream direction and the other in the downistretam dirtection. One lout.
lies in a vertical plane (either upstreaun or downstrAcmn nz be-t suits t.-(-
model) and the other loop is in a horizortal plaine. Etuch caibie loop pau-s
through pulleys located within the L'use•a.age contour. The cables are. l ke-t
under tension by stretching a soft spring in the r•ar caLIec.-. The model
has freedom to translate horizontally and vertically atv we'll !W" tUi rMt te
in pitch, roll, and yaw. With spriigs in both cables the wdde can .l.o :-,
given freedom to translate fore and a.ft

Since the model has considerable f're, dnm of mot*-n. it 1,: rc->r; tv

Iprovide remote trim controls to keep it c-ntered in the. 1,ýnnel threuj%'.ut 'be
test range. Usually only pitch and roll trim control arv t-- i;uýred. h'xpcr`-

V ence has shown that models cwn be ea-sily I'lown by a ,inItw1 -!, :aor r
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"pilot," using a miniature airplane-type control stick which actuates pitch
and roll control surfaces on the model.

Three key parameters that influence the dynamic characteristics of the
system shown in figure 3 are:

distance from front pulleys to center of gravity

a distance from rear pulleys to center of gravity

TR tension in rear cables

The ability to va.-y these parameters for a given model provides one with
a "handle" by which the stability and flying characteristics of the model can
be regulated. The lengths and angles of the cable loops can also be adjusted
to satisfy particular requirements. For example, by using unequal angles in
the cable loop that lies in a vertical plane, a resultant vertical force may
oc applied to the model. Since the cables are long (long relative to model
deflections) and have tension applied through a soft spring, this resultant I
vertical force is approximately independent of model motion, and thus provides
a reasonable simulation of gravitational forces. By varying tension in the
cables steady-state loads on the model can be properly simulated - a feature
that may be required when elastic deformations due to steady loads on the
aircraft are of importance.

Wind-Tunnel Model

A specific application of the two-cable mount system will now be discussed.
Wind-tunnel and theoretical studies of the dynamic characteristics of the mount
have been conducted for a model of a modern Jet transport. (Similar experience
with the present mount system has also been obtained on a supersonic fighter
configuration.)

The model, pictured in figure.i 4 and 5, has a span of approximately
8.5r fee: and weighs 70 Pounds. It is restrained 1,y a 3/N.-intch.-diameter for-
wa••d cable yand a 1/16-inch-diarneter rear cable through which the tension is
applied. Forwnrd mnd tift pulley locations in the model arc e/c = 1.6 and
a/c - 0. When the model is center--d in the tunnel, the length of the cables
Sre, the model to the wail attachnent points as approximately *0 feet; the
forward. cablen are in a vertical planie and the rearvard cables in a horizontal
niale. The cut-aw'ay view in figure 4 gives a schematic indication of the
pulley instaxllatlon. Figure . ahows the model in ta preflight attitude. The
lrgr• static d-.cction of the model, which a-=unts to about '_' feet for the
condition ahown, it, indicative of the noftness of the restraining forces
involved. Klectrieaml lead4, :or the trim control actuators tvmnd accelerometers
in th'm ro.l enter the urde.•ridc or" the fuszele near the center of' gravity
. rtm zsupportel. at the downstrv.n end by a atingg, azs can be s-een in
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Stability Analysis

Equations of motion for the two-cable mount system are derived in the
appendix for the general case of six degrees of freedom. Cable-restraining
forces are represented in the analysis by a set of stiffness influence coeffi-
cients kij which give the cable force or moment in mode i due to a unit
deflection in mode J. Equations for these coefficients in terms of the sys-
tem parameters are given in table 2. It can be shown that with the assump-
tion of small pertubations from trimmed flight, which make the equations of
motion linear, the lateral equations and longitudinal equations for the cable-
restrained model are uncoupled and can thus be treated separately as in con-
ventional linearized stability analyses for free-flight conditions (see, for
example, ref. 5). Energy dissipation in the pulleys is accounted for by
means of an effective viscous damping in each mode.

In the present analysis, a soft spring was assumed to be only in the
rear cable, thus the fore-and-aft degree of freedom is suppressed. With this
assumption, the dynamic behavior of the system is determined from the roots of
a fourth-order characteristic equation for the longitudinal modes and a sixth-
order characteristic equation for the lateral modes (see eqs. (12) and (15)
in appendix). Tunnel conditions assumed in the analysis are 225 pounds per
square foot dynamic pressure and 0.89 Mach number. The aerodynamic deriva-
tives (see table 1) were estimated by the aircraft manufacturer. Dampiug
introduced by the pulleys was assumed to be 5 percent of critical dampinb for
all modes. (~n 0.05.)

RESULTS AND DISCUSSION

Root-Locus Plots

before presenting results of the qtudy, it might be appropriate to men-
tion certain features of the root-locus method which will bc used to interpret
the dynamic characteristics of the system. This method involves plotting
roots of the charnacterlstic equation in the complex plane. Ae shown in
figure 6b the imaginary axis indicates the circular frequency of a natural mulf
amid the real axis gives a measure oV the damping. The radial 4ist.ui.e from
the origin to a complex root Is the undamped natural frequency uh, 'Lnd the
angle betwecen the radial vector and the ±ira axis iz equal si.,, wherev

is the dnamping zvutio relative to c:lticl dalyping. The rjatem is slable
when the reual part of every root hfwa a noegative zign avnd is :ncut.ra•.iy st-,ble
when a root lie-- on the im-gitiary xits. A monre cwplete 'leccriV..ion o" thv
m-thod may be found in reference ¶).

Figure 7 4'.ow, a typical root-locus plot for the iktgitudinir )l d•.d: -W
teonsion in the rear ••able is varied fru m O to Q.0 ize$ the: wdel weig•Lh.
(Since the comt.lex root, appear in ctnjhwate ai:-s, ,y the upper h:Lif of the
cromý!ex V-la3ne- 1 :; r ren;ente) .own fi -c a r i iz he c •s r r e r .hort-
pericd raxvdr for fr~-c-fliglit polto.; ote Thatt "W'o 1cilitory n.'des are

0 3rciavnt fK-;r the cable-rer.tra'An-i nhLl. Onv mxir~ !ýf!c2 the~e t
frep-flight ahort-period --ode =d the oth-r , a Lrhtl:y d.,Tped lov-frerquency
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mode which involves primarily vertical tran'slation of the model. This latter
mode is associated with the mount restraints and has no counterpart in free
flight. The corresponding root-locus plot for the lateral modes is presented
in figure 8. Again, both the free-flight and the mount modes are shown.
When the model is in free flight, the characteristic equation is of fourth
order having one pair of complex conjugate roots and tvo real roots. The
complex roots characterize the Dutch-roll oscillation m<c; the real roots
are associated with a heavily damped roll mode and an almost neutrally damped
spiral mode. When cable restraints are added, the fr•..•-flight roots are
altered slightly and a new pair of complex conjugate ioo.' comes into the
picture. This root involves primarily lateral transla'J.on of the model and,
as can be seen in figure 8, is unstable except when the tension applied to
the rear cable exceeds approximately the weight of the model. These trends
are in good qualitative agreement with the experlnental results. Motion
pictures are available showing the development of lateral instability as
cable tension is reduced below TR/W = 1.0.

The root-locus plots given in figures 7 and 8 for various cable tensions
are representative of the plots obtained when other parameters are varied in
that the free-flight modes are altered slightly and new low-frequency modes
are introduced because of the mount restraints. The question of primary
interest, then, is whether these mount modes have stable or unstable damping
characteristics. Therefore, in the following discussion attention will be
focused on the damping ratio aslociated with the longitudinal and lateral
mount modes.

Stability of Mount Modes

Effect of front pulley location.- Figure 9 illustrates the effect of
varying the location of the front pulleys when the rear pulleys are at the
center of gravity. (See table 1 for values assumed for other parameters in
the calculations.) Here it can be seen that the longitudinal mode has satis-
factory damping for all conditions; however, the lateral mode for most front
pulley locations is unstable when TR/W < 1.0. (Negative values of f indi-

cate unstable oscillations.) Note that for zero rear cable tension there is
a close correspondence between the present system and the tow-line mount.
Thus the requirement for an autopilot to stabilize a tow-line model, such as
reference 2, is also evidenced here by the predicted lateral instability shown
when TR/W = 0.

Effect of rear pulley location.- Figure 10 indicates the influence of
rear pulley location on stability of the mount modes. The front pulleys were
assumed to be 1.5c ahead of the center of gravity for these calculations.
The parameter being varied, a/c, is taken to be positive when the rear
pulleys are aft of the center of gravity. Again, as in the previous case, it
is seen that increasing tension in the rear cable has a significant stabilizing,
influence. Also with tension applied, moving the rear cables aft increases
the stability. On the basis of figures 9 and 10 4.1. appears that pulleys
equally spaced ahead and behind the e.g. a distance of, say, one mean
aerodynamic chord would provide adequate stability over a somewhat larger
range of cable-tension values than was possible on the model which had the
rear pulleys at the c.g. Equal fore and aft spacing of the pulleys relative
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to the c.g. also tends to reduce the coupling betwee.; pitch and vertical
translation - a feature that may be desired in order to avoid large variations
between the no-wind and flight-attitude angle of the model.

Effect of static margin.- In the previously discussed results it was
found both analytically and experimentally that the longitudikal mount mode was
stable for all conditions considered. Let us now examine analytically how
longitudinal stability is influenced by changes in the static margin of the
model. The static margin, defined as the distance between the stick-fixed
neutral point and the c.g. of the model in mean aerodynamic chords, was varied
by moring the c.g. and at the same time the pulley locations such that
e/c = 1.5 and a/- m 0. Variations in the moment of inertia due to c.g.
changes were neglected. The results are given in figure 11. Note that as the
c.g. is moved aft the sta',ility of the mount mode falls off rather abruptly
for all values of cable tension considered. (The noninal c.g. location used
in other cases was 0.25c giving a static margin of 0.263c.) Thus it might be

* concluded that configurations having a small margin of static stability in
free flight are likely to develop instabilities when restrained by cables
in a wind tunnel.

CONCLUDING REMARKS

It has been shown That by means of a rather simple two-cable mount system
tite free-flight rigid-body modes of complete airý'craft can be closely simulated
in a wind tunnel. A stability analysis and vi.!Ad-tunnel evaluation of the
system indicate that bi proper selection of such parameters as cable tension
and pulley spacing, stable dynamic behavior of the mount can be achieved over
a broad range of test conditions. In addition to flutter and gust response
applications, the system offers potential as a research tool for measuring
stability derivatives and maneuver loads on complete aeroelastic models.

_1'79



APPENDIX

STABILITY ANALYSIS OF CABLE MOUNT SYSTEM

Consider the cable configuration shown schematically in figure 12.
The x. y, and z axes form a right-hand set of space-fixed orthogonal
coordinates with the origin at the center of gravity of the model in steady
trimmed flight. The model is assumed to be rigid so that its motion is com-
pletely described by six degrees of freedom - namely, x, y, and z trans-
lations of the center of gravity and p, e, * rotations about the x, y,
and z axes, respectively. The equations of motion are linearized by the
assumption of small pertubations from trinmmed flight. Inertia and vibratory
characteristics of the restraining cables are neglected.

The dynamical equations of motion for the system can be written as
follows:

Longitudinal translation:

XC + XA =m (la)

Lateral translation:

Yc + YA = my (lb)

Vertical translation:

ZC + ZA + mg =m' (1c)

Roll:

S+ LA = rx'-m xj4 (1d)

Pitch:

MC + MA: ry2m (le)

Yaw:

NC + NA =rz• -Ixzt (if)

Where the C and A subscripts denote cable and aerodynamic terms,
respectively.

Cable Restraints

As shown in figure 12 the particular cable configuration chosen for
analysis has the forward cables in a vertical plane and the rearward cables
in a horizontal plane. Tension is applied to the cables by stretching a
soft spring in the rear cable. It has been assumed that in trimmed flight
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the rear cables are symmetrical with respect to the plane of symmetry of the
model; however, in order to permit the possibility of applying a steady-state
vertical force to the model, the cable angle of the upper front cable 01 is
not necessarily the same as that of the lower front cable 02"

The total forces and moment about the center of gravity are obtained by
summing the contribution of each of the four cables:

XC = XCl + XC2 + XC3 + XC4 (2a)

C = + YC2 + YC3 + YC4(2b)

ZC zCl + ZC2 + ZC3 + ZC4 (2c)

LC (h + eO)Ycl - (h - eO)Yc 2 - (ae - dcP)Yc3 - (aG + dcp)YC4

+ (hp + e*)Zc1 - (h(p - e*)Zc 2 - (d + a*)Zc 3 + (d - a4)Zc4  (2d)

MC -(h + ee)XC1 + (h - eO)Xc 2 + (a5 - d.)Xc 3 + (ad + dq))Xc4

+ (hd - e)ZcI - (hd + e)Zc2 + (a- d*)Zc5 + (a d1)7c4 (2e)

_Nc= -(ei + hcp)Xc1 - (ei - hcp)Xc 2 + (d + u*)XC3 - (d - a*)Xc4

+ (e - hG)Yci + (e + h5)YC2 + (dd* - Z)Y C3- (d. + u)YC4  (2f)

where 6 = t - . The x, y, and z components of tension in each cable
are assumed to act at the outermost point of tangency between the cable and
its pulley, and the model center of gravity is assumed to be on thc line formed
by the intersection of the planes of symmetry of' the front and rear pulleys.
From the geometry ot" the situation, these force components can be expressed:

y -T.Ti,0
XclT= %cos 5"1, Yc1Tp"9rf % = -TFsin '
Ci Fcos , C2-- - ZC

__ (5)

Xc3= cos Y3 -R sin 3, C3 (R

-TR cos 04, TC R TB sin T- Zh

The terms on the right-hand side of equations (3) conUist of 'i steady-
s~tate part plu,, increments proportional to motionsý of the model. By way of
illustration consider the vertical component of' force on pulley nunber 1
(see eqs. (3) and fig. 12).
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, = -TF sin 01

which can be written + ATF)sin(pl + 41)

Zc = o + A 1

= -TF sin Pi - ATF sin 01 - A1TF cos (4)

The increments ATF and A01 can, in turn, be expressed in terms of

pertubations of the model center of gravity as follows:

ATF = kF(AZI + A12 )

= kF[(zl sin 01- xI cos i- (z 2 cos P2+ x2 cos 02)] (5)

and-- xl z1

S sin0 1 + cos 0 (6)

where xn and zn denote components of displacement of the outermost points
of cable tangency on pulley n

xI = x - h 6, zI1  = z - e 5

X2 = x + hj, z 2 = z + e5)

Thus, with equations (5), (6), and (7) substituted into equation (4) the
vertical-force component on pulley 1 can be written in the form

ZCI = •iO - kzxlx - kzzlZ - kzs 19 (8)

where the coefficients kij are stiffness-influence coefficients associated

with the upper front cable which goes to pulley 1. In a similar manner the
three components of cable force are derived for each of the four pulleys.
When these relations are substituted into equations (2) and all terms involving
products of the pertubatlons x, y, z, p, 0, and * discarded, the fol-
lowing set of linear relations are obtained for cable restraints on the over-
all system:

Xc = XCo - kxxx - kxzZ - kxo6 (9a)

YC = kyyy -kxp - kyzz-, s (9b)

ZC=zo- kzxx - kzzz - kZ00 (9c)

LC= kpyYkv-1*p-k"*4 (9d)



MC =MCO- kxx -koz - OOO(9e)

NC =-k~ry - k~p- (9 f)

Equations for the steady-state terms and the influence coefficients appearing
in equations (9) are given in table 2.

It is important to note in equations (9) that the cable restraints produce
no coupling between the longitudinal modes (X, z, and e) and the lateral
modes (y. cp, and IV). Thus, if the lateral and longitudinal modes of an
aircraft configuration can be isolated and studied separately for free-flight
conditions, as is most generally done in linearized stability analyses., the
same simplifications can also be enjoyed for the cable-supported model. The
assumption of separable longitudinal and lateral modes will be made through-
out the remainder of the present analysis.

Aerodynamic Forces and Moments

For small pertubations from the space-fixed axes considered herein and
with the assumption k/U,ý/U,ý/U «< 1.0, the aerodynamic forces and moments
about the center of gravity of the model can be expressed as follows:

Longitudinal modes:

XA =-qS[LCDo + CDC 00) + 2(CDO + CDe o)U

±(C~c - CLO - CL0o - CL65o)l + CDO0 (iOa)

ZA -q[CO+ C e0 + CL8)+ 2(cJ' + C e0 + L0

+ (c D+ C~o) + CLQO (l0b)

MA = qscrF(Cmo + C,,e 0 ~ + C65)+ 2(Cm. + cMU00 + CM58o)

+C%~ + _a CmaL + +~P (Cn + Cmq)6j (10c)

Lateral miodes:

- C~ - ~~~0 1 ~+ (CL" + Ci 0" + CL86O)cP + Cyp

-Cyi + Cy b (lma)
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The terms on the right-hand side of equations (12) are the static aero-
dynamic and cable restraint forces and moments acting on the model. They are
defined

TF. 02R-
Xo = +XCo+Ao = i'os 01 + Cos 02)- 2 - cos 03

2

- Wý000 - UG (CDO + CD0OO) (15a)

Zo = ZC +i.ZA 0 = -sin 0~2- sin 01) W -w 00+ g

- Uo(CLO + C 0o + CL 5o) (13b)

eTF .hhMo + Mc "TF s l - sin 02- cos 0i + - cos 02
0ry2m e

+ Uac + 0 + C 50) (13c)

ry 2  ry2 (C% OO M

These equations set equal to zero define the conditions on TF, 00, and

6o which must be simultaneously satisfied in steady t.riumned flight with spec-
ified tension in the rear cables. (TF and 00 are required to evaluate the

cable influence coefficients in table 2.) In most instances it is not neces-
sary to know precise values for TT,, 0 o, and 50 and they may therefore be

calculated independently in the following approximate manner:

In equation (15a) neglect 00 and solve for Tj-

/ om)'"UoCDo
-- s = + ( 4a'

Tcos 01 + cos 0', cos 0I1 + cos 0,h

In equation (13b) neglect 60 and az trnd, with 11' as given by

equation (ila), solve for 00

1- inll1 + 1 C lb

lroin equation (15c) solve for the remainiig un1known 5 o

SC +C 1

b0 - oCT ;In 01 - :An ,3,2 - Cos Oi +- - cl 0

(Note from the latter two equations that when 01 = 02 the cable restraints
,1o not arfect Qo or 60.)
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TABLE I.- CONDITIONS ASSUMED FOR STABILITY ANALYSIS

Physical properties of model:
Weight, W, lb ..... ........... ........................... .... 70.0
Wing span, b, ft ...... ......... ......................... ... 8.46
Wing area, S, sq ft ........................ . . 8.94
Mean aerodynamic chord, c, ft ..... ... ................... .... 1.168
Moments of inertia:

Ix = mrx2, slug-ft 2 ........................ 5.25

= tory2, slug-ft 2  . . . . . . . . . . . . . . . . . . . . . . .. 2.59

I,/ mrz2, slug-ft2 ....... ...................... .. 7.30

x slug-ft 2 . . . . . . . . . . . . . . . . . . . . . . . . . .  0

Center-of-gravity location (nominal) ..... ............... .... 0.25c
Stick fixed neutral point, N ............ ................... O.513c

Aerodynamic derivatives:
CL. ..... ....................... .............................. 0.055

CDo * . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .002

• mCDM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9.034

CL• ... . ............................. 4.64
cma (nominal) .......................... . -1.22

C .......................................................... -3.85

c.. .... ................................. 65
00 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . 0

--- *y -0-725

C- . .y.. .. . . . . . . . . . . . . . . . .. . . .. .. . . .. o . lo 5
Cr . .............................. ... . O. 1

Cyr.................................................-.0.0017

Cir ............................... 0.078

Cno , 117

C1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

rp
..................................................... -. 1 :

Te:.%t condiltonz, :

.........d am............................ r r

Dyn.un.e p.. .. ,.ur-, q, 11,./-. .t ................... 0
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TABLE l.- CONDITIONS ASSUMED FOR STABILITY ANALYSIS - Concluded

Mach number ............................. 0.89
Velocity, U, ft/sec .................... ......................... 47o

a = LUS, sec . . . . . . . . . . .. . . . . . . .. . . . . . . . 1.

Mount system parameters:
Cable length, I ....3 = =................. 20.0

Cable angles, 0i = 2 = 5 = 4 =, deg ..... ............... ... 20.0
Front pulley separation distance, 2h, ft ....... ................ 0.70
Rear pulley separation distance, 2d. ft. ........... .............. 0.60
Pulley damping ratio, ýn (all modes). ...... ................ ... 0.05
Front cable tension, TF, lb ........ ................... ... TR + 21. 4

Rear cable tension, TR, ib ............................... 0 .. TR l1O

Distance between center of gravity and front pulleys, e . . . . 0 < t <_ 2.0

Distance between center of gravity and rear pulleys, a -0.5c <5 1.0
Spr•ng constant in rear cable, kR, lb/in. ..... ............... . . .. 5.0

Spring coustant in front cable, kF, lb/in. ... .................
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TABLE 2.- CABLE INFLUENCE COEFFICIENTS

Lsee eqs. (9)

Longitudinal force:

Xco = T(cos 0 + Cos P2) - 2 SR cos - kXeo0

k = L-h sin 2 p, + TL F n2 + 2T sin2  + kp(oos 1 + cos P2 2 4E cos2p

12

kz TFco si
C21 sin -2 ca 2 sin P2

- kF(cos r 1 + os 2 )(sin - '-'in 0

kxe -TE si ~ sin 1 + e co +31 )+vsin 02( si 32 +e cos

-kco 1+ cc's 02 )[e(sin -sin 01) + h (COS 13-Cos 132)

Lateral force:

k-yy =F +oe + 21 Cos%1• %
; 199

i. 2 1

4

.b.

kY* TICT + sillj12 A +nobuJ

Vertiomd force:

ft TI~(v'in 0,. sin 01~) k-

-~ -kx z

1 3.2 T l

19-1
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4%

4 N



TABLE 2.- CABLE MINLUENCE CO=-FICIEWTS - Continued

T I s i n 0 1 S c o 1 s i n 02 C o P32 \ - T F e ( C O ~ , +co s 2 021 C O 2 %3 '

o 1 1 T + 12 IRR

kF(,in 02 s- 'L' si2 si QL1) h(cos02cs1

Roll:

kg9- hTF -L+-L+ sin 51+n2) + 2dTR(.j.+ sin PR)

kv bF( - + TFe (sin 0 -sinP02 )

Pitch:

+ sin pj I i) + ( OU0 + msbT+F(cCo -,C(S n02 s n 1

+ h ( C c o o

19Q3



TABLE 2.- CABLE 5ILUENCE COEFICIENTS - Concluded

Yaw:

kW h.F(CO-2 C OB 01 co 2)

k*=* e + L + cos Ol + cos 02) + a cos OR + d sin OR

a + cos OR +.d sin OR
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CONSTRUCTION AND TESTING TECHNIQUES
OF INFLATABLE FLUTTER MODELS

J. R. Martuceli

F. H. Durgin

R. B. McCallum

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

ABSTRACT

A method is presented of constructing inflatable AIRMAT* type models
which are suitable for use as wind tunnel flutter models. The techniques
used in static and dynamic model test are also presented along with the
results of some tests on a series of sharply swept back, inflatable delta
wings. The vibration mode shapes of a delta wing as determined by use of
mirrors, mounted on the model, are presented. The importance of shear
and bending tyne deformations are presented by comparing the results of
static and dyr, r. tests with theoretical calculations. A limited amount of
experimental -e~uits on the properties of the model surface material are
also included.

* Trademark of Goodyear Aircraft Company
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,RTD-TDR-63-4197, PART I

-CONSTRUCTION AND TESTING TECHNIQUES
OF INFLATABLE FLUTTER MODELS

J. R. Martuccelli*
F. H. Durgin**
R. B. McCallum***

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

INTRODUCTION

Anmong the many configurations proposed for reentry vehicles, the
concept of an inflatable structure (Refs. 1, 2, 3) offers some important
advantages which bear directly on the problems encountered during re-
entry. The configurations representative of the types likely to be used
for recoverable inflatable vehicles are shown in Fig. 1. The basic fea-
tures "ff tht-se )nfigurations are a hemispherical nose, a swept-back
leading eoge (usually a large diameter tube), and a sail, AIRMAT+ or
sewvral tubes connecting the right and left leading edges (see Fig. 2).

Tvo t. ajectories, wh uh ale typical for the types of reentry vehicle
shown in Fig. 1, are presented in Fib. 3 in terms of dynamic pressure
vs. Mach nu- iber. The additional parameters T (temperature), h (alt-
itude), a (acceleration), ane t (time from entry) are also given since
they also affect the final d lsig' oi an actual vehicle. The trajectories
were -b.aired from Ref. i and some additional calculations based on
the 1959 USAF model atmosphere. The angle of attack a 4- and the lift-
drag ration, L/D = 0. 577, are E.ssumed constant during entry. The entry
height is 400, 000 ft., the flight pat'- angle .s -1 degree, and the leading-
edge radius is taken as one foot.

* Executive Officer, Aero~lastic an( ^'tructures Reqe.,rch Laboratory

SResearch Engiaeer, Aerophysics Laboratory
* * Research Engineer, Aeroelatic rid Structures Research Laborato. y
+- Trademark of Goodyear Airc-aft Company
4- The angle of attack, or altt.rnaivel*- the lift coefficient, is not speci-

• fied 1. Ref. I-, but i is elieved that the lift eoefficient is about 0. 5.
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From the foregoing and other published feasibility studies of inflatable
reentry vehicles (Refs. 2, 4), one can draw the following general observations
which are applicable to most situations:

(1) With the light wing loadings required (W!S of the order of unity)
the maximum dynamic pressures will occur at relatively high Mach
numbers, say 2 < M < 10, at altitades in the neighborhood of
200-250,000 ft.

(2) The variation in dynamic pressure is less than 20 per cent.

(3) While thedescent at the higher altitudes will be at very shallow
angles, the lifting surfaces will be oriented at relatively large
angles of attack (between 20 and 60 degrees), because of the low
dynamic pressure which will be encountered at these higher
altitudes. The minimum C L will be dependent on the maximum
tolerable leading-edge temperature.I (4) Maximum allowable heating conditions dictate blunt leading edges
for such surfaces.

(5) The lower wing loadings give lower values of the radiation
equilibrium stagnation- point temperature because lower speeds
are encountered at any given altitude.

(6) The very compact packaging of the vehicle for launching into orbit
and assembly in space removes the necessity of having to place a
large lifting surface vehicle on top of a large rocket vehicle, and
thereby puts the task of placing such a vehicle in orbit within the
capabilities of present day boosters. A packaged volume to inflated
volume ratio of 0. 03 to 0. 05. is possible for anAIRMAT wing, while
for a complete reentry vehicle, ratios of 0.15 are possible (Ref. 2).

The high degree of flexibility exhibited by these inflatable structures
indicates that the prevention of instabilities such as flutter may be a significant
problem. For the past year, the Aeroelastic and Structures Research
Laboratory, Massachusetts Institute of Technology, under the sponsorship
of the A. F. Flight Dynamics Laboratory, U. S. Air Force, Dayton, Ohio has
been involved in a program of research on analytical studies and experimental
verification of the vibration and flutter characteristics of inflatable structures,
to establish design criteria which will insure that lifting surfaces for future
inflatable vehicles will be free from dynamic instabilities. This paper is a
report of the initial work performed on the construction and structural testing
techniques of inflatable models which are suitable for use in wind-tunnel tests.
Although other types of structures are being investigated under the research
program, this paper will be concerned only with the AIRMAT type structure
where the spacing of the surfaces is achieved by chords held in tension by

10



internal pressure. The results of some tests on a series of sharply swept-
back, inflatable delta wings are presented, including the vibration mode shapes

-of one model as determined by use of mirrors mounted on the model. The
relative importance of shear and bending-type deformations are determined
by comparing experimental results with some simplified theoretical calcula-
tions. Some experimental results on the properties of the model surface
material are also included. The results of the wind-tunnel tests will be
presented in a subsequent, classified paper.

MODEL CONSTRUCTION

The AIRMAT type of lifting surface construction, where the spacing of
the surfaces is achieved by chords held in tension by internal pressure, was
conceived and is presently under development by Goodyear Aircraft Company,
Akron, (1hio. Special looms have been developed which weave the two surfaces
and the drop chords in one integral operation, and the elastomer used to make
the surface material air tight is applied after the weaving operation. Variable
depth mats can also be formed on these looms. *

Since the total number of models required for the program was small,
methods with high productivity capabilities with their correspondingly long
setup times and scheduling difficulties were not desirable. Even more im-
portant, it is almost certain on the basis of past experience that some future
efforts will have to be made toward simulating the full-size vehicles with
scaled-down models. The full-size vehicles will be constructed of a stainless
steel mesh sealed with an elastomer capable of withstanding the temperatures
of 15000F which will be experienced during reentry. To achieve dynamic
similarity, the materials used in the scaled-down model will necessarily have
to be different than those used for the full-scale vehicle. In such cases, it is
considered likely that simple rubber or impermeable cloth material will
suffice. On the basis of these considerations, it was decided to. explore
alternate methods of model construction which would require very little
equipment and permit a large degree of flexibility insofar as model properties
were concerned. The following method of model construction was finally
adopted.

* Development work on these looms was sponsored by the Manufacturing

Technology Laboratory, Wright Patterson Air Force Base, Dayton, Ohio
under Contract No. AF 33(600)-43036.
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A styrofoam mandril, shaped to the dimensions of the desired model,
is attached to a wooden root fitting. A nylon or dacron cloth, which has
been pre-impregnated with lat ex rubber and cut to the correct size, is
wrapped around the styrofoam core and root fitting. All seams are sealed
with neoprene cement. Next, the drop chords are put in by sewing back
and forth through the top and bottom surfaces with a needle and thread. To
insure that the drop chords are reasonably perpendicular to the model surface,
it has been found necessary to pre-drill the styrofoam core using an array of
heated needles, since the sewing needle has a tendency to wander when piercing
the styrofoam. For the present model, a drop chord spacing of one-quarter
inch has been found to be satisfactory. Also, it is not necesaary to sew the
leading and trailing-edge regions since they are rounded and will automatic-
ally assume the desired cylindrical shape upon inflation, After all the drop

--chords are sewn, a coat of latex is applied to seal the holes made by the drop
chords. The next step is to remove the styrofoam core by dissolving it with
a common solvent such as Toluene.

It is evident that the foregoirg is a relatively quick and inexpensive way
of producing inflatable models. One of its greatest advantages is that the
size or shape of the model depends on the styrofoam core, and can be .very
easily changed. The material properties can be changed by (1) selecting a
different cloth, (2) selecting a different latex, (3) varying the number of
layers of cloth imbedded in the latex, (4) varying the number of coats of
latex, and (5) varying the orientation of the cloth threads.

A large number of delta-wing models, as well as square and rectangular
models and even a model with a large initial curvature, havi been constructed
using this procedure by ASRL personnel and by students working on thesis or
laboratory projects. Photographs of some of the models are shown in Fig. 4,
which also includes a picture of a model constructed and donated by the Good-
year Aircraft Company.

A system for maintaining any desired pressure differential between model
internal pressure and any reference pressure (atmospheric pressure during
static and vibration testing, tunnel static pressure during wind-tunnel tests),
is connected to the model through the wooden root fitting (see Fig. 5).

Strain gages (Baldwin, PA-3 post-yield type) for use in static and dynamic
measurements are fastened to the model surface using neoprene cement and
covered with a protective coating of latex. Because of the large deflections
encountered in these models, care must be taken to allow enough slack in the
strain-gage leads (such as zig-zagging the leads, (Fig. 5)) to prevent lead-wire
breakage during model tests.
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MODEL VIBRATION

The excitatit u system used for vibration tests is shown in Fig. 6. It
consists of a basic audio system with a low frequency speaker. The speaker
cone is covered by a tapered aluminum cover with a 1-1/4 inch orifice to con-
centrate the air column at the model surface. The vibration frequencies and
damping coefficients were obtained from vibration decay records. Node lines
were determined by sprinkling carborundum dust (no. 40 grit) on the model
surface while the model was vibrating in a natural mode. This system is ex-
tremely well-suited for vibrating light models and the only problem has been
one of over-excitation, especially for the higher modes. If the excitation
force is too large, local responses are superimpý.,-ed on the natural mode re-
sponse. This effect can be minimized by positiomii the speaker for each
mode at the point of maximum vibration amplitude, so as to excite the mode
with a minimum force.

Vibration data for two, single-ply, nylon models with 650 sweep is
shown in Fig. 7, and the results for two-ply dacron models with 650 and 750
sweep are given in Fig. 8. The model properties are given in Table 1. The
node lines for the first three modes are very similar to those for a uniform
aluminum swept back plate (Ref. 5). The effect of the warp direction shows
up mainly in the difference in mode shape for the fourth mode of Models A
and B. The difference in frequencies between the two models is due to the
different model weights. Changing over to double layers of dacron causes a
large change in the frequencies although the mode shapes remain similar, at
least for the first three modes. The most noticeable effect is in the closeness
of the second and third frequency for Model C.

Table 1. PROPERTIES OF INFLATABLE MODELS

Model Chord Angle Depth Weight Remarks

A 23.5in. 650 1-5/16 in. 0.3481bs. Single-PlyNylon*
B 24 65 1-3/8 0.280 Single-Ply Nylon
C 24 65 1-3/8 0.324 Double-Ply Dacron**
D 24 75 1-3/8 0.219 Double-Ply Dacron
E 24 65 1-3/8 0.240 Single-Ply Nylon
F 24 -- 2 1.38 Single-Ply Nylon,

rectangular planform of
12 x 24 inches

Good- 24 2 0.323 Loom-Woven Nylon,
year Neoprene coating,

rectangular planform of
12 x 24 inches

* The nylon cloth had 100 thread counts per inch in both the warp and fill
directions.

** The dacron cloth had 100 thread counts per inch in the fill direction and
75 in the warp direction.
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The experimental frequencies are compared with calculations based on
the assumption of only pure shear type deformations (Appendix A) in Table 2,
which shows that the assumption is not a valid one. For Models A and B, the
experimental frequencies are much lower than those predicted by theory,
indicating that the stiffness properties of the surface material have an
appreciable effect and must be accounted for. For Model C, the results are
completely reversed, with theory predicting much lower frequencies. This
is probably due to two causes. First, bending effects should be much lower in
Model C with its double layer of dacron material. Seco.ýd, Model C actually
has four layers of cloth material along the leading and trailing edge, due to
overlap at 'he seams, and the transverse shear rigidity of these edges adds a
large amount of stiffness to the model.

Table 2. COMPARISON OF EXPERIMENTAL AND
THEORETICAL FREQUENCIES FOR DELTA-WING
MODELS

Experiment Theory
Mode Model A B C Model A B

1 14. 3 cps 16.7 26.4 18.2 20.4 19.0
2 30.7 33.7 52.5 36.6 40.9 38.0

3 47.9 52.6 59.2 50.5 56.4 52.4

The effect of model pressure on the vibration frequencies of Models B
and C is given in Tables 3 and 4. It should be observed that the frequencies do
not vary as the square root of the model pressure, as would be expected if the
deformations were mainly of th6 shear type.

Table 3. EFFECT OF MODEL PRESSURE ON VIBRATION
FREQUENCIES OF MODEL B

Pressure 1 2 Mode 3 4

1 psig. 14.2 27.5 41.8 59.4
2 16.7 33.7 52.6 76.5
4 19.8 40.8 64.9 97.0

Table 4. EFFECT OF MODEL PRESSURE ON VIBRATION
FREQUENCIES OF MODEL C

Mode
Pressure 1 2 3 ,i

2psig. 26.4 52.5 59.2 85.1
4 30.0 62.9 77.5 113
6 33.0 70.0 89.0 133
8 34.6 75.0 96.6 146

10 36.3 80.0 117 161
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Because of the lightness of the models, it is evident that there will be a
small but noticeable apparent-mass effect on the vibration frequencies meas-
ured in air as compared with those that would be measured in a vacuum. This
effect can be estimated for the fundamental mode by assuming the mass of air,

Sma, contained in the cone form ed by rotating the delta m odel about its root

chord, is uniformly distributed over the planform and added to the total
mass of the model. If m is the total mass of the model, f is the fundamental

v

frequency in vacuum, and f is the fundamental frequency at any ambient pres--, p
sure, the following relation holds:

(1)

m
For small a , which applies here,

m

ma. (2)

fV2. ffT

To check the apparent-mass effects, one model (Model E) was vibrated in a
vacuum chamber at several values of reduced ambient pressures, and at model
pressures of 2 and 4 psig. The experimental values are given in Fig. 9, where
a straight line is passed through the points, since f /f is essentially linear inp v

m a/m as noted in Eq. (2). For Model E the predicted reduction in frequency

of the fundamental mode due to the apparent-mass is approximately 12 percent,
which is of the same order of magnitude as the experimentally observed values
of about 9 percent. For' the higher frequencies, one anticipates an even smaller
influence, and this is confirmed by the experimental results.

A comparison between two models, one built and donated by Goodyear
Aircraft Co., and the other constructed using the techniques described
previously (Model F), was made in Reference 6 and some of the results are
reproduced in Fig. 10. The model data corresponding to the results of Fig.
10 are given in Table 1. The M. I. T. model is much heavier than the Goodyear
model because of extra coatings of latex. The effect of the number of coatings
was investigated in Reference 5 and only the results for the heaviest configur-
"ation are given here.*

* Adding extra coats of latex decreases the frequencies, but also adds some
additional stiffness as evidenced by the fact that the change in frequencies
was not inversely proportional to the square root of the total mass (Ref. 6).
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From Fig. 10, it is seen that the first two modes are similar for both
models. However, it was not possible to excite mode shapes on the Goodyear
model corresponding to those obtained for the third and fourth modes of the
M.I.T. model. The fifth mode of the M.I.T. model appears to correspond to
the fourth mode of the Goodyear model. The mode shapes of the Goodyear
model were particularly clear which is undoubtedly due to its more uniform
construction, as it is machine woven rather than hand sewn. It would be
noted that the M.I.T. model had a uniform drop chord spacing of 1/4 inch,
while the Goodyear model had drop chords spaced every 1/4 inch in the chord-
wise direction, and every 1/2 inch followed by 1/8 inch, alternately, in the
spanwise direction.

The results of calculations carried out for the case of pure shear
(Appendix A) are compared with the experimental data in Table 5. Here,
the assumption of pure shear type deformations appears to yield reasonably
good predictions for both models.

Table 5. COMPARISON OF EXPERIMENTAL AND THEORETICAL
FREQUENCIES FOR THE M. I. T. AND GOODYEAR
RECTANGULAR MODELS

M. I. T. Goodyear
Mode Theory Experiment Theory J Experiment

S1 lF1 cps 11.7 24.5 22.3
2 17.6 14.6 36.4 38.1
3 31.5 27.9 65.2 j58 4

STATIC TESTS

Model A was tested for static deflection under a uniform load by placing
sheets of lead on the model surface and measuring the deflection at three points
along the leading and trailing edges. The lead sheet was cut into small pieces
(2 x 2 in.) which were joined by tape so that the lead contributes negligible
stiffness. The results of the tests are given in Fig. 11. In Table 6, the
experimental values are compared with theoretical predications based on the
assumption of shear deformation only.
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Table 6. COMPARISON OF THEORETICAL AND EXPERIMENTAL
DEFLECTIONS OF MODEL A UNDER A STATIC UNIFORM
LOAD (MODEL PRESSURE IS 2 PSIG.)

Station
Total Load 1 2 3

2.33 lbs. Theory 0. 164 in. 0.290 0.242_.Exp. 0.22 0.60 0.36

4.66 Theory 0.328 0.580 0.4844.8Exp. 0.56 1.32 0.78

6.99 Theory 0.492 0.870 0.726
Exp. 0.94 2.14 1.34

From the results, several important observations can be made: (1) the
experimental system does not exhibit linear behavior with change in pressure
(2) the range of linearity with respect to load depends on the model pressure,
and (3) the theoretical deflections, wherein bending deformations are excludec
are considerably less than the observed deflections, indicating the presence
of bending deformations which are of the same order of magnitude as the shea
"deformations.

Figure 12 shows the effect of angle of attack on the steady deflection of
Model B while flying at a Mach number of 5 in Tunnel A of the Von Karman
Gas Dynamics Facility, ARO, Tullahoma, Tennessee. Although the dynamic
pressure under which the photographs were taken were about two orders of
magnitude larger than those wkich would be experienced during an actual
flight (Fig. 3), it is interesting to note the extremely large deflections which
these models are capable of sus.caining without collapse. Vibration tests
made after these photographs were taken showed the vibration character-
istics of the model to be unchanged.

VIBRATION MODE SHAPES

An accurate knowledge of the vibration mode shapes of the inflatable
models would be extremely useful for checking the results of theoretical
vibr ition calculations and also for calculating the generalized mass and
aerodynamic forces needed in the flutter calculations. In this way, the
mode shape data can be used in the final steps of one problem area (vib-a-
tion analysis) and the initial steps of another problem area (flutter analysis),
making it possible to attack both problems independently of one az.other.

As an initial effort, an attempt wan made to measure the first six
vibration mode shapes of Model B using an optical technique which has
proved successful in other mude shape measurements (7,8, 9). For the
tests, optically flat mirrors (3/16 x 3/16 x 0.020 inches) were glued to
one side of the wing at each of 37 stations using bee'S wax as an adhesive
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(see Fig. 13). The wing was mounted vertically, with the root parallel to
the floor, and with the mirrors facing a 4 x 8 foot board located about 10
feet away and covered with grid lines spaced at 0.40 inch intervals. Light,
from a point light source placed under the 4 x 8 foot board, was passed
through 37 lenses (1/4" and 1" diameter) mounted just in front of the wing
in a rigid board. The light was made parallel by the lenses and then re-
flected from the mirrors back through the lenses, forming an image of the
point source (called a dot from here on) on the 4 x 8 foot board, for each
mirror on the wing. A schematic of the optical system for one mirror is
shown in Fig. 14.

When the wing is vibrated at one of its natural frequencies, the dots
trace out lines on the 4 x 8 foot screen which are a direct measure of the
relative magnitude and direction of the change in slope of the wing, during
each cycle of vibration, at each mirror station. The change in slope in the
horizontal (x or streamwise) and vertical (y or spanwise) directions can be
determined by measuring appropriate components of the resulting traces.
Integration of the slopes along any given direction yields the model
deflection amplitude at the various stations.

To facilitate data reduction and insure that the data was all recorded at
the same vibration amplitude, a photograph was taken of all the lines on the
board while the model was vibrating in a natural mode. No particular effort
was devoted to placing the dots in a particular initial spot on the board. The
dots were identified prior to taking the photograph and an identification num-
ber was written beside each dot on the board. This procedure required a
double exposure. The first exposure was made with room lights on to record
the grid lines and identifying numbers. The second was made in complete
darkness to record the dot traces. Figure 15 is typical of the photographs
obtained.

Mode shape data was taken for the first six modes of Model B at model
pressures of 1, 2, 3 and 4 psig. Only the data for the first three modes at
a model pressure of 2 psig has been reduced to date. The mode shapes are
given in Figs. 16-18. As previously mentioned, the data was reduced by
measuring the streamwise and spanwise cnmponents of the line for each
mirror. The data was plotted in both directions and along diagonals as well,
and the curves were used to find value4 of the slope at the root and at inter-
mediate stations where there were no mirrors. It should be pointed out that
the algebraic sign of the slopes is not obtained directly from the photographs,
but must be determined by making recourse to previous vibration data where
the mode lines have been determined; this presents a difficult problem for
the higher modes. The vibration amplitude was then found by numerical
integration of the curves obtained in the previous step. To find the vibratic.,
amplitude at any point, there are two main paths along which one may proceed.
Taking point 22 in Fig. 13, for example, it .s possible to find its ;.xplitude
by, (1) integrating along the spanwise direction starting from point 20R,
or (2) integrating along another spanwise section, say the rearmost section.
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from point 1R to point 3 and from there integrating in a streamwise direction
to point 22. In practice it has been found necessary to carry out such a pro-
cess for eaclb point, compare the results, and then reinterpret the original
data to make the overall agreement better. From the type of agreement ob-
tained for the inflatable models by this procedure, it is evident that the re-
sults shown in Figs. 16-18 are not nearly as accurate as previous results
obtained by applying the same techniques on solid wings (7, 8). The main source
of error lies in determining the spanwise slope at the model root. For solid
models, this slope is zero, while for inflatable models it is not. In fact, there
are very marked fluctuations in the spanwise slope ncar the root and the mirrors
should have been placed much closer to the root than the one-inch spanwise
spacing shown in Fig. 13.

Another problem encountered during the tests was that the mirrors were
found to bend as the model pressure was increased. This was caused by local
stretching of the model surface between drop chords and could be alleviated by
using slightly stronger (and heavier) mirrors. The bending of the mirrors
manifested itself by turning the dot on the board into a line. In an extreme
case, the dot, which is normally about 3/32 inches in diameter, was expanded
into a 3/16 x 3/4 inch line. When this occurred, it was necessary to remount
the mirrors. The effect was found to be minimized by installing the mirrors
at the maximum model pressure, the bý nding being less noticeable with decrease
in pressure. With regards to the effect of the mirrors on the vibration results,
the frequencies and node lines were determined at a model pressure of 2 "psig,
using the technique previously described, both with and without the mirrors,
and there was no measureable difference between the results for the two cases.

"Finally, the mode shapes for the first three modes were used to compute
the following generalized masses:

MVI 1197 M 1 34.4

NM22- 582.4 X13 39.0

M3": 141.3 M23= 1I.

Since the cross terms are not zero, it is evident that the modes are not
normal to each other and are therefore not the true vibration modes. An
estimate of the error can be determined by comparing MNI with the square
root of Mi xM In the worst case (MI compared with ; t1,hisO

amounts to a little less thmn ten percent. It should be noted that the gener-
alized masses computed about htaving been corrected for the effect of a non-
uniform mass distribution caused by material lap-over at the seams along
the leading and trailing edges. In some cases, this correction, which was
only approximate in the sense that the exact amount of lap-over was not
known, was of the same order of magnitude as the cross terms and could
account for an appreciable part of the error.
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MATERIAL PROPERTIES

From the comparison between rxperimental vibration results and
theoretical calculation3 based on the assumption of pure shear type de-
formations, it is evident that the bending deformations, which are depen-
dent upon the properties of the model surface material, are important and
must be accounted for. Accordingly, a limited amount of work was per-
formed to determine the material properties of the nylon cloth used in the
construction of the models. The test specimens were two, 4" diameter,
17V long, rubberized nylon cylinders. Each cylinder was sealed at both
ends with an aluminum disk and inflated to a pressure which made the skin
stress in the cylinder equal to that value encountered in the model. The
ilalues of the extensional moduli in the warp and fill direction, Ew t and

E t respectively, and the shear stiffness, Gt, were obtained from the

test results. The two cylinders differed from each other only in that one
had the cloth warp in the axial direction, whereas the other had the warp
in the circumferential direction.

Since the material properties are known to be a function of the stress
condition, it is ne-essary to run the tests at the stress conditions present
in the model in tCe "*nflated condition. To find the required pressure for
the cylinders, consider the typical model where the stress in the material
"is essentially equal in all directions, and is given by

S PL.h . (3)

where

at is the stress times material thichness.

p. is the model pressure, psi.

h is the depth of the model, in.

The hoop stress in the cylinder, aht, is given by

D (4)

where

Pi is the cylinder pressure, psi.

D is the cylinder diameter, in.
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Requiring that the model and hoop stress be equal, gives

c_ = i (5)

as the required cylinder pressure. The axial stress in the cylinder is one-
half the hoop stress, and an additional load must therefore be added to the
cylinder in the axial direction to increase the axial stress level to that of
the hoop stress. The additional load required is

LoAD = Tr P,-- _ (6)

The tests were run with the longitudinal axis of the cylinder in a vertical
direction so that the extra load could be applied by simply hanging the re-
quired weight from the bottom edge of the cylinder. This configuration
requires that Eq. (6) be modified to account for the effect of the weight of
the cylinder and cylinder end plates. In the tests, therefore, the extra
load given by Eq. (6) was reduced by one-half the total weight of the cylinder
test units.

A test consisted of setting up equilibrium conditions in the cylinder
corresponding to some value of model pressure and recording the distance
between two reference points near each end of the cylinder. The axial load
was then varied through a range which bracketed the original load by remov-
ing or adding weights, and the distance between the reference points was
recorded for each loading condition. After each reading, the cylinder was
loaded as in the original loading condition, and allowed to return to its
"original zero. All readings were taken as quickly as possible to minimize
the effects due to creep.

"The results of these tests are presented in Table 7, where the values
given are averages from a number of trials. It is estimated that the error
in Eft is about + 8% for the pi = 0. 688 psi case and about + 4% for the

c

Pi = 1.03 psi case. For the Ewt, the error is about + 3% for the p. 0.688
c c

psi case, and about 8% for pi = 1.03 psi case.
c
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Table 7. AVERAGE EXPERIMENTAL VALUES OF THE
EXTENSIONAL, Et, MODULUS FOR SINGLE PLY,
LATEX IMPREGNATED, NYLON CLOTH

Cylinder Corresponding
Internal Model E t Eft
Pressure Pressure w

(psig) (psig) (lb/in) (lb/in)

I-0.688 2.0 148 109
1.03 3.0 ±63 119

The material is more stiff in the warp direction than in the fill direction,
probably due to the fact that, at low stresses, extensions are dominated
by thread straightening, and the warp threads, which are straighter than
the fill threads, are less susceptible to this type of extension. This would
also explain the increase of stiffness with internal pressure.

The two inflatable cylinders were also tested at the same stress levels
in torsion to measure the shear stiffness, Gt, of the material. Rotation of
the bottom of the cylinder due to an applied torque were measured with a
double ended pointer attached to the bottom disk of the cylinder. Angles
were read from a protractor mounted on a shelf below the rotating cylinder.

Torque was applied to either side of a pulley mounted below the pointer.
As was done with the axial tests, readings after load application were read
as quickly as possible, and after every reading, the torque was removed
and the cylinder was allowed to return to zero deflection. The shear stiff-
ness was determined from

Gt 4T (7)

where

T is the applied torque, in. -lb.

0 is the twist per unit length, rad/in.

D is the diameter of the cylinder, in.

The results, as given in Table 8 (again only average val;)es are given),
reveal that the shear stiffness is essentially the same in both the warp and
fill directions and that the shear stiffness increases with pressure.
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Table 8. AVERAGE EXPERIMENTAL VALUES OF TORSIONAL
STIFFNESS, Gt, FOR SINGLE PLY LATEX IMPREG-
NATED NYLON CLOTH

Cylinder Cerresponding G t G t
Internal Model w f

Type of Pressure Pressure (lb/in/ (]b/in
Test (psig) (psig) rad) rad)

Static 0.688 2.0 4.b5 4.64
1.03 3.0 5.79 5.51

Dynamic 0.688 2.0 5.53 4.41
1.03 3.0 6.28 none

available

As a check on the results of the static torsion tests, the cylinders were
tested dynamically, using each in turn as a torsional pendulum. This method
hopefully minimizes the effect of creep, which is difficult to control in the
static method. The cylinder being tested had one of its ends clamped to a ho-
rizontal strut from which the model was hung vertically. A rod, 14" long, was
fixed horizontally to the lower free end of the cylinder. To each end of this
rod, equal masses were attached (the distance cf each known mass from the
center of the rod could be varied). A hook from which weights could be hung
was attached to the bottom of the cylinder using a thin wire. This allowed
the cylinder to twist independently of the weights, since the added stiffness of
the wire can be considered to be negligible compared to the cylinder's stiff-
ness. After the required weights were added to the bottom of the cylinder
(to equalize the biaxial stresses) the cylinder was inflated to the required
pressure, and the adjustable rotating weights were set at their maximum dis-
tance from the center of the rod (condition no. 1). Then, using a stop watch,
the natural torsional frequency of the cylinder-weight comb.'nation was found.
Since there was considerable damping in the system, the cylinder required con-
tinuous exciting torque and was twisted slightly by hand during each cycle. The
weights were next moved in towards the center (condition no. 2), and a new na-
tural frequency was determined. The shear stiffness from the dynamic tests
can be shown to be given by
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-- _a(8)

" -, ~12 D" .

where

- is the length of cylinder, in.

I fl f2 are the measured frequencies corresponding to test conditions
2..1 and 2, respectively, cps.

D is the diameter of cylinder, in.

AI is the change in moment of inertia between conditions 1 and 2,
slugs-in2 .

The results of the dynamic tests are included in Table 8.

A comparison of the static and dynamic tests (Table 8) for G t suggests

that the effect of creep in the static tests is important and leads to lower
measured values of torsional stiffness. It is not known why the dynamic value
for Gft should be lower than the corresponding static value.

Some attempts have also been made to measure Poisson' s ratio by
measuring the change in circumference of the cylinders with a strip of graph
paper and comparing this change with the variation in length of the cylinder
under different loading conditions. Because of the size of the specimen, fric-
tion between the measuring tape and cylinder, and nonuniform tension in the
measuring tape during measurements, no meaningful results could be obtained.

CONCLUDING REMARKS

As previously stated, this paper is presented in the sense of a progress
report on the preliminary phases of a program on flutter of inflatable vehicles.
Within the scope of the work reported on here, it is not possible to draw many
definite conclusions. However, it is possible to briefly summarize the results
as follows:

1. The model construction technique presented here is simple and yields
relatively inexpensive irodels. It is particularly applicable when
only a fLw .,otlels are desired and when different surface materials
are to be used in the individual models.

2. The experimental procedures used in testing the inflatable models
are very similar to those used in other model programs. With the
exception of the "mirror"' made shape tests, no new or special
techniques appear to be required.
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3. With a little more effort, the mirror tests can be made to yield
mode shapes which will be sufficiently accurate for use in flutter
calculations. The results will also be applicable for checking
theoretical vibration calculations.

4. The apparent mass effects due to vibration in still air on the meas-
ured vibration characteristics are significant and should be accounted
for.

5. Any theoretical calculations used to predict the static or dynamic be-
havior of inflatable delta wing models of the type presented here should
include the effect of both shear and bending type deformations. The ef-
fect of any heavy or stiff seams along the leading and trailing edges
should also be accounted for.

6. The problem of accurately determining the stiffness properties of the
model surface material must be resolved before the effects of bending
type deformations can be included in the vibration calculations. From
the preliminary results, dynamic testing methods applied to cylindri-
cal test specimens appear to offer an alternate, and possibly more
promising approach to the static methods now in common use.
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APPENDIX A
THEORETICAL CONSIDERATIONS

For an inflatable model, the internal strain energy may be written as

(A. 1)

'5

Here A ... are dependent on the structural properties of the covers, and

are constants for uniform depth h. uax is the lateral deflection from the plane
x-y of the plate, Pd is the differential pressure across the model surface,
and C and I are the angles of rotation of the drop chords in x and y direc-
tions, respectively. The coordinate directions are shown in Fig. 16 . The
subscripts indicate partial differentiation with respect to the indicated direction.

It is constructive to consider the two limiting cases of (a) pure shear and,
(b) pure bending deformations. For pure shear, o(m 6 =- . In the second
case, p, is large so that no shear deformations are present and wx- -CC,

wy -3 To assess the relative importance of these two types of deforma-
tions, consider the case of pure shear, for which

2 (A. 2)

for constant depth h. A Rayleigh-Ritz approach is utilized, which requires the
assumed model function wn to satisfy the geometric boundary conditions. Thus,
one may set for a cantilevered wing

(A.3)
where

w S is the deformation due to shear only Sth

q sn is the generalized coordinate of the n mode
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The kinetic energy is

Tf Yj~n.W Cdxd (A.4)

where

m is mass per unit area.

The work function is

r

vhere

F is the external force per unit area

Application of Lagrange 's equation results in/Vi

The simultaneous equations given by Eq. (A. 6) may be solved by any of the
well-known methods, once a set of assumed modal functions have been selected.
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"The vibration and static deflection calculations reierred to in the paper
have been carried out for the case of pure shear using the following set of nine
assumed modal function s:

S2 2 2
WI - y w 4 -- x y w 7 =x 2y2

wlxy W9 xy w x3
7 8

2 3 4w3 y w6 -y w9 =y

Unless otherwise noted; all calculations are, based on a uniform mass
distribution with the extra mass (due to seams) at the leading and trailing
edges simply included as part of the total mass. Further calculations incor-
porating the effect of bending have necessarily been postponed until the re-
quired values of the material properties have been determined.
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Cylinder - Sail - Hemisphere Construction

.. D

Tubular - Cylinder - Hemisphere Construction

AIRMAT- Hemisphere Construction

FIGURE I. SKETCHES OF TYPICAL BLUNTED DELTA
INFLATABLE VEHICLES, SHOWING TYPES
OF CONSTRUCTION
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Cylinder Spherical

AIRMAT Tubular

FIGURE 2. BASIC STRUCTURAL COMPONENTS OF
INFLATABLE REENTRY VEHICLES
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MIT Delta Model

Rectangular Model with
Built in Curvature

Goodyear
Rectangular
Model

FIGURE 4. SAMPLES OF INFLATABLE MODELS
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MODEL A MODEL B

650 6501

7 f =I4,.3cps f =I6.73
4 0g =0.055 wg =~0.623

f 47309 f = 33.7

g =0.0641 g 0O.0617r

f =66.2f=7.
g=0.020 g.

4-p OWARP ORIENTATION

FIGURE 7. VIBRATION RESULTS FOR TWO, SINGLE- PLY,
NYLON MODELS AT A MODEL PRESSURE
DIFFERENTIAL OF 2pslg
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MODEL C MODEL D

S2-6.4 cps f =39.0
g=064

f = 5265 f =7Z2
g =0.015 g =O.O01

f = 5 9.62f =92.5
g =0.010g =0.017

V'-f =85.1 ft 113
g =0.005 g=0.013

WARP ORIENTATION
*----* INNER LAYER

*-~OUTER LAYER

FIGURE 8. VIBRATION RESULTS FOR TWO, DOUBLE-PLY,
DACRON MODELS AT A MODEL PRESSURE
DIFFERENTIAL OF 2 psig
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GOODYEAR MODEL M IT MODEL

f, =22.3cps g1 =0.049 f, 1 1.7 910.0314

f2=38.1 g2 0.088 f2 14.6 g2 :0.044

f 3 58.4 9 3 -0.034 f3 =27.9 9 3 O0.044

f4 =74.4 94 ":O.0 37 f4 =38.1 94 0.049

f5 a94.0 95  -f 5 =41.8 9 5 = 0.031

FIGURE 10. COMPARISON OF VIBRATION RESULTS FOR
GOODYEAR AND MIT RECTANGULAR MODELS
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Plain Numbers Indicate
Mirror Locations.
Lettered Numbers Indicate
Intermediate Stations.

37R
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35R
35 36
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FIGURE 13. MIRROR STATIONS USED FOR
DETERMINING VIBRATION MODE
SHAPES OF MODEL B
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FIGURE 18. EXPERIMENTAL "MIRROR" MODE SHAPE FOR
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RTD-TDR-63-4197, PART I

SUPPORT SYSTEMS AND EXCITATION TECHNIQUES FOR DYNAMIC MODELS

OF SPACE VEHICLE STRUCTURES

Robert W. rferr end Huey D. Carden

NASA Langley Research Center

ABSTRACT

This paper discusses several techniques for supporting and exciting
dynamic models of space vehicle structures to study their dynamic properties
such as natural frequencies, mode shapes, damping, and response. Particular
attention is given to a unique support harness for vertical support of
missile-like structures with minimum lateral restraint. Included in the dis-
cussion of vibration exciters is an air shaker which is particularly useful
for exciration of the natural modes of light structures and those having thin
skins such as encountered on dynamic models of space vehicles.

INTR011JCTION

The accurate experimental determination of the free-free lateral vibra-
tion modes of launch vehicles is complicated by the fact that during vibra-
tion testing, the vehicle must be restrained against gravity. A massless
restraint added to the vehicle anywhere other than at a nodal point will
increase the natural frequencies. This increase in the natural frequencies
is dependent on both the location and the magnitude of the restraint.

Obvious]y, the ideal location for the restraint is at the nodal points.
From a practical standpoint, this is often not feasible; particularly when
the vehiule is liquid fueled and must be orientated vertically. In this case,
the only p rt of the structure capable of supporting the mass of the vehicle
is usually at the base where the engine thrust is transmitted to the
strlicture.

One of the primary worries of the dynamics engineer is just how much his
suspension system is affecting the natural frequencies. In many cases he
worries needlessly and in others, he worries too little. One of the objec-
tives of this paper is to give the dynamics engineer some guidelines as to
the importance of restraints imposed by various support techniques.

Also of concern to the dynamicist during the testing and experimental
investigations is whether the means of applying the desired force to the
structure alters or significantly influences the mass and stiffness properties
of the structure. That is, does the excitinf and measuring apparatus change
and distort the quantities he seeks to measure.
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In the cases where large, massive, or relatively rigid structures such
as full-scale boosters or space vehicles are being tested, the added mass is
quite often only a few percent of the local structure mass and its effects
can be neglected. Of the many types of large vibration machines utilized for
such tests the most commonly used are the electrodynamic and hydraulic. Since
the effects of these exciters on larger structures are generally small or can
be minimized through the use of flexible couplings and by placement of the
attachment point near nodal locations, only brief and limited comments on
these machines will be included.

On the other hand, as the size of the structure decreases the problem
and headache of distortion and influence on the structure of the exciter
becomes, in many instances, so large that the data in these cases are ques-
tionable or cannot be obtained. This emphasizes the necessity for using
equipment of a scale appropriate to the structure to be tested. This is par-
ticularly true for tests on flexible panels, light, thin-walled conical or
cylindrical structures, or small dynamic models of space vehicles. Somewhat
more detailed discussions of excitation equipment useful in these areas will
be indicated with particular attention given to the description, use, and
principle of operation of an air-jet shaker.

SUSPENSION SYSTEMS

General

In general, the most convenient type of spring for the restraint of a
launch vehicle during lateral vibration testing is the gravity spring. In
this type of suspension, the test vehicle is supported by a cable or cables
attached to a rigid overhead framework. The direction of vibration excita-
tion is normal to the plane of the cables.

For a replica model of a vehicle and its cable saspension, dynamic simi-
larity is obtained if the ratio of the pendulum to structural frequencies
remains const-.nt. Thus,

( g/L g

a/ ? OL?L

where ap is the pendulum frequency; w, a structural frequency; g, the accel-

eration; and L, a characteri:tic length. Since the characteristic frequency
of a model which possesses replica proportions is inversely proportional to
its size, it follows that gL = C. Hence, for a 1/5-6cale vehicle and cable
suspension, dynamic similarity is achieved only by testing in a 59 gravity
field.

Since the objective of scale model vibration tests is not usually to
duplicate the results of full--scale shake testa, but rather to determine, as
accurately as possible, the free-free vibration frequencieu, the logical
approach is to conduct Z-he tests in a 1 g gravity field utilizing a suspension
system which has a minimum e:ffect on the natural frequencies.
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In order to give some insight into the magnitude of the effects of vari-
ous suspension systems on the free-free frequencies, the resonant frequencies
of uniform beams restrained as indicated in figure 1 were determined experi-
"mentally and/or calculated and compared with the free-free frequencies. The

effects of the parameter g/aoff2L were also determined by utilizing uniform

beams of varying length or stiffness. aoff is the first free-free frequency
in radians per second and L the length af the beam.

The physical significance of the value of g/a~ff 2 L is not readily appar-

ent. For replica models, g/a2ff2L is proportional to the size of the vehi-

cle. For a given size vehicle, the parameter is proportional to its mass and
inversely proportional to its stiffness. With cognizance of the fact that
the stiffness and mass distributions of launch vehicles are seldom uniform,

the approxizuate values of g/coff 2 L for some launch vehicles are: Vanguard,

0.0008; Redstone, 0.0011; Saturn SA-1, 0.0011; Titan, 0.0017; and Saturn 5,
0.0020. A proposed version of Nova would have a relatively large value for

g/__ff 2Lof 0.0045. The uniform beams utilized in the experiments covered

the range of g/uff2L up to approximately 0.010 which represents an extremely

flexible beam.

Perhaps a better feel for the significance of g/0Iff2L is afforded by

the fact that for a horizontally supported beam, the static deflection rela-

tive to its length is proportional to g/affwi.-L. For a horizontal cantilever,

the static deflection at the t.p divided by the length of the beam is equal

-- 'to 62.8 (g f2L). Thus, the static deflection curves for horizontal canti-

levers would appear as depicted below.

0 0.002 0.00o 4 0.o6 c.008 0.O10

g

Two-Cable Ho• izontal Suspension

If the atructurt of the vehl,ýD, is rugged enough to withsta.nd the bending
moments, the suspension system dop;5.ted in flgixe 1(a) in probauly the most
desi'rable d',te to Its simplicity. If the support cables are located at nodal
points, tioir elrt, t the frt-five frequkencias are negligible.
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It is not always feasible to support a vehicle at the nodal points. The
increase in the resonant frequency then depends on the location of the support

points, the length of the cables, and the value of the parameter g/wff2L.

In figure 2, the increase in the first natural free-free frequency,
indicated by the ratio o/bff, is plotted as a function of the ratio of the

distance to the support points from the ends of the beam to the beam length,
S/L, for cable lengths of 1/8, 1/4, and 1/2 the length of the beam and for

beams having values of g/r 2 L of 0.00202, 0.00o402, and 0.00605. The free-

free reference frequency a~ff used in this figure, as .-ell as in all other
experimental figures pertaining to uniform beams, is the experimental fre-
quency for a value of S/L of 0.224.

For the range of parameters investigated, the data of figure 2 show that
the increase in frequency due to the suspension is approximately proportional

to g/acef2L and inversely proportional to the cable length I/L.

For the most flexible beam - = 60 supported on short cables
(;g-L / 5

(1/L = 1/8), the location of the cable attachment points can be as much as
8 percent of the length of the beam from the nodal points without exceeding
an error of 1 percent in the measurement of the free-free first natural fre-

quency. For a more practical value of g = 0.002, the short cables may
fff2L

be located anywhere within 14 percent of the length of the beam from the nodal
points without exceeding a 1-percent error.

It is therefore apparent that for cable lengths greater than 1/8 the beam

length and for practical values of - < 0.002, there is no need to go toUl f2L

"great pains to support the beam precisely at the nodal points. Although not
shown here, the cable attachment location has even less effect on the higher
free-free modes.

Multicable Horizontal Suspensi on

In cases where it is not feasible to support a vehicle horizontally at
two points due to excessive static bending moments or loc.alized stresses, it
may be practical to support it on many cables distributed along the leonth of
the beam as indicated in figure 1(b). If an iL-nite number of cables are
assumed, an elastic lateral foundation results, the modulus of which is K.
The frequency equation is
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CL42 + 0ýff 2

where

m = total mass of beam

K = mg/I

I = length of cables

Substituting the value of K into the frequency equation and rearranging.

(= gf) 01 +i

In figure 5 the increase in frequency i/acff due to the cable restraint

is plotted as a function of g/a f2L for cable lengths of I/L = 1/16, 1/8,

1/4, and 1/2.

As with the two-cable suspension, the data show that the effect on the

first free-free frequency is approximately proportional to g/ off2L and

inversely proportional to the cable length.

For cable lengths greater than 1/8 of the beam length and for the common

gg

-range of 9< 0.002) the error is less than 1 percent. For corresponding

cable lengths and values of -- , the error is approximately one-quarter of
0nff

2 L

the error obtained when the beam is supported by a cable at each end.

In oruer that the tension ir the many cables be properly distributed, it
ig usually *,:dvisable to ..-se- elastic shock cords in place of relatively inelas-
S tic cables. One e.Verimental data point for which elastic shock cords were
utilized is shown in figure 3 and it agrees very well with the theoretical
result.:

One-Cable Vertical Suspension

Other th= its simplicity, the one-cable vertical suspension depicted iln
figure 1(c) has little to offer. As is the case with liquid-fueled launch
vehicles, it is frequently necessary to orientate a test vehicle vertically
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during vibration tests. It is a rare vehicle, however, that can withstand the
rigors of being hung by its nose.

Despite their lack of general usefulness, the effects of the one-cable
suspension on the free-free vibration frequencies are interesting; especially
when ccmpared to the results utilizing the two-cable vertical suspension
illustrated in figure l(e).

In figure 4(a) the increase in the first free-free frequency D/4ff is

plotted as a function of cable length L/I for four beams for which the

values of g/(off2L are 0.00291, 0.00631, 0.0114, and 0.0255.

It should be noted that increasing cable lengths are denoted by
decreasing values of L/I so that L/I = 0 represents an infinitely long
cable or zero lateral restraint.

The most interesting feature of this plot is that when the curves are
•xtrapolated to a value of L/I = 0, there is still a substantial increase in

the natural frequency over the free-free frequency. This increase in fre-
quency can be attributed to the tension in the beam.

In figure 4(b), the curves of figure 4(a) have been cross-plotted to show

the increase in the natural frequency as a function of g/Wff2L for relative

cable lengths I/L of 1/8, 1/4, 1/2, 1, and -.

It can be seen that for cable lengths greater than one-quarter the length
of the beam, the tension in the beam has a greater effect on the natural fre-
quency than does the cable restraint.

Vertical Orientation With Restraint at Base

An often used type of restraint for shake tests of liquid-fueled launch
vehicles is illustrated in figure l(d). In this system, all of the pitch and
lateral restraint is concentrated at the base of the vehicle. Any of sev-
eral types of restraining springs may be used, such as a series of coil
springs spaced around the periphery at the base, pneumatic bags, or a combina-
tion of vertical cables to provide lateral restraint and torsion springs to
provide pitch restraint.

No matter what type of restraint is used, a minimum spring constant of
mgLcg, must be provided in the pitch direction to restrain a vehicle from
toppling. Lcg as used here is the distance from the base of the vehicle up

to its center of gravity.

If a variation in g/aff 2L is assumed to represent a change in the grav-
itational field g, acting on a given vehicle, it is seen that the minimum
pitch spring restraint required at the base mgLcg is proportional to
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g /f2L. It is thus apparent that as the gravitational attraction on a given
vehicle is increased, the minimum spring restraint must also be increased

resulting in a larger effect on the natural frequencies. Similarly, for
replica models tested in a constant gravitational field, the greater the size
of the vehicle, the greater will be the effect of the minimum spring restraint
on the natural frequencies.

The effect that this minimum pitch restraint has on the first free-free
frequency has been computed and is presented in figure 5. In this analysis

the lateral restraint was assumed to be zero. Although it is realized that
these restraints are impractical from an experimental standpoint, the results
indicate the absolute minimum increase in the natural frequencies that can be
obtained with this type of restraint.

Figure 5 shows that for a uniform beam having a value of g/Of2L cor-

responding to that of Titan (0.002), the minimum pitch restraint mgLcg

(denoted by a?/caff = 0) increases the first natural frequency by 4 percent;

a relatively large increase when compared to the results obtained utilizing

horizontal suspensions with reasonable cable lengths.

When the pitch restraint at the base is increased to provide a finite
rigid-body pitch frequency (aop), the effect on the first flexural frequency

can become quite pronounced. Although a ratio of rigid-body frequency to
first free-free frequency of 1/5 may intuitively seem like a soft suspension,

it is noted that for a value of g = 0.002 the increase in frequency

S~amounts to 12 percent.

Two-Cable Vertical Suspension

A method of supporting a launch vehicle in a vertical position with a
minimum of rigid-body restraint but yet safe from the standpoint of toppling
has been conceived by the senior author and is depicted in figure 6. The
weight of the vehicle is carried by two support cables attached to the bottom
of the vehicle. Stability is provided by two restraint cables tied between
the support cables and the periphery of the vehicle at sane point el above

the vehicle's center of gravity. This support system has essentially two
degrees of freedom in the plane normal to the cables; translation as a pendu-
lum and pitching.

In terms of the dimensions of figure 6, the total pitching moment acting
on the vehicle (including the moments due to gravity) can be shown to be

ee a-d + c-d
M .e ) ee +
W f\

2e-d2 2
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Taking the derivative of the moment expression with respect to givesI

the effective spring constant of the system in pitch.

I2

e ad +c-d b-d2
f e.) \2el (

W WB D_2 - 3/2

L\2 d j 2
Solving the spring constant equation for a when K and e are set equal
to zero results in an expression defining the cable separation necessary to
maintain the vehicle in a vertical altitude with zero pitch frequency.

a = fb-d - c2-d) +. b =

when a < ao, the vehicle will topple a few degrees to a stable position and

when a > a0 it will possess a frequency in pitch >0.

SExperimental verification of the critical cable separation distance is
shown in figure 7. For a given location of the restraining cables e the
support cables were progressively separated until the vehicle would just stand
erect. Correlation of the experimental results with theory shows excellent
agreement.

In figure 8(a), the pitch moments imposed by the harness relative to the

unstable gravity moments Mharness have been plotted as a function of the
"'MgLcge

angle of tilt for three values of the relative cable separation a/aO for

each of two restraining cable locations. The center curves in each case is
for a/a0 = 1 which results in a zero pitch frequency when 0 = 0. When
a/aO < 1 the vehicle will tilt over until the restraining moment imposed by

the harness exceeds the moment due to gravity.

The effective spring constant of the harness in pitch relative to the

gravity spring has been plotted in figure 8(b) as a function of theMg~cg

angle of tilt. As may be observed, the effective spring is decidedly
nonlinear.

In practice, this harness is extremely simple to use. It is not neces-

sary, as it is with many types of suspension systems, to alter the stiffness
of the restraint whenever the fuel load is varied over a wide range. The only
adjustment that need be made is the support cable separation as the center of
gravity changes.
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For large liquid-fueled vehicles it may be necessary to distribute the
concentrated loads imposed on the structure at the cable attachment points by
means of a lightweight truss. Radial loads applied to the structure due to
the tension in the restraining cables may be alleviated by replacing the
restraining cables with two parallel cables as illustrated in the sketch.

Tsv l- Restraining cables

Test vehicle-- ..... il

--- Lightweight beam

Support cables

The fact that the rigid-body pitch frequency can be readily adjusted to
zero does not imply that the harness has no effect on the free-free frequen-
cies. There is a small amount of lateral restraint at the Lable attachment
points. In order to establish the effects of these restraints, vibration
tests were made of three uniform beams suspended in the harness depicted in
figure 9. The effect of the harness on the free-free frequencies will vary
with the lengths of the support and restraining cables used but the trends
and the magnitude of the effects caused by a particular harness are of
interest.

The effects of the location of the restraining cables are indicated in
figure 9(a) in which the first natural frequency, relative to the minimum
faired frequency, is plotted as a function of restraining cable location I/L.
As expected, the location of the restraining cables does have an effect on the
natural frequency, but the magnitude of the effect is exceedingly small. For

the beam with a value of IS 2 = 0.002, the maximum change in frequency
Wff L

attributable to a variation of the restraining cable location is 0.3 percent;
a negligible effect.

In figure 9(b), the data to figure 9(a) have been plotted relative to
the first free-free frequency. Rather than increasing the natural frequency,
as a massless restraint must, the figure shows that natural frequencies of a
uniform beam suspended in this harness are appreciably less thar the free-
free frequencies. Just as tension in a beam increases its flexural frequen-
cies (fig. 4), compression decreases the natural frequencies. Although this

effect is small for present-day launch vehicles (perhaps 2 percent at

2 . 0.002) , the important point is that the effects due to the lhrness-Wff. 2L/

restraint are far less, even when the restraining cables are. located at the
tip of the vehicle.
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As mentioned previously, most launch vehicles are not uniform beams.
They are, in general, stiffer and more massive at their base resulting in
relatively large vibration amplitudes at the tip. Intuitively, it would seem
that, compared to a uniform beam, the frequencies of such a vehicle would be
affected less by compression due to gravity and relatively more due to a
restraint near the tip. In view of such a possibility, the natural frequen-
cies of two nonuniform beams mounted in a harness were obtained and are com-
pared to their free-free frequencies in figure 10. The upper and lower half
of each beam was uniform, with the upper half having one-half the mass and

one-eighth the stiffness of the lower half. Values of g/0ff2L for the two

beams were 0.002 and 0.006. Although it is not possible to separate experi-
mentally the effects due to restraint and compression, when the results are
compared to the uniform beam results of figure 9(b), it can be said that the
compression effects are less and/or the restraint effects are greater for the
stepped beam. The compression effects still outweigh the restraint effects
since the natural frequencies in the harness are lower than the free-free
frequencies.

The variation in the natural frequencies associated with a change in
location of the restraining cables can be seen to be somewhat greater for the
stepped beam than for the uniform beam.

It is not to be implied from these results that the compression effects
will in all cases outweigh the restraining effects of the harness.

Although there is no good reason to use a support cable separation
greater than the optimum aO, the results shown in figure 11 indicate that
the cable separation is not critical even for an extremely flexible uniform
beam. In this figure, the natural frequency is plotted as a function of the
cable separation relative to the optimum cable separation aO. O.ref is the

natural frequency obtained with the restraining cables at the nodal point and
the support cables separated the optimum distance. The results indicate that
when the restraining cables are located at the tip, the effect of increasing
the cable separation by 50 percent is about the same order of magnitude as is
obtained by moving the restraining cables from the nodal point to the tip.

In figure 12 the effects of the harness type of suspension on the first
two free-free frequencies are compared with results obtained when the beams
were suspended on one cable attached at the tip as in figure 1(c). The
interesting aspect of this figure is the near symmetry of the data about the
abscissa. Assuming that tension and compression of uniform beams have equal
but opposite effects on the natural frequencies for the range of parameters
investigated, the near symnetry of the data indicates a comparatively small
effect of the restraint of either suspension system. It is apparent that
both suspension systems affect the first free-free frequencies to a much

gmreater extent than the second free-free frequencies. It may also be observed

that for the harness suspension, moving the restraining cables from the second
mode nodal point to the tip of the beam has an extremely small effect.

With respect to the relatively large increase in frequencies predicted

when all of the pitch restraint was applied at the base of the vehicle
(fig. 5), it should be noted that these results would have been alleviated
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somewhat had compression effects been included in the analysis. It is
believed, however, that in this case the compression effects are relatively
small compared to the effects attributable to the restraint.

VIBRATION EXCITERS

Electrodynamic Vibration Machines

As the name implies, the electrodynamic vibration machine derives its
name from the method of force generation. The force is produced electrody-
namically from the interaction between a current flow in a driver coil and
the intense magnetic field which cuts the coil.

In utilizing these exciters for exploratory vibration studies, the elec-
trodynamic shaker has the advantages of relatively wide frequency ranges, and
availability of random and sinusoidal vibrations or a combination of both.
In multiple shaker applications, in-phase and out-of-phase control between
the various machines can be accomplished. Although these shakers are versa-
tile and widely used, they have the disadvantage in that it is difficult to
provide adequate power and displacement at the low frequencies commonly
encountered in large-scale vehicle studies. In their use on smaller scale

structures, care must be exercised to minimize the effects of the attachment
between the test vehicle and the shaker coil in order to avoid significant
influences on the structural responses.

Hydraulic Vibration Machines

The hydraulic vibration machine transforms power in the form of a high-
pressure flow of fluid from a pump to a reciprocating motion of the table of
the vibration machine. High-pressure fluid delivered to one side of the pis-
ton in the actuator and then to the other side, forces the actuator to execute
a reciprocating motion.

Some of the disadvantages found in the electrodynamic shaker have been
"overcome in the hydraulic shaker. For example, the hydraulic shaker is cap-
able of generating large forces and large displacements or strokes at frequen-
cies as low as desired. Relative to the forces attainable, the hydraulic
machine is small and lightweight which can be advantageous in certain applica-
tions. However, this fact also requires a rigid connection to firm ground or
a large massive base to anchor the machine in place which can be. inconvenient
and difficult in many cases. Among some of the other disadvantages are: sec-
ondary resonances, seepage, leakage, nonlincaritics, necessity of clean
hydraulic fluid, and poor high-frequency performance.

Electromagnetic Vibration Machines

In many applications where the limiting conditions of the other ty-st of
vibration testing machines cannot be circumvented, electromagetic excitern
have been successfully utilized. The electromagnetic vibration machine gen-
erates a vibratory force which is tran Atted to the table, giving it motion;
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the force is derived from magnetic attraction or repulsion due to intensity
or direction changes of a magnetic flux linking several flux-carrying members.

The simplest form of an electromagnetic vibration exciter, called an
unbalanced-force type, consists of an electromagnetic core with a single
winding and an armature. Both the core and armature are laminated from
magnetic-core material. This simple device, which is generally user-built,
has several desirable and useful features. It has been useful in driving
structures for resonant mode testing where the structure supplies the position
force and where the distortion of the generated force is of little consequence.
In these cases, the armature can be bolted or cemented to the test structure
at any appropriate location. In the tests for which no addition of mass to
the structure can be tolerated, the device can be used without the armature.
In these instances, if the structure is magnetic, it acts as the armature and
supplies the magnetic circuit. For materials that are conducting but nonmag-
netic, eddy currents are generated which produce electrodynamic forces. This
shaker is particularly adaptable to the synchronized use of several units for
resonant testing of light dynamic wind-tunnel models and the like. Its usable
frequency range can easily extend from a few cycles per second to several hun-
dred cycles per second. Among the undesirable features of this exciter are
the presence of a large constant attractive force in addition to the vibratory
force, and the nonlinearity of the resulting force of the device.

Air-Jet Vibration Exciters

Although our Vibration and Dynamics Laboratory at Langley has a wide
variety of electrodynamic and hydraulic shaking equipment, one of the most
popular vibration exciters, where low force outputs are sufficient, is the
air-jet shaker. As the name implies, an air-jet shaker derives its driving
force from the kinetic energy of a stream of high-velocity air, periodically
impinging upon the test specimen. Proper modulation of the airflow results
in a sinusoidal force output.

The chief assets of the air-jet shaker are that no mass is added to the
test specimen and it is extremely simple to use since no mechanical connec-
tions to the test specimen are required. Its major liability in the past has
been the rapid decrease of force output with increasing frequency. 7W -. lons
of available force at high frequencies- hat been due to the internal valving
used to modulate the airflov. Most of the potential enery vas being Wauted
in accelerating and decelerating the air colu•i during each cycle.

This problem can be overcome simply by externwtl interruption of the air
jet ag depicted in figure 13. The stream of higbh-vyelocity air which impingce
upon the teut specimen, exitg fron the nozzle 4t a const;Lnt velocity and prez-
toure. The airstre.w in, then deflected periodically by a motor-driven notched
d1rk. A neorly :ninuaoidal. force =my be obtained by use of a d!amx•nd-shaped
nozzle, the length of vhics is equal to the length of the notch in the Inte.r-

All of' the ;-tr-jet rhakers built in our shop wvca lge t whc

hav•.e non~enzzle whc

results In an unbalanced force. This un.ba•ance 1s of little cnonwcqutnce for
-ost vibration tents but for so- higfih dazmed and flexible teztt npccizLnr L.
or nonlinear syntems it is desirable to have a balanced force input. In 1;uch
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cases, the air jet may be counterbalanced by directing a steady stream of air
onto the opposite side of the test specimen. If the second nozzle has an area
equal to one-half the area of the shaker nozzle and is fed from the same pres-
sure line, the net force on the specimen will be closely balanced.

The maguitude of the oscillating force can be controlled by a pressure
or flow regulating valve in the air supply line. The maximum peak-to-peak
force output when the jet is directed at a large flat plate is approximately
1.3 AP, where A is the area of the nozzle and P the line pressure. The area
of the nozzles on present Langley shakers is 0.045 sq in. (0.1-in. x 0.5-in.
diamond) which results in a maximum peak-to-peak force of . pound when con-
nected to a 100-psi air-supply line. Although this may seem to be a rather
small force as vibration. ex.'Iters go, it has been found to be more than ample
to excite the natural modes of panels, thin-wall cylinders, and numerous wind-
tunnel models. Since the added mass effects of the air jet are negligible,
the driving force may be applied at the point of mayimum vibratory amplitude
thus transmitting a maximum amount of energy te the test vehicle. The force
of a giveii shaker can be doubled by directing the air jet into a lightweight
pelton bucket attached to the test specimen in order to effect a 1800 change
in the airstream direction.

Larger force outputs may, of course, be obtained by the use of larger
nozzles and higher pressure lines but the jet noise soon becomes intolerableI
and may well distort the output of piezeoelectric-type pickups.

As previously indicated, one of the major shortcomings of the electrody-
namic and electromagnetic exciters often encountered is the limited stroke or
travel which they impose. The air-jet exciter, in this respect, however,
permits very large, unrestrained amplitudes of oscillations. This asset of
the air-jet shaker can be illustrated with the aid of figure 14. Shown in
the figure is the force coefficient as a function of the plate distance for
various size plates, where the force coefficient is the ratio of the force
exerted on the plate to the product of nozzle area times the line pressure.
The significant point to be made here is that for sufficiently large air-jet
impingement areas, there is no appreciable drop in the excitation force vven
at very large distances. The nozzle used in these experiments was a

0.1-inch x 0.5-inch diamond. 4'

The complexity of the motor-speed control depends upon the use for which N
the shaker is intended. In applications w1--re accurate control of the fre-
quency is not required, variation of the voltage to an electric motor may be
satisfactory. The best all-around speed control that we have tried consints ,
of a small (1/75 hp) synchronous motor driving the interrupter disk through a
commercially available variable-speed friction drive. Since the torque
required to drive the interrupter disk is very small, there is essentiadlly no
slippage in the variable-speed friction drive. The frequency range of our
present units covers the range from 0 to 900 cps. A counter, geared to the
apeed control crank, indicates the frequency directly in cycles per second.

In su•ring up, it can be said that this type of air-jet shaker exhibits
the following assets which make it a valuable tool in dynmmic model te3ting:
it is extremely convenient to use since no attachment to the test -;tecir-n is
required; it is essentially massless; its available force can be calibrated
statically and is constant with frequency; the force transmitted to the
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structure is independent of frequency and motion of the structure, simplifying
control and giving repeatability even with nonlinear structures; and its cost
is relatively low.

The chief liabilities of the air-jet shaker are the noise associated with

large force outputs and the dUfficulties encountered in multiple shaker
applications.

CONCLUDING REN4A=KS

In general, the resti1~s indicate that when typical launch vehicles are
suspended in a horizontal attitude by cables or shock cords, the free-tree
flexural frequencies are affected very little by the cable restraint when
reasonable length cables are utilized. For vertically orientated vehicles
where all of the restraint is concentrated at the base, the effect of this
rmstraint on the first natural frequency may become appreciable even when the
rigid-body frequencies are very low. Vibration results of vertically orien-

tated beams restrained by a two-cable harness indicate that the effects of
the harness restraint on the natural frequencies are small in comparison to
the effects of compression in the beam due to gravity.

An air-jet vibration exciter is also described which is easy to use and
has a constant force output regardless of frequency. This shaker ' partic-
ularly useful for vibration testing of small panels, thin-wall cylinders, and
lightweight dynamdc models where the addition of any mass may have a critical
effect on the measured frequencies.
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DIAGNOSIS OF FLUTITER MODEL RESPONSE
USING TIME CORRELATION TECHNIQUES

R.J. Werdes and M.A. Ferman

McDonnell Aircraft Corporation

ABSTRACT

The analysis of flutter model time history records and the determination of flutter onset is
often a matter of judgment. A unique method for analyzing flutter model time histories is pre-
sented. The method, which yields repeatable results, utilizes as the diagnostic parameter the
continuous analog evaluation of the aerodynamic work imparted to the model in a flutter mode per
unit time, i.e., the aerodynamic power. The Aerodynamic Power Function (APF) is readily eval-
uated for the ca&e of wing bending-torsion flutter in terms of the average running cross-correla-
tion of wing bending and torsion responses sensed by strain gages. Typical experimental results
are presented for swept wings tested in transonic blow-down tunnels. Applications to systems
involving more degrees of freedom are presented.
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RTD-TDR-63-4197, PART I

DIAGNOSIS OF FLUTTER MODEL RESPONSE
USING TIME CORRELATION TECHNIQUES

R.J. Werdes and M.A. Ferman

McDonnell Aircraft Corporation

INTRODUCTION

The determination of the precise moment of flutter onset for a system under test is often a
mattpr of judgment. This is particularly true when one considers the complex response behavior
of a flutter system under some of the combined effects of turbulence, beating of modes, mild
flutter onset, regions of low damping, and limited amplitude flutter. This paper describes a tech-
nique which circumvents the analysis difficulties presented by the presence of these masking
phenomena. The technique employs the concept that the flutter significant aerodynamic energy
input to a system per unit time (the Aerodynamic Power Function, APF) can be determined from
the system response time history.

LIST OF SYMBOLS

-M Wing section mass

SSa Wing section mass unbalance, positive for center of gravity aft of elastic axis

la Wing section mass moment of inertia about the elastic axis

`)•h Wing plunging frequency

SWoa Wing pitch frequewcy

Frequency of oscillation

Ch Wing plunging damping coefficient

Ca Wing pitch damping coefficient

"q Free stream dynamic pressure

SqF Flutter dynamic pressure

qi Generalized coordinate, subscript denoting degree of freedom

CLa Wing lift-curve slope

S Wing section area

"V Free stream velocity

h Wing plunging (or bending) coordinate
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.a Wing pitch (or torsion) coordinate

d Distance from the wing aerodynamic center to the elastic axis
2kh Wing plunging spring constant, equals MCh

k Wing pitch spring constant, equals Ia a)2
aaa

E Total energy of a flutter system

T Kinetic energy

U Generalized potential energy; includes some aerodynamic stiffness effects

P qCL S
a

Pjk/2 ' Skew-symmetric aerodynamic stiffness associated with qj and qk
t Real time

D p Dissipative power

DpM Mechanical part of Dp

DPA Aerodynamic part of Dp

APF Aerodynamic Power Function

e Base of the Natural Logarithms

ei Electrical voltage, subscript defined in the text

a Damping constant, equals -co(c/Cc), where (c/cc) is critical damping ratio

K Amplitude ratio of a to h

A, B Integration constants defined by initial conditions

0 Phase lag of a with respect to h

R (r) Cross-correlation function; bar denotes Correlator measured function

I I Column matrix

L J Row matrix

[ I Square matrix

7 Integration period; Correlator time constant

co Calibration constant of Con'elator

AERODYNAMIC POWER FUNCTION

It is well known that flutter is a self-excited oscillation which occurs when energy is ex-
tracted from the airstream by an oscillating airfoil. To explain the use of time correlation of re-
sponse time history signals in measuring the Aerodynamic Power Function as an indicator of
this energy, it is necessary to show the mathematical expressions involved in the APF for a
typical flutter system. For simplicity, use will be made of the most elementary flutter mechanism
as a basis of discussion. Consider the equations of motion for the airfoil shown in Figure 1. If
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AERODYNAMIC C

CENTERCENTER OF GRAVITY

V EQUILIBRIUM
a -POSITION

FIGURE 1. TWO DEGREE OF FREEDOM FLUTTER SYSTEM

quasi-steady aerodynamic forces are assumed, and the airfoil is considered to have only plung-
ing and pitch freedoms, the equations of motion are

Mý + Saa + Chý + khh -- qCL S(a + h/V) (la)
a

Sah + Iaa + Caa + kaa qCLa Sd(a + h/V) (lb)

The significance of the total energy (E) associated with a flutter system has been discussed by
several authors, including Frazer and Duncan (Ref. 1), Duncan (Ref. 2), Fung (Ref. 3), Crisp

(Ref. 4), Griedanus (Ref. 5), and Bisplinghoff (Ref. 6). Crisp (Ref. 4) examined the time rate of
change of E to develop an ultimate stability criterion. It is the intent of this paper to utilize
some of these concepts to explain the use of time correlation in assessing flutter stability.

The total energy (E) of the system is

E=T+U (2)

where T is the kinetic energy of the system, and U is the generalized potential energy and in-

cludes some aerodynamic stiffness effects.

T k j*,[M ISJ]j' (3)

U-% Lh ajh P/2 k P (4)
LP' 2 k,- Pd a1

where P - q CLa S

The time rate of change of E determines the stability characteristics of the system. When
dE/dt < 0, the system is stable; when dE/dt - 0, the system is neutrally stable (or has reached
a limit cycle if the system is nonlinear) and when dF.dt > 0, the system i,, unstable. The time
derivative of E can be shown to have the following form for the system described by Equation 1:
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E. ýh a~jh + /V -Pd/_21Vh7.[ P/] jh (5
SPd/2V Ca j r P/2 0

The above equation is developed when Equation 1, expressed in matrix form, and the time deriva-

tive of the expression for (T + U), as defined by Equations 3 and 4, are appropriately combined.

It is to be noted that the forms of Equations 4 and 5 depend on representing an unsymmetric matrix

as the sum of a symmetric and a skew-symmetric matrix, a technique employed by Duncan (Refer-

ence 2) and Crisp (Reference 4). The energy dissipated per cycle is

oEdt (6)

0

and the dissipative power is

Dp= ±f dt (7)

0

2 u/ ,) /Ch+ -Pd/2VP ] h
Op ~]haj Pd/2V Ca Ja d

0a

2v '

[IP/2 0/2 ai 8

The dissipative power is seen to be composed of a mechanical part and an aerodynamic part,

D p DPM + DPA (9)

where

2 ./,

DP - 2 o(Chh" Ca 2) dt (10)

and

U2,,./&P/V - Pd/2V] h1
A 2 o 0 -Pd/2V 0 ,g

-0 P/'1 (h)d- IC a( dL (11)
0fJo [-P/2 0 a
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The mechanical part is obviously stabilizing and will not be considered further. The first term
of the aerodynemic part is due to aerodynamic damping effects and is, in general, of less impor-
tance in influencing flutter stability (excluding single degree of freedom instability) than the
second term which contains the so-called skew-symmetric part of the aerodynamic stiffness.
Attention will be focused on this latter term as the primary indicator of flutter stability involv-
ing at least two degrees of freedom. This term, the Aerodynamic Power Function, is defined

2v/o,

A--- 'b qj1 P/2] 1h1

- - (P/2)/ha - hQ) d (13)

0

(It is pointed out that the omission of the terms due to aerodynamic damping in the definition of
the APF does not exclude the effects of aerodynamic damping on the flutter stability, since the
conrect aerodynamic forces and moments are applied to a test specimnen in the wind tunnel and
do have influence on the APF as defined above through the values of h, a, fi, and a).

Let us now consider the APF as a continuous time function,

t + /2

APFRt) 1 P/2f& -hQ)dt (14)

t - W 2

where the time reference has been shifted by (t - /2) and where y - 2 m1/,. is the averaging time,
with n an integer, To illustate the behavior of the APF(t), let the motion of the flutter system be
represented by

h . eat (A cos wt + B sin ot) (15a)

a - Keel (A cos (wt - 0) + B sin (Ut -a0l. (15b)

Substituting the above expressions into the definition of APF(t) (Equation 14) gives

APFt). K(-)(P/2)(A2 + B2) e2at (ea.- e- (16)qi) 2a

If n is not an integer, some enro is introduced in the APROt). However, for - sufficiently large,
the enwr is negligible since that part of the integral due to inclusion of a fraction of a cycle is
averaged over the number of full cycles included in the integral. For enumple, for 10 <n < 11. the
maximum error in the APFNO is approximately ± 5%; for 100 <n < 101. the maximum error is approx-
imately ±%%, etc..

Consider, now, the traesient behavior of the APFRt) for various values of free-stream
dynamic pressure. As showm in Figure 2, for q less than q a -- 0 and Isin 01 is approximately
zero; the APF.t) has a damped response to any transient fsturbaune, or a very small continuous
reponse to a continuous disturbance. For q equal to QV, a - 0 and Isin 0,1 is again small;
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h(t)

APF(t)

.• . ,t • t •t

SIN~p< o SiNt 7o

q<qF q=qF q>qF

FIGURE 2. IDEAL TRANSIENT BEHAVIOR OF THE APF(t)

the APF(t) has a small constant amplitude response to any trarsient disturbance, or a linearly
increasing response to a continuous distrubance. For q greater than qFa e > 0 and sin 0 > 0;

the APF(t) has an exponentially divergent response to any transient disturbance, or a slightly

more divergent response to a continuous disturbance. The transient behavior of the APF(t) is

seen to be a good indicator of flutter occurrence.

MEASUREMENT OF THE AERODYNAMIC POWER FUNCTION

Measurement of the APF has been achieved through use of the McDonnell Analog Signal

Corelator Computer, hereafter referred to as the Correlator. This device is a portable analog
weighing only a few pounds, and has an output voltage which is the cross ,correlation function of
any two input voltages. For the present application of the Correlator, its output signal, e., is

related to the input signals as follows:

t

eo W co e"A/' et/irel(t) e 2 (t)dt (17)

where co is a calibration constant, and el(t) and 2(t) are the voltage signals to be correlated.
The Correlator output is basically a D.C. signal which indicates the real-time (running) cross-
cour2lation function of the input signals. The definition of the running cross-correlation function

is analogous to the definition of "Running Spectrum" as applied to finite length experimental
records by Kharkevich (Reference 7). This cross-correlr.,tion function has been utilized because
of its similarity to the APP. Equation 14. The cross-correlation function is usuallv defined as

F

S))/( (t) dt (18)

0
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for finite length records. If r 0, and the running cross-correlation function is utilized, then a
correlation function defined as

t + /2

R~p - j-•(t) 8(t) dt (19)

t - 7/2

is the function employed in the following derivations. If the following running cross-correlation
functions are obtained and combined as shown in Equation 22, we obtain essentially the APF.

t + F2

RLa - 1I (t) a (t) dt (2D)
t - 7/2

t +

Rhý - ='Ih(t) a(t) dt (21)
S~ t - T-/2

and
t + r/2

Kta - Rha --- ((t) a(t) - ht ~) t(2Sh~t) dt (22)

t - /2
Consider the measurement of the correlation functions. Equations 2D and 21, in a flutter test

set-up which might be represented by Figure 1. If bending and torsion strain gage bridges are
used as transducers, the bridge output signals are related to the coordinates, h and a (Equations
15a and 15b), as follows:

B(t) - bending bridge signal
- kB h(t)

SkBeUt (A cos oit + B sin wt] (23)

and

T(t) - lorsion bridge signal
- kT O(t)

-kTK eat (A cos (cot - 0) + B sin (wt - 0,) (24)

The ideal crossacorrelation function for this case is

- RBj - kBkT K (A2÷ B2 ) -`-n e2aI(eai- e-a") (25)

which is proportional to the APSOt)o Equation 16. In actual practice the Comrlator will obtain
the following function:

---0 -- --CokBkTK (A2 + B2) stn , (c,2jt - C-1/1) - Rf -"- RBi' (2G)
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This expression indicates tha' the Correlator signal approaches the ideal cross-correlation func-
tion asymptotically. In Figure 3 Correlator measurements of the ideal transient behavior of the
APF(t) are shown for three values of dynamic pressure, q < qF' q - qF" and q > qF" Comparing
Figure 3 with Figure 2, it is seen that the Correlator measurement of the ideal transient behavior
of the APF(t) is similar to the corresponding theoretical behavior.

hit)

V BT- 118T"

SIN>O<0SI <0

q<qF q=qF q>qF

FIGURE 3. CORRELATOR MEASUREMENT OF THE IDEAL TRANSIENT
BEHAVIOR OF THE APF(t)

An experimental set-up which shows the means of obtaining the desired Correlator output
signal is shown in Figure 4. The use of + 900 phase shifting devices are indicated. The phase

PHASE I CORRELATOR

RENDING, Oit)
WING

FLUTTERSYSTEM . . . .E I-- TORSION. TO()

SPHASE C "• ORRELATO [ B" O T

- -S0

KiT - Rei ' ...

FIGURE 4. SCHEMATIC FOR MEASURING THE APF (t)
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shifted signals, when correlated with the original signals, give

RBT-aRBT and R *-a RBT.

Combining these signals as shown in Figure 4 results in

[R-T - a RBTI -[RBT - a RBT] - RiT - RB%

When applying the technique described above to testing in a blowdown tunnel, the effects of
aerodynamic turbulence, limited amplitr-e flutter, and continuously varying tunnel conditions
must be considered. Shown in Figure 5 is a typical time history of wing bending and torsion re-
sponses and APF(t) measurement. When turbulence is present, the flutter system is acted upon
by a random fluctuating pressure field. The resulting generalized random forces associated with
the various normal modes have intrinsic time correlation. The time response of the system's co-
ordinates to turbulence will likewise exhibit correlation. However, the effects of turbulence
excitation in the subcritical velocity region are minimized by the nature of the APF(O since the
APF(t) is proportional to the sine of the phase angle between modes, the angle being near zero
or r subcritically. When in the region of limited amplitude flutter, the APF(t) is likewise limited.
The effect of varying tunnel conditions has been found to produce a continuously varying APF(t)
which is qualitatively valid in assessing flutter character;.&tics. The shape of the APF(t) buown
in Figure 5 is only typical. The APFRt) is strongly influenced by the phase angle between the
critical degrees of freedom, and its shape may be somewhat different for different flutter systems.

FLUTTER CORRE L ATION

TURBULENICE\

CORRELATO , FLUT>TER END OF FLUTTER

14T - OtSi

ZERO REFERENCE

FIGURE S. TYPICAL MEASURED BEHAVIOR OF THE APF (0) IN
SLOWDOWN WIND TUNNEL TESTING

In the upplicaiion of this technique, post-test analysis has lben emnploved to date. Hnowever,
it is applicable to on-lipe monitoring during actua! testing. Correlation measurement of the -x-
oreosion RIjT - R"0 is shown ir Figurma 9 and l0 for typical blowdown tunnel tests. This ex-
pression (Equation 26), w.hen adjusted by the relatively small variation of P/2, here nssumed to
be constant, becomes the APF(t). The ,esuis shown indicate the merit of the APF(t) in assess-
ing flutter model response.
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BENDING-TORSION CO-POWER FUNCTION

Another application of real-time correlation of flutter model response signals for flutter on-
set detection relies on measurement of the bending-torsion Co-Power Function. This technique
is shown to povide a reasonably clear picture of model stability characteristics as a function of
dynamic presure, and has been employed both on-line and post test. In order to obtain the bend-
ing-torsion Co-Power Function, the following running cross-correlation function is defined:

t + 7/2

RBTY B(t) T(t) dt. (27)

t - V/2

This cross-(urrelation term is seen to be a time varying measure of the bending-torsion Co-Power
Function. W-t•,s :sing th,' rorms for B(t) and T(t) indicated in Equations 23 and 24, the evalua-
tion of the expL, n,7 in Equation 27 yields

,~ 2~ 2 cos ¢,

RBT I-: kBýT K(A2 + B2) \4 ) e2at (ea7- e-a1) (28)

for thp application herein. Likewise, the Correlator measurement of ihe Co-Power Function can
be shown to be

RBT_- cok k T K(A2 . A ( E) (e)t _ e(K) (29)

1d

and is seen to approach the ideal Co-Power Function asymptotically. A typical set-up for meas-
urement of the Co-Power Function is showni schematically in Figure 6. The theoreticai and
measured transient behavior of the Co-Power Function are shown schematically in Figure 7 for
the ideal case where transient response is excited at three values of dynamic pressure: q qF"
q - q41.' q:* q F The results presented in Figure 7 clearly show that the Co-Power Function
indicates the flutter stability characteristics in this ideal case.

FLUTTER COJRRELATOR•

SY ST IEM TOIN.T)I

FIGURE 6. SCHEMATIC FOR MEASURING THE BENDING - TORSION
CO-POWER FUNCTION

The behavior of the measured Co-Power Functin as appliAed to blowdown testing will now
be examined. In this Case. the effets of turbulence, limited amplitude fhtter, and varying
tumnel conditions must We comsidered. Figure 8 prnsp'nts typical bendiig and torsion time his-
towies together with the Cvrrelator measurement of the Co-Power Funoion. In the subcritical
and pot-critical regions, the offect of turbulence creates random retspcse of the nouiel, these

response functions tbending ,mid torsion in the case presented) are intrinsically comvlatin€,. This

Z90



correlation has been noted as Turbulence Correlation and has been found to increase approxi-
mately proportional to the dynamic pressure in the subcritical region. The Co-Power Function
reaches a maximum then decreases as the limited amplitude flutter region is traversed, the cor-
relation in the critical region being noted as Flutter Correlation. The time varying tunnel c idi-
tions affect the Co-Power Function in the same manner as discussed previously for the APF(t).

Typical experimental results from blowdown tunnel tests are presented in Figures 9 through
11. The results of the Co-Power measurements shown indicate that the Co-Power Function pre-
sents a definite indication of flutter onset.

It should be noted that the bending-torsion Co-Power Function is proportional to cos 0, where-
whereas the APF(t) is proportional to sin p. This fact implies that the bending-torsion Co-Power

is less sensitive than the APF(t) to flutter response involving a large phase angle, 0, arad that
the bending-torsion Co-Power Function will measure more power associated with turbulence in
the subcritical regions than would the APF(t). Hence in certain cases, it is anticipated that the
bending-torsion Co-Power may not indicate flutter as dramatically as the APF(t). The bending-
torsion Co-Power Function, when adjusted by the functions, P/2 and ,, has the form of the
derivative of APF(t) with respect to ft.

MANY DEGREES OF FREEDOM

When systems having more than two degrees of freedom are considered, the APF(t) associ-
ated with each constituent binary can be represented in a manner similar to Equation 14:

t + /

APi(t)jk Pjk/2 - qj4k) dt (30)

t - i/2

where j, k = 1, 2, ... n, and Pjk/ 2 are skew-symmetric aerodynamic stiffness coupling terms
associated with the generalized coordinates qj and qk' again assuming quasi-steady aerodynamic
forces. The total APF(t) for the many-degree of freedom system can be written as

t + F/2
in n

APF(t) E E Pik/2 - dt. (31)
r j =1 j- fk

t - F/2

This expression is similar to the energy expression given by Crisp (Ref. 4) to define in a very
general way "all kinematically admissible flutter configurations," except for the omission in
the expression above of terms associated with the symmetric aerodynamic damping forces.

Consider, now, an actual flutter test where the flutter system has n degrees of freedom, or
more probably, the system has been idealized to have n degrees of freedom corresponding to the
first n normal modes. In the latter case, the required values of the coordinates and their first

time derivatives can be obtained from the output of n strain gago bridges used as transducers,
the bridges being located judiciously such that at least one bridge has an adequate output for
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each degree of freedom considered. The output from the n bridges can then be related to the co-
ordinates as

tel I [C] Iq1 (32)

where e is a column matrix of voltage outputs and C is a matrix of calibration constants estab-
lished through a vibration test. For example, if n - 3,

Sel C11 C12 C13 I q1

e2. [IC 2 1 C2 2 C23 q2  (33)

e3  CL3 1 C3 2 C33  q3

If only the first normal mode is excited, Equation 33 becomes

e2 121 C22 C23 j04

e3  LC31 C32 C33  J

from which C11 - el/ql, C2 1 - e2/q 1. and C3 1 - e3/q 1 . The other columns of calibration con-
stants can be obtained similarly, exciting the second, and then the third normal mode. The co-
ordinates can then be written as

Iq =-[DI let (35)

where (D) - [Q-1. (35a)

"The total Aerodynamic Power Function can be shown to be

t+ WPI ID D j _ejk) dt (36)APF(t)-- -_ L L 2 - k- ejtk ) .

j-1 k-j 2 Dki DU
-- t - "F/2

where IL'jj Djki

Dknntkk (36a)

is a determinant fcrncd from the elehments of the matrix D). Specifically, if n , 3,

A- I 1 )D ) *,AP,(1 2. DI2 2f-D'I'I) J•' - '" d

t - .!/2

t -t r/.

S 2 (D)21)3 - 1)2":1)32) . - ý'tit

i'-2 (37)

7."
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The relative participation in the flutter mode of each binary subsystem can thus be established
from measurements of the parts of Equation 36 weighted by theoretical relative values for the
aerodynamic skew-symmetric stiffness terms, Pjk/2" By combining all measured contributions to
form the total APF(t), a single function is provided which is useful for monitoring flutter onset
in any mode involving the original n normal modes.

CONCIJJSIONS

The analog techniques which have been presented for the analysis of flutter model time
history records are unique, present repeatable results, and are believed to be a significant step
forward in the state of the art.

•J
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ABSTRACT

Problems of airplane and space vehicles which must be analyzed thoroughly from
from the standpoint of dynamics are summarized. Tools available for the solution of
such problems include the digital and analog electronic computers and mechanical
analogs such as dynamically similar models. Since computer techniques are largely
based on simplified mathematical representations of the pertinent phenomena an
attempt is made Xn this paper to evaluate such simplifications for some of the modern
theoretical procedures.

Practical difficulties in the fabrication of dynamically similar models, limitations
in the availability of test environments and basic effects of scale on dynamic phenomena
reluire the use of certain assumptions in the design, fabrication and tes-ing of dynam-
ically similar models. The assumptions required in advanced dynamically similar model r
techniques are listed for the information of dyimnics egincers and are coaparmA with
those listed above for analytical procedures.

Reconmmened procedures involving the use of both moilcis and analytical teclniquoe
are outlined for the solution of specifit problems in dynamics for palane awl space
vehicles.
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RTD-TDR-63-4197, PART I

COMPUTER VS MODEL

In this paper the analytical and experimental tools available to the
aerospace dynamicist are discussed from the standpoint of how these tools
were developed and how they may be used to enable the dynamicist to do a
better job in the future. This responsibility is the prevention of exces-
sive dynamic loads in aerospace vehicles caused by:

1. Instabilities such as flutter or other unfavorable couplings

between structural vibration and sources of vibratory energy.

2a. Transient inputs due to gusts and landing impacts.

2b. Steady state and/or random inputs due to power plants and flow
separation.

The history of aerospace dynamics (See Tables 1 through 5 and References)
show that even as late as the mid-forties, the effect of the dynamicist on
the design of aircraft was basically limited to isolation of the power plant,
fixing minor vibration problems and mass balancing of the control surfaces.
The airplane was designed on the basis of wind tunnel tests of rigid models
plus static strength requirements. The Wright Field flutter group was vibra-
ting aircraft before 1939 to determine the natural structural frequencies and
attempting to use these data to draw conclusions regarding the safety of the
design from the standpoint of flutter. However, the methods used to make
these decisions during this period were ,Llmost completely empirical.

The use of theoretical developments by Wright Field in the early forties
resulted from an attempt to make better use of aircraft vibration frequency
data. It turned out that these data and the resulting analyses were of little
value from the standpoint of designing improved aircraft during that period
since the flight speeds were just too slow at the time to make lifting-surface
flutter a real problem for the configurations than in use.

Despite this situation, the early theoretical developments of The.dorsen,Garrick, Blot, znd many others turned out to be of groat value for solving
dynamics problems in future aircraft. Th~ese developments formed Lhe basis
of AiF TH 4798 which put the flutter theory in~to suitable fon- Vor practical

flutter analysis by engineers. The advent of high speed ,alrcraft with con-figurations such as heavy enginL and stores located outboard on th,! wing,
T-tails and all movable tAi.ls re!- ilted in flutter limitation-s of static

strength designs so that modifticaions were required to change the confi-
guration, rigidity and/or mass distribution.

To assure safety and assess these modifications frov, the standpoint of

effectiveness, weight and cost the foilowinjp possibilitie- exiitad: the une
of dyNnamicaily similar models, theoretical -malysis or a •omiition of model
tests and theory. Neither model nor theory was completely adequate in itself.
Limitations in the theor-y included aerodyziiaatc and structural assumptions md
limitations in the model consisted of errors in dvniamic similarity, wind tWnnel
wall effects and the fact that the flow ov-1r the rodel was jin m-'y case: not
at the true flight Mach No. In view of these limitationst, it wrs cund to'm
desirable to obtain a physical understudinp, of the mech.aisa -.nvolved in



flutter cases measured in the wi.d tunnel. The use of the theory for explain-
ing tet- data permitted us tc comprehend the problem in a quantitative sense
so that the limitations of both thu theory and model data could be evaluntud.This type of correlationi inspires puractical ergineers with a high aegree of
confidence in test results.

The early theoretical work preceded early developments of flutter models .
of actual aircraft because computed ma.rgins of safety were high and techniques
for building suitable modelz were not available. Some of the first models
represented unconventional designs such as the XP-54,, s-35 and i3-36 and did
not pay off because thcty were replica type models wnich have limitations as
discussed later. The first major payoff came from the B-47 flutter model w;2ich
was designed primarily to represent only those modes of vibration ex;:ected to
be significant from the standpoint of flutter. This simplification in dynamic
modeling technology turned out to be eAtremely Jimpor'ant since Clutter models "P
based on this concept have been used in tha development of nearly every Moo za
aircraft. It is of interest to note that the B-47 flutter mceal program wa;,
recomaendtd by the Wright Field flutter group in lieu of a theoretical program v _
requested by the contractor. There was not enough confidence in the theory A,
for high performance configurations which were Laonyv.-nticnal. %.

During this same period, improveuents in flu±ter pre'[ction protedures 'ý

were attempted with digital and analog computer techn..ques . A multi-degree
of freedom analysis was carriea out en an PiM pu:ich c-ni machine for the.
B-36 aircraft Biot and Wiancko developed an electron-c analog for flutter
analvsis of three degree of freedom systems. Neither of these developnents
paid off at the time although sore of the techniques w-re -used in later
developments along similar lines.

The limited payoff of complicated tneoretica.l and experimental approach s-
indicates the jiprtance of simplicity combired wi~h depth of understanding
in such developents (Reference 103). This 9-ateauentn does not mrwi tha"
computer techniques are of no value. Essential theoretical calU'l1atiuna
which are car.ied out more efficientky w1ith compater equipment. anr justified
and in fac" have proven ere.y vtluable for dynamic analtysis. howtver,
the fact that computer equipment can handle morm compl.cated theories is lo oV
reason for the use of such theories. We should ,ave no respect, for theory
or tests per 3e; improveri.wnts in thq ;terospaice vehicle resulting from the
theory or tests is al that zatters. '-

The advent of trns-nic, supswonic, and ..nersonic vehicles led -.o
significant experimwetal and theoreticl advancs. Of particfllar significance
was the U.e of the NASA 26 inich blowdlow tnnel and the reqo.remnent of the
Wright Field flutter group for mode) tests at full scale ?hch nui-ab . The
high density ratios available in this facility made it possible to extend the
3-47 model concept to transonic speeds. in addition, thL theoretic:l work of
Possin, Oarick aid .ubinow, Idghthi•#l Pines and others extnded. the un-
steady aerodynnamic theory, from suJsonc to hypersonic speeds. The theor- was
not good entough to bc acceptable in; ttselX but in com'Mbintionwth Z- 0dCxlI c.ee t
data, flutter problem in these s-ea rainges could be so.&v•d ih -ufficient
Saccuracy fo cngineerir4g purposes.
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The importance of the flutter model to the aerospace industry makes it
worthwhile to discuss technological developments used to design and fabricate
such models. It is sometimes stated that such models are complicated, expen-
sive and take a long time to build. However, similar statements are applicable
to the design and fabrication of any number of devices which must conform to
definite specifications and for which detailed design procedures have not been
developed. In the case of dynamically similar models of aircraft the following
factors must be considered:

1. The dynamic phenomena to be studied with the model.

2. Available fabrication techniques.

3. Possible model designs consistent with 1. and 2. above.

4. Engineering procedures for determination of the optimum model design.

5. Test procedures for measuring the dynamic characteristics of the model.

Since there have 'sen no standard procedures for the design of dynam-
ically similar models, a number of design approaches have been used, namely:

1. Exact geometric scaling - the replica model

2. Approximate geometric scaling

3. Scaling of external geometry only

4. Significant mode or modal approach

5. Combined modal and equivalent structural approach.

In our opinion, the first three approaches are impractical for small scale
models of structures which are relatively complicated such as are used in
aircraft. On the other hand the modal approach has been completely successful
"for the low speed flutter model and a corresponding success has been achieved
with the combined modal and equivalent structural approach for the hig;a speed
flutter model.

The failure of the relatively popular geometric scaling approach -s due
mainly to limitations in manufacturing technology which are economically fea-
sible for the fabricatiw of d)ynamically similar models. One must not only
fabricate all the multitude of parts and fasten them together but all toler-
ances must also be scaled. Non-compliance with this very severe requirement
tn tolerances after spending a lot of money trying to mike the model, can
easily result in a dyn aictl behavior of the model that is nothing like the
full. scale. This failure which can be very serious results from the fact that
the model has actually been approximately geometrically scaled instead of
ex•actly scaled. It represents a complete failure of a mathematically exact.
decision because of a lack of consideration of practical fabrication problems.
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Aftez taking a beating by trying exact or approximate geometric scaling,I

the dynamics engineer sometimes throws in the ..ponge and tries to get by with
a model that has the correct extermal contours and some stiffness and mass
distribution that he thinks might flutter in the wind tunnel. The plan here

is to obtain a flutter point and conduct calculations for the model to obtain
a general fudge factor for the theory. While iv is believed that this approach
is superior to the exact scaling principle, fudge factors for the theory are
functions of the model parameters and can lead to significant errors.

As previously mentioned, the modal approach was first used in this country
by Boeing for the B-47. This approach may be said to be a physical representa-
tion of the equations of motion in terms of the zero airspeed modes expected
to be significant from the standpoint of flutter. This limited objective made
it possible to represent the elasticity of the model with a single spar which
was convenient to design, machine and test. For the same reason the aero-•A-
dynamic contours could be made of balsa wood which were attached to the spar

in spanwise sections so as not to affect its stiffness; and the correct weight
distribution could be obtained by concentrated weights installed in these
sections.

The modal approach illustrates some sound principles which are perhaps
the key to success in any dynanlic model program namely:

l. Limiting the scope of the model program to only those dynamic pro-
blems which must be solved to properly design the full scale vehicle.

.. aplifying the model design to include only the significant parameters.

3. Designing the parts of the model so that elementary engineering pro-
cedures are adequate for analysis and inexpensive shop practices are adequate
for fabrication.

4. Designing the model so that mass, stiffness and vibration character-
istics can be measured quickly and accurately with inexpensive equipment such -
as inirrors for stiffness tests, bifilar pendulums for inertia measurements and
miniature electronic shakers for excitation.

Proof of dynamitc similarity by means of these simple tests and correlation
iwith full scale data gives a high degree of confidence in ruch models not
only to dynamics engineers but also to supervisory engineers responsible for
the success of complicated aircraft projects. It is of interest to repeat
here that a mathematically qpproximate but practical approach resulted in a .e-
huge success in dynamical modeling .hile the exact or replica approach proved
to be impractical.

The desire to obtain answers to dynamic problems at transonic, super-
sonic and hypersonic K.tch Numbers lead to the cowbined modal and equivalent
structural :kpproach. The number of modes to be modeled is still limited to .7n
those required ;,o provide the answers to specific design problems. Because
of the higher true airspeeds, hi4ghe. stiffnesses must be provided in such
models; however, the weight is the swae as that of the low speed model for
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a given air density and scale. The efficiency of the model structure must
therefore approach that of the full scale structure so that the model spar
resembles the full scale spar especially if the full scale vehicle utilizes
a main box. For most cases a simple box spar is designed that has the scaled
local GJ and EI of the full scale surface and, if applicable, the chord of
the spar on the model has the correct scaled value. leading and trailing
edge chordwise rigidities are generally represented by a small number of ribs
attached to this spar. The space in between the ribs and final aerodynamic
contours are obtained by balsa wood glued to the spars and ribs. Chordwise
slots in the wood are generally not necessary because of the relatively high
stiffness levels of the model spar.

It can be seen from the above that this combined modal and equivalent
strictural approach is a natural outgrowth of the modal approach used for the
low speed flutter model. However, as mentioned above, spars and other elastic
elements for such models designed on the basis of elementary structural for-
mulae have a tendency to resemble the full scale components in regard to
scaled dimensions. In fact the most successful models have been those where
there is a marked similarity. This means that if two-dimensional structural
analysis indicates a spar which is structurally equivalent and geometrically
similar to the full scale spar, there will be an advantage in using this spar
over one which the theory indicates is also structurally equivalent but not
geometrically similar. This result at first appears contradictory to pre-
vious statements regarding approximate geometric scaling but in this case
the design is based on elementary structural analysis rather than on geometry.
The improved result comes from the fact that elementary structural theory is
two dimensional so that similarity between model and full scale structures
tends to incorporate the proper three dimensional effects.

One might think that many years in the business of dynamic models might
result in a number of trade secrets but actually this is not the case.
Success depends strictly on numerical evaluation of proposed designs plus
tests in the laboratory to verify the results of the analysis. Experience
with various programs when coupled with analysis and test should continually
reduce the number of mistakes although unfortunately the same mistake pops* up more than once. Problem areas which are encountered frequently are:

1. Meeting the weight and stiffness specifications

2. Designing attachments with sufficient rigidity within weight limits;
for example, the attachment between spars and balsa sections.

3. Designing concentrated springs to represent actuator stiffnesses,
engine pylons, supports of heavy items such as external stores, and joints
between major items such as wing and tail surfaces to fuselage and vertical
to horizontal tails on T-tails.

4. Reduction of friction and play in hinges to small enough values
to have a negligible effect on the dynamic characteristics.
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5. Obtaining good shear transfer where shear deflections control the
stiffness.

6. Prevention of buckling of thin sheets when such sheets are required
for the model.

Experience and testing combined with a knowledge of shop practices plus an,
extensive application of two-dimensional structural theory is necessary to
overcome these problems. It is not a job for the hobbyist, the pure theo- O
retician, or the expert in manufacturing technology, but an across the board
combination of these skills plus experience is required.

The importance of manufacturing technology in the design of dynamically
similar models has been mentioned above. The method used to design the model
is based on the application of sound but elementary engineering principles I
correlated with simple tests to obtain the required mass and stiffness dis-
tributions and aerodynamic contours with the simplest manufacturing technology.
"'he full range of simple technologies is applicable from the blacksmith shop
to the modern standard machine tool. Chemical etching has been quite valu-
able for obtaining sheets which are non-standard in thickness. Epo.V re--ins
in combination with mechanical fasteners is another technique that has proven
extremely useful. Welding is used where possible to obtain good shear trans-
fer,. Key mate--ials in such models are magnesium, aluminum and balsa wood.

Other major items that affect model design are the wind tunnel "q":,
and Mach No. to be used for the program. There is an advantage in testing
at low "q" foi low speed models since the loads on the model are reduced and
spa- weiLght requiret ents are easier to meet. From the standpoint of obtaining
scaled static defle -ions, it -;s desirable that "q"t be proportional to scale
althouwh in p-actice lower values of l"q" seem to be desirable especially on
light -weight structures. For true Mach No. models, the blowdown tunnel with
"a relatively high density ratio has been very useful as indicated previously.
A recent NASA facility '.hat has also proven to be very useful in the transonic
range i3 the 16 ft. Freon turnsl. This tunnel permits the use of low speed
flutter model techniques to obtain data at the correct Mach No. because the
speed of sound in Freon is only about 40% of that in air. Freon models are
somewhat more difficult to design than either low speed or high speed air
models because the stiffness le, ,is are between those required for such models.
Strength will be inaaequate if an external skin is used, while weight will
be a problem with an internal spar. However, the advantages of testing inFreon far outweigh these disadvantages. -

Testing of the model in the wind tunnel requirob the use of a dynamic
mount if body freedms are in -"'tant to the prcblem being studied. The K -.

flying rod mount seems adequate for low speed tests and the NASA !ýable mount
is suitahle for high speed tests, It is not important that the i.).3unt have
zero effect on the motions being studied but merely that the effects be kept
to a small value. In othei words, the impedance caused by mount constraints
should be small compared to the impedance of the body itself in dynamic motions
being studied. It goes without saying that the model must be statically and
dynamically stable on its mount. A further requirement ir that if a part of
the model is lost due to flutter, the mount should prevent the loss of the
complete model. This criterion has led to the d-velopment of the six degree
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of freedom spring type mount which has recently proved successful in a number
-•--==•of flutter model tests. Tetravel on such a mount is naturally restricted

but it has been possible, although sometimes somewhat difficult, to fly

models on such a mount through the transonic range. It is desirable that
improvements be made in the mount, area, but it is believed that simple
approaches to overcome existing limitations should be evaluated by accepted
methods of dynamic analysis and then correlated by testing.

It is not clear at this time what part dynamically similar models will
play in the future of aerospace technology. Li the space area the theoretical
effort in dynamics is considerably greater than the test effort usirg dy-
namically similar models. Since the theory without substantiation is seldom
relied upon by practical engineers and mistakes are probable in lengthy
acmputational procedures, one may expect from past experience that an in-
creasing amount of dynamic analysis will be based on model tests correlated
with theory.

Some trends are indicated by recent models of aircraft and space vehicles
fabricated by Dynamic Devices, Incorporated.

1. Tilt Wing VTOL Flutter Model - Figure 1

2. Tilt Duct VTOL Flutter Model - Figure 2

3. Gemini Landing Model - Figure 3

4. Ground Wind Model - Figure 4

The designs of the VTCL Aircraft are so unconventional that it is not
practical to risk the safety of these aircraft by relying solely on theoret-
ical calculations. The reasons for the Gemini Landing Model were the non-
linear effects of the shock struts and skids. The ground wind model involves
the effect of vortex forming flows on bending vibration for which there is
no adequate theory. Other areas where models will possibly be used are as
follows:

1. Autopilot Stability - Dynamic Model with Autopilot

2. Structural Vibration - Natural Modes and Response to Environmental
Excitation

- 3. Buffeting - Wind Tunnel Dynamic Model

4•. Dynamic Loads - Gusts -- Landing - Rendezvous

5. Fuel Sloshing - Tanks with Baffles and/or Odd Shaped Tanks

6. Aerothermoelasticity - Wind Tunnel Tests at High Temperatures

We may wonder why the theory currently has the upper hand in space
technology. One of the key reasons is that the electronic computer permits
more complicated calculations but perhaps the most important reason is that
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the computed results do not have to be as reliable as those required for air-
craft flutter since space vehicles do not normally encounter a go or no-go
destructive phenomenon like flutter. The cnly problem that seems similar to
flutter is autopilot stability which at present is determined by theoretical
analysis, and in this case it is possible that improved systems could be
developed by a combination of model tests amd theory.

There is a recent trend toward complicated numerical methods of analysis I
using high speed digital computers which give improved analytical solutions
for complicated problems in dynamics. Since each solution applies to only
one vehicle configuration and it is not exact., model technology together with
less complicated but more generally applicable theory may give more reliable
an.sers at lower costs.

The large dependence on theory is hard to take for practical engineers
who have spent their lives believing in the importance of good tests. This
situation could be alleviated somewhat if computers were programmned to tell
engineers not only what happens but why it happens in suitable language so
that the engineer feels that he understands the mechanism involved. The
development of such programs will cut down the number of mistakes that are
made. Possible examples are" (1) strain energy distributions for major I
structural elements such as the main leading edge and trailing edge boxes
in the various modes of vibration and (2) vector diagrams representing the
energy balance in the important degrees of freedom involved in instabilities
such as flutter.

It is believed that the simplest and least expensive tools should be
used to solve the dynamic problems of the future. These tools either theory
or model cannot be perfect and, in fact, any approach to the solution of
dynamics problems which requires perfect tools must be incorrect. It is
believed that the quest for perfect approaches has: (1) delayed model
developments in sonic fatigue and aerothermoelasticity (2) resulted in a
large amount of improper use of computer capabil-ities and (3) produced
complicated and expensive models with a very limited payoff. The entireflutter model technology may be said to have paid off because a practical

but imperfect approach was adopted.

It is our opinion that future problems will be adequately handled by
our imperfect but practical tools both model and theory. We should use
these tools to tell us why as well as what since it is only by knowing whythat we can achieve performance, safety and reliability of aerospace systems
at minimum cost.
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ON THE USE OF DYNAMIC MODELS FOR STUDYING LAUNCH VEHICLE BUFFET

AND GROUND-WIND LOADS

By Perry W. Hanson and George W. Jones, Jr.

NASA Langley Research Center

Langley Station, Hampton, Va.

ABSMRACT

The complex nature of the random aerodynamic input forces associated
with transonic buffet and ground winds leads to difficulty in analytical
treatment of the responme of launch vehicles to these important loading con-
ditions. The application of aeo'oelasttcally scaled models in the wind tunnel
as a mechanical analog of the mathamatically complex problem requiring solution
is described. Scaling relationships involved in this approach are developed
and some checks on their validity are presented. Model design and support

techniques are discussed and some typical results given. Some problems arising

from the increased size of launch vehicles are discussed.I
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SYMBOLS

CL(k) correlation function

CA aerodynamic damping coefficient

Cc control-system damping

Ccr critical value of damping

Cs structural damping coefficient

D reference diameter

f natural frequency

k reduced frequency, ILD/V

L total length

Z reference length, usually diameter

1 effective moment arm

M Mach number

M'n generalized mass of nth mode

q dynamic pressure, 1V 2  1 -T e

RN Reynolds number

R reference radius

Ue equivalent ground-wInd velocity
u random velocity fluctuations of ground wind in drag direction

u random velocity fluctuations of ground wind in lift direction

V free-stream velocity

Zo  any particular longitudinal. station

a2  mean-square bending moment

A root-mean-square bending moment

""T- total root-mean-square bending moment, 0ol2 + a22 + 52
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surface roughness height

C circular frequency

p fluid density

PSD power spectral density

Subscripts:

M model

n nth natural free-free bending mode, n =1, 2,5,...
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RTD-TDR-63-4197, PART I

ON THE USE OF DYNAMIC MODELS FOR STUDYING LAUNCH VEHICLE BUFFET

AND GROUND-WIND LOADS

By Perry W. Hanson and George W. Jones, Jr. i,

NASA Langley Research Center

INTRODUCTION

"Aeroelastic models of proposed aircraft or components have, of course,
long been used to prove the stability of the design and to establish flutter
9nd buffet boundaries. In view of the contributions that aeroelastic and
dynamic model testing have made in the field of aircraft design, it is only
natural that consideration be given to using such models for evaluation of
launch vehicle designs. Th"ne relative importance of' the various loading con-
ditions on launch vehicles may be different with respect to those on aircraft
structures but the reliable prediction of the loads is as important as ever.

This paper is concerned with the prediction of gross loads due to the
response of lightly damped systems to the effects of separated flow. Two
such load conditions are loads indaced by ground winds and loads due to tran-
sonic buffeting.

As showm in figure 1, ground winds can be responsible for a variety of
loading conditions. A drag load is produced in the direction of airflow that
may be fluctuating due to atmospheric turbulence, gusts, etc. Vortex shedding
can induce fluctuating loads in the direction of and perpendicular to the wind
direction that may very well dictate strength requirements over a large portion
of the vehicle.

Soon after lift-off the vehicle may be subjected to transonic buffeting
loads, that, if not properly accounted for, could cause failure. Different
types of buffet flow produce fluctuating pressures which can have quite dif-
ferent characteristics. An illustration of the differences in the power
spectral density of the fluctuating pressures for two buffet flow (I.ditions
is given in figure 2. Although the total energy in each of the two pressure
power spectra is about the sane, it is seen that the distribution of energy
is quite different. Most of the energy for the shock-boundary-layer inter-
action type of flow is in the low-frequency band; however, the wake buffet
spectrum is nearly "white" and extends into the high-frequency range. The
shock-boundary-layer interaction type distribution would be of concern 'or
the booster elastic bending modes, whereas the wake buffet would contain
ecnergy of concern for nigher frequency modes such as panel response.

The complex nature of these random aer(,lynwnic input forces associated
with transonic buffet and ground winds leads to difficulty in analytical
treatment of the response of rlaunch vehicles 1o these important loading con-
ditions. Contequcntly, an extenmive w0nd-tunn l launch vehicle buffet and
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ground-winds loads study program has been undertaken at the Ames and Langley
Research Centers.

Most of the buffet data reported to date have been concerned with the
fluctuating pressure input part of the problem. (See refs. 1 and 2, for
example.) In reference 3 fluctuating pressure data are presented for differ-
ent size models of a large manned launch vehicle tested in air and in Freon-12.
Although pressure data play a significant role in understanding the overall
buffet characteristics of a particular configuration, application of these
input data in the prediction of gross structural response is usually quite
difficult. However, a relatively simple loads prediction technique can be
applied which makes use of an aeroelastically scaled model in a wind tunnel
as a mechanical analog of the mathematically complex problem requiring solu-
tion. That is, a suitable model in a suitable wind tunnel first generates the
correct aerodynamic input forces and then performs the very difficult time and
space integrations producing the desired response which can be measured read-

ily. The application of this concept to the two problem areas, gross bending
response due to transonic buffeting and ground-wind loads, will now be dis-
cussed. Model design considerations, including the support system and scale
factors, and the data analysis methods applied to the two problems are some-
what dissimilar. For instance, the ground-winds model must be essentially
cantilevered perpendicular to the flow direction, whereas the buffet model
must be supported in as nearly a free-flight condition as practical. Also the
relative importance of scale factors is different for the two models. The
major aerodynamic ncale parameter for the buffet model is Mach number but
Reynolds number is the primary aerodynamic scale parameter for ground-winds
models. Because of these differences, the two areas of concern may be more
conveniently discussed separately. First, consider the dynamically scaled
aeroelastic model approach applied to the problem of predicting vehicle gross
bending loads due to transonic buffet.

PREDICTION OF TRANSONIC BUFFET LOADS

Design Considerations (

A suitable model is, of course, a prime requirement. In addition to.I r

properly scaling the mass and stiffness distributions of the launch vehicle,
the model must be supported in such a manner that it is essentially free to
respond in its "free-free" bending modes. Model designs at Langley satis-
fying these requirements to varying degrees have progressed from relatively
simple models and mounting systems to rather complex ones. Shown in figure 3
is a simple aeroelastic model the stiffness of which is determined by the
thickness of the fiber-glass shell. Lead ballast was fixed to reinforcing
rings along the model length to obtain the proper mass.

A more sophisticated model, a 2-percent aeroelastic model of the
Saturn SA-1, is shown in figure 4. Here again the stiffness distribution is
determined by the thickness and radius along the model of the fiber-glass
shell. The skeleton reinforces the very thin scalloped section in the radial
or "hoop" plane and serves as instrument and ballast mounts while contributing
negligible bending stiffness. The sting incorporates an air-cooled electro-

magnetic shaker and a model restraining device. The model is supported on the
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sting by leaf springs attached to the model at the firrst free-free mode
points.

Results of recent investigations (ref. 4, for exasple) have indicated
that vibration modes higher than the fundamental flexural mode may need to be
simulated. The power spectrum of bending-moment response for a configuration
tested is shown in figure 5, which indicates that the first two elastic modes
are of equal importance in defining total response rf this particular config-
uration. Note the low level of response in the low-frequency range associated
with the support system. It has been found that 6upporting the model at the
first free-free node points on springs that are soft relative to the model
flexural stiffness provides a system that introduces negligible restraint even
in the higher modes. Shown in figure 6 are some calculi-ted free-free mode
shapes and frequencies of a model recently tested compared with the mode shapes
actually measured on the model mounted on the suxpport system. The agreement
is considered to be very good, and indicates that the free-free modes were not
unduly influenced by the mounting system. In addition to supporting the model
so that it experiences a minimum of restraint in its free-free vibration modes,
other factors need to be considered. The rijid body effective pitch stiffness
may be simulated but the sting-support system bending frequency must not be
near the flexible mode frequencies. Another requirement for the model support
system is that a means be provided for meas.tring the structural and aero-
dynamic damping of the model since these parameters enter into the scaling
relationships necessary for extrapolating tunnel test data to full-scale
conditions.

An example of such a support system that has been used recently is shown
*• schematically in figure 7. The model was supported on a sting by means of a

system of cables, pulleys, leaf springs, and torque rod springs. The leaf
springs, attached to the model at the forward and rear node points of the
first free-free mode, restrained tb- model in the drag and yaw directions.
They contributed approximately 25 percent of the pitch stiffness required to
simulate the full-scale pitch frequency. The model weight was supported by
cables (also attached to the nodel at thE. first free-free node points) reeved
over pulleys on the sting and routed out the rear of the model to a system of
torque springs outside the test section. These torque springs provided the
remaining 75 percent of the required pitch stiffness. Figure 8 is a photograph
of the sting and shows the water-cooled electromagnetic shaker field coils
which were built onto the sting. The moving coils of the shaker were attached
directly to the inside of the model at the rear. The shaker was used to excite
the model in its elastic vibration modes in order to determine the aerodynamic
damping in each mode. P iso shown are the pulleys used to guide the weight-
supporting cables down --he sting and the pneumatically operated "snubbers"
which were used to restrain the model motion with respect to the sting whenever
the need arose. Another requirement to be considered, of course, is the suit-
ability of the tunnel in which the model is to be flown. The larger the model
it can accommodate, the lesser will be the fabrication problem. The tremen-

7 dous size and low stiffness levels of launch vehicles already dictate drasti-
cally redu-ed scale models with the accompanying difficulty in realizing the
low scaled stiffness levels required and yet making them strong enoujlh to
withstand the loads imposed in wind-turnel testing. Needless to say, the tun-
nel must have the capability of operating through the transonic speed ranrc at
reasonable levels of dynamic pressure, and the turbulence level must be suffi-
ciently low so that the buffet response iL not obscured by the response to
turbulence. 341
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Buffet Loads Scaling Relationships

Wind-tunnel buffet loads studies rely on the validity of certain scaling
parameters for extrapolating the model results to full-scale conditions. The
usefulness of these parameters has been reasonably well verified for the air-
plane wing buffet problem. Some experiments designed to provide further
insight regarding the validity of their application to the launch vehicle buf-
fet case have been conducted in reference 3. Some typical results are shown
in figure 9. In this figure, the power spectra of fluctuating pressures
acting on rigid models of a launch vehicle configuration are presented. The
spectra in the upper part of the figure are, essentially, raw data measured
on two models which differed in size by a factor of five and which were tested
in air and Freon-12. Consider the upper portion of figure 7(a) which shows
data for a 1.6-percent and an 8-percent model tested in Freon-12. The two
models produced two spectra which form separate functions of frequency out to
the limit of the instrumentation of about 600 cps. The spectra of the lower

i ~portion of the figure have been scaled to full-scale conditions by scaling •

relationships which involve ratios of the dynamic pressure, velocity, and
body diameter. The scaling relationships used are, for the ordinate

2

=(PSDh()M (qF )(/D )
and for the abscissa

VF

F fM M(~

It can be seen that the spectra of the lower part of the figure could reason-
ably well be represented by a single function indicating that, in this case,
the scaling relationships seem to be applicable at least over a range of five
to one. Figures 7(b) through 7(e) generally indicate the came conclusion.
Figure 7(b) presents data from a transducer located at a position different
from that of figure 7(a), and the data in figure 7(c) are for a different Mach
number and much lower pressures. Figure 7(d) compares data from a model
tested in Freon-12 and in air. Finally, figure 7(e) compares the data from a
1.6-percent model tested in Freon-12 and an 8-percent model tested in atr.

Results of this type encourage the belief that model buffet data can be extrap-
olated to full-scale conditions. Further results concerning buffet pressure
scaling are contained in reference 5.

In order to predict the magnitude of full-scale buffet loads from tests
on dynamically scaled aeroelastic models, it is necessary, of course, to
determine the proper scaling relationships for such a system. A dynamic
analysis of launch vehicle buffeting has been considered in some detail in
reference 4. In the analysis, based on simple beam theory and the techniques
of generalized harmonic analysis (which is treated in some length in ref. 6
and was first applied to the analysis of buffeting in ref. 7), the vehicle
was assumed to be flying at constant altitude with a constant velocity. The
only aerodynamic forces present in addition to the random component were
damping forces proportional to the velocity of the bending vibrations of the
system. No loss of generality results from neglecting the aerodynamic inertia
and spring forces since such forces usually are small when compared with their
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structural counterparts for a slender launch vehicle (see, for instance,
refs. 8 and 9). Structurally, the vehicle was considered to be a linear
multidegree-of-freedom system.

The final result obtained from this analysis for the total root-mean-
square bending moment at some longitudinal station Zo is

T (Zo) = ln[k( )n] R2 L,n(kn) (1)
n=l c

(Although eq. (1) has been developed for mean-square bending moment, it should
be pointed out that expressions similar to eq. (1) could be obtained for any
quantity which is proportional to displacement.) The total mean-square bending
moment is a superposition of single-degree-of-freedom results (coupling terms
were neglected in the derivation), each mode being independently treated as a
separate system. The right-hand side of equation (1) may be conveniently
separated into three parts. The first part, the term ln 2 , is the square of
an effective moment arm. The second term, enclosed in brackets, is an admit-
tance type term. In particular, it is g/2 times the maximum value of the
mechanical admittance in the nth mode multipled by the width of the admittance
curve at the one-half power point. The damping ratio which appears in the
second term of the right-hand side of equation (1) is

SC Cs +Cc +CA

(rn Ccr Ccr Ccr

where

CS structural damping ratio

Ccr r

Ccc control-system damping ratio

CA aerodynamic damping ratio
Ccr

The remaining terms are asscciated with the random aerodynamic loading. The

function CL,n (kn) is the correlation uanction of the random section lift

coefficients for the nth mode. Although not mathematically exact, a conven-
ient way of thinking of this function is that it is the power spectrum of an
effective random aerodynamic coefficient in the nth mode. The quantities R,
L, q, and V are, respectively, reference radius, vehicle length, free-
stream dynamic pressure, and free-stream velocity.

Thý use of equation (1) for scaling buffet loads is readily apparet.
Since CL,n(kn) would be the same for both a dynamic-ally scaled aeroelastic
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model and the full-scale vehicle, the total full-scale bending moment is
related to the corresponding model value by the following expression:

2( Z)TF ni() (qF )()( [ Cr) +! (Cr) U2(Zo)n (2)
JI VF- +N s + )

where, from dimensional considerations, the model-to-full-scale damping rela-
tionship is given by

S( fCAC (3)
(cr) F L= MI\)VMI` (½ )(wfM C

Although the full-scale bending moment at a particular location along the
vehicle can be determined directly from equation (2), the missile or launch
vehicle designer needs to know the distribution of bending moments along the
structure. Therefore, in making dynamic bending-moment measurements on a
model using a single strain-gage bridge, a strain-gage-location sensitivity
factor must be determined since a bridge located say at the point of maximum
bending moment in the first mode may not be very sensitive to moments pro-
duced by response in the second mode. This factor can be determined by cal-
culating the bending-moment distribution due to inertia loading for motion in
each mode, respectively.

Application of Buffet Bending-Moment Scaling Relationships

As an example of the technique, consider its application to an 8 -percent
dynamically scaled aeroelastic buffet model of the Saturn-Apollo launch con-
figuration (built by the Los Angeles Division of North American Aviation for
the NASA) that was tested recently in the transonic dynamics tunnel at the
Langley Research Center. The Mach 1 point on the trajectory was chosen as
the design point. The full-scale trajectory conditions and the tunnel per-
formance capability and size dictate the model-to-full-scale design scaling .
ratios. The model design concept is shown in figure 10 which is a photograph
of a portion of the model. ._77

•%L

The backbone of the model was an 8-inch-inside-diameter central aluminum
tube the thickness of which provided the properly scaled stiffness distribu-,N
tion (except for minor deviations because of model structural considerations)
and the necessary strength to resist the loads imposed during testing. Lead •__

weights attached to the aluminum tube provided the proper weight distribu- V V
tion. The aluminum tube and lead weights were covered by styrofoam segments
which provided the correct external contour. The model was mounted in the
tunnel on the support system described previously and shown in figures 5
and 4. The completed model, shown in figure 11, mounted in the Langley

Research Center transonic dynamics tunnel was approximately 14±2 feet long and

weighed about 786 pounds.
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The primary instrumentation on the model consisted of several electric
resistance-type strain-gage bridges bonded to the aluminum tube and calibrated
to indicate bending moments. The gage outputs were recorded on tape during
the tests. An accelerometer at the point of application of the shaker force

to the model was used in conjunction with the shaker force output to determine
the structural and aerodynamic damping.

In order to scale up the model test results to full-scale values using
equation (2), it is first necessary to determine the relative contribution of
each natural mode to the total bending moment measured on the model at a
particular location. This can be accomplished by integrating the power spectra
in the neighborhood of the resonant frequency of the desired mode. A typical
bending-moment power spectrum for this model is shown in figure 12. Note that
for this case, the first three free-free bending modes contribute to the total
power.

The damping in a given vibration mode can be determined from the single-
degree-of-freedom relationship for a distributed mass system: at resonance,
damping is equal to the applied force multiplied by the normalized deflection

at the point of application of the force and divided by the velocity of the
point of normalization that is in phase with the applied force. (See, for
example, ref. 8.) An electronic transfer function analyzer was used to meas-

(CA\
ure these quantities. The model aerodynamic damping ratios 7- were

wcreM

determined by measuring the total damping with wind on and subtracting from
that value the structural damping determined with the wind off. Full-scale
aerodynamic damping was obtained from the model aerodynamic damping by the
relation given in equation (5). An example of full-scale aerodynamic damping
data is presented in figure 13 as the ,ariation of the ratio of aerodynamic
damping to critical damping with flight time for the first three free-free
bending modes of the Saturn-Apollo launeh vehicle. In this figure and in sub-
sequent data figures concerning the Saturn-Apollo vehicl . values of damping
and bending moments have been omitted in order to avoid a confidential cla.ss-
fication. The values of damping shown in figure 13 are small, however. The
maximum values are less than the estimated sum of the full-scale structural
and control-system damping. The solid portion of the curves represents the
range of the wind-tunnel studies for the model (M = 0.90 to M = 1.2). The
dashed portions of the cuirves are estimated values. The peaks at M = 1.2
are caused primarily by the parameter pV which diminishes rapidly after
about 60 seconds of flight.

The full-scale bending moments for a particular mode at the point of
measurement were then used in conjunction with the calculated bending-moment
distribution due to the inertia loading to obtain the buffet bending-moment
distribution in that mode. Figure 14 is an example of the distributed root-
mean-square bending moment in the first three free-free modes. The data are
for zero degrees angle of attack at the M = 0.9 point on the trajectory.

Thk mealn-square buffet bending moments at each station for the various
modes were then added to obtain the total bending-moment distribution. The
final result is shown in figure 15 where the total root-mean-square buffet.
bending-moment distribution is presented for zero and 60 anle of attack.
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Based on tests on the model with a "Jupiter" nose-cone payload with and
without fins, it is felt that some of the measured model response may have
been due to tunnel turbulence, and due to buffet load input from the relatively
thick fins. Further investigations concerning these factors are in progress.
Although no full-scale flight data are yet available for comparison with the..
predicted bending moments, definite plans have been made to attempt to obtain
relevant full-scale data during the forthcoming SA-5 launch.

PREDICTION OF GROUND-WIND LOADS

Considerations in the Use of Models for iN Ad

Ground-Winds Loads Prediction

As shown in figure 16, a launch vehicle erected on its pad or on a
transporter prior to launch is subjected to a variety of loading conditions
imposed by variable surface winds during those periods in which the protective
gantry is removed. A steady wind imposes both a steady load due to aero-
dynamic drag and oscillatory loads due to flow separation ox vortex shedding
around the vehicle. These oscillatory loads are greatest in the plane per-
pendicular to the surface wind direction. Additional unsteady loads are
caused by gusts and turbulence in the ground-wind flow. These ground-wind
loads create problems in structural strength, guidance alinement, and ground
handling; in fact, they are frequently the design loads for the lower stages
of launch vehicles. The basic problem is to insure that the vehicle free-
standing on the launch pad or transporter can satisfactorily withstand the
ground wind specified for completion of the mission. For some missions this
wind may be the 99.9-percent probable maximum wind during the month of high-
est winds at the launch site (see ref. 10).

Although considerable effort has been expended in study of the problem
(see refs. 11 through 13), no satisfactory theoretical method exists for
predicting the loads due to vortex shedding from ground winds on launch vehi-
cles. Preliminary estimates of the oscill.-ory loads from vortex shedding may V,
be made using a method described by Ezra (ref. 14) provided wind-induced
response data are available for a vehicle of similar size and geometry. An
alternate method based on unsteady pressure distributions was developed by
Bohne (ref. 15). Such methods are useful for preliminary design purposes. Ns.

The best present means of obtaining quantitative data on groutid-wind
loads on launch vehicles, once the design is finalized, is Alrom wtird-tunnel
studies of dynamically and elastically sctled models. Photographs oC a num-
ber of typicatl ground-winds models tested in the Lwugley tr,,usonic dyn.mics
wind tunnel are presented in figures 17(a) through 17(e). Notice the presence 0 N-1,

of the umbilical or service tower in most of these figures. If such rc V.ttruc-
ture remains near the vehicle, it should be geometrically simulated because
of its significant effect on the flow of' ground winds over the vehicle.

There are uncertainties in the usc of a•-roel.ztlc model wind-tunnel
techniquv~s for predicting gr~ound-wind loadn•. The wind[ tun•:il pr'et.ents a,

steady wind of constant velocity profile without gusts a-nd with a scale of'
turbulence different from atmospheric turbulence. Thus an adjustment must te
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made for the difference between the actual velocity profile of atmospheric
surface winds and the constant velocity profile of the wind tunnel. Also
theoretical means such as Bohne's analysis in reference 16 must be used to
determine the dynamic loads due to atmospheric turbulence and gusts. The
aeroelastic models in the wind tunnel give the steady-state response of the
vehicle due to ground winds and most importantly give the oscillatory response
due to vortex shedding. In such tests, scatter in the dynamic resnonse data
is often present even though the test conditions are closely controlled. It
has been found that vortex shedding has a stong three-dimensional end effect
such that minor changes in shape or surface condition near the nose of the
vehicle often have large effects on the respons.. (see refs. 19 through 26).

Therefore the model must reflect the geometry of the full-scale vehicle in
great detail in the upper stages and nose regions of the model.

Scaling of Models
The dynamic response of the models to the random load inputs is in the

model fundamental mode. This is illustrated in figure 18 by the power spec-
tral density of the bending-moment response of a typical launch vehicle model
to wind-tunnel simulated ground winds. Examination of response spectra of
several models and of the full-scale Scout vehicle indicates this result is
typical in that there is a single peak in the response at the fundamental
frequency and virtually no response at higher frequencies. Such response is
typical of the response of a lightly damped mechanical system to a random
input (see ref. 27).

Just as for the case of thc buffet-type r- 2el, scaling laws based on the
response of mechanical systems to random inputs (refs. 14 and 27) are used to
determine the nondimensional parameters to be duplicated by the model if the
response of the model to tunnel-simulMted ground winds is to simulate accu-
rately the response of the full-scale vehicle to ground winds. It is
required that the following parameters be the same for model and full-scale
vehicle:

1. External shape

2. Reynolds number pVZ/4

5. Redueed frequency fnZ/V where fn is r aturacl frequency of nth mode
(n = 1 2)

"4. Mass rgtin Mnl/pz3 where p i,- mass density of test medium and k4•
is generalized mass ,,th mode (n a 1, 2)

5.Damping ratio Cs/crviere CU is structural dampin~g and Ccr is D
critical damping

6. Surface roughness ratio c/1 where c is surface roughness height
per representative 1( tigth

1From the dimensionlem., parameter design requirements just specified and
from a knowledge of the wl '-tunnel capabilities, the fundamental acale factors
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(model-to-full-scale ratios) for scaling modei length, mass, and time are
readily obtained. The scale factors for any other physical parameter is
obtained by substituting in the dimensional expression for the desired param-
eter the value of the model scale factors for length, mass, and time.

As mentioned in the introduction, the primary flow parameter to be simu-
lated for ground-wind models is Reynolds number. The primary flow variable
for buffet models, Mach number, is of importance in ground-vind model work ..-A
only because the tunnel Mach number must not exceed 0.4 if compressibility , •

effects not present in atmospheric grouna winds are to be avoided. This Mach
number limitation and £he design requirement that full-scale Reynolds number
shall be simulated combine to limit the range of grouna winds which can be
simulated in the wind tunnel. Figure 1(¶ .:hows for several launch vehicles the
ground-wind velocity simulation which can be obtained under these restrictions
in the Langley transonic dynamics wind tunnel which is a larg.z, variable-
density wind tunnel with an approximately 16-foot-square test section. For
large vehicles such as Saturn V and Nova .he ground-winds simu2.ation range is
far lower than design ground-vt nd values.

A tentative solution to this problem is to change the design restriction
that full-scale Reynolds number shall be simuAlated to a deŽsign restriction ,' .

that the Reynolds number on both model and full-scale vehicle shall, be super-
critical (RN > 500,000) for the ground-wi.nd velocitie3 of interest. The
assumption iL that the flow simulation is adequate if the model Reynolds num- •-.
bers are supercritical although less than i'ull-scale Reynolds number. This
techniqe.a has been used for Titan III and Saturn V models to eaable higher
groand-vLud velocities to be simulatiQ. Full-scale data to test the validIty %,%A

of the results are not yet available. '%' '

SModel Constructio,, and Mnunting '

The mo4el con)rtruction usually follows one of two techniques frequently .
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a number of lead discs resting on concave trays in the cylinder. As the model
oscillates perpendicular to its longitudinal axis, the combined action of the
fluid and lead weights providea a means for energy dissipation. The damper is
mounted as shcnin in the upper stage of the vehicle. By varying the viscosity
of the oil or the weight of lead discs, various values of structural damping
can be obtained. Or, its initial test on a model whose structural damping was
approximately. 0.007 without the damper installed, controlled variations in
damping from 0.01 to 0.03 were obtained with the use of the damper. The
damper promises to be very useful in the initial and future tests.

The molels are mounted at the station corresponding to the full-scale
vehicle Tie-down station on a base mount fixture designed to simulate the
scaled tie-down stiffness of the full-scale vehicle. Since at the time of
model testing, an ac-urate value of full-scale tie-down stiffness is often not
known, a variable stiffness base mounting fixture has been developed which is
shown in figure 21. The fixture has a center cylinder with heavy flanges on

either end. The center cylinder supports the model weight and has a value of
stiffness somewhat lower than the scaled tie-down stiffness should be. Eight
pretensioned steel rods with or without cylindrical sleeves can be fastened
between the upper and lower flanges to increase the stiffness of the fixture.
By varying the diameter of the periphaeral rods, different values of tie-down
stiffness may be obtained. The model is attached by bolts to the upper flange.
The lower flange bolts to a massive 8-foot-diameter turntable which may be
rotated from the control room to any desired wind azimuth angle. Desirable
features of this variable stiffness base mounting fixture are that it has
repeatable values of stiffness which can be changed without dismounting the
model, and its design and fabrication are simple.

.4 Instrumentation

The primary instrumentation for measuring model response consists of two
strain-gage bridges mounted near the model base station in planes 900 apart
aound the circumference and two acceleicmeters mounted on the model near the
nose in the same two reference planes. These sensors are used to obtain time
histories of the bending-aoment and deflection responses of the model to
simulated ground winds. Conventional readout instrumentation such as recording
oscillozraphs, oscilloscopes, and thermocouples (for mean square of response)
are used.

One interesting component of readout instrumentation which has been
t .veloped for the ground-wind tests is the use of time exposure photographs of
aD oscilloscope set up to display the response from one bending-moment strain
gage on -ne axis and the response from the strain gage in the other reference
plane on the other axis. Figure 22 shows this arrangement schematically. A
no-wind position spot shows no-load position. As the model responds both
statically and dynamically, the outputs from these strain gages trace an
e]llpticl pattern on the oscilloscope since the lift response is greater than
the drag response. The borders of the ellipse thus formed represent the curve
of meximum dynamic bending-moment response during a data sample and the
distance the center of the ellipse has shifted from the no-wind spot gives the
magnitude and direction of the static bending-moment response. The maximum
length vector which can be drawn from the wind-off zero spot to the outside
of the dynamic-response envelope is the maximum resultant bending moment. An
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excellent feature of this type of presentation is that it has the correct
relationship between the maximum oscillatory response in the lift and drag
directions.

Tests and Results

The usual procedure in grouna-wind tests is to set the tunnel at a con-
stant velocity which simulates a sizable ground wind and then rotate the model
and umbilical tower through 1800 or 3600 of wind azimuth angle, stopping at

various azimuth angles to record 1- or 2-minute data samples of the model
response. The time scale factor is such that 1- or 2-minute model data
samples represent many minutes of full-scale data. Due to the presence of the
umbilical tower or asymmetries in the model, there are usually one or more
wind azimuth angles for which the response is larger than at other angles.
This variation of the response with wind azimuth angle is strikingly shown in
figure 23 by the oscillograph time histories taken at a constant velocity but
varying wind azimuth angle. The model and umbilical tower are represented
schematically in top view in the center of the figure. The five wind azimuth
angles are shown by the broad arrows and the oscillograph response for each
wind angle is opposite the point of the arrow. It is readily seen that the
wind flow through the umbilical tower affects the model response with the
maximum response at 1350. Note that the steady-state vector has a lift as
weil as a drag component which is believed to be caused by the partial block-
age of one side of the umbilical tower by a series of conduit cable shields.

Once the wind azimuth engles of greatest response are determined, the
variation of model. response with sim'1lated ground-wind velocity is determined
for each of the3e angles over a range of simulated ground winds up to the
M = 0.4 compressibility limit,

Typical plots of the constant velocity, variable wind azimutn response
and constant azimuth, variable ground-wind responses are shown in figure 24.
The base bending-moment response is plotted against turntable angle in the
upper figure for a simulated velocity of 40 knots and the base bending
response of the maximum response wind azimuth angle of 1350 is shown in the
bottom figure as a function of tunnel dynamic pressure which varies as the
square of simulated ground-win6 velocity.

Application of Model Data to Full-Scale Vehicle

By use of the scale factors derived for the model, the model ground-wind
response measured in the wind tunnel can be scaled to the full-scale vehiole.
These data give the loads on the model imposed by a uniform stream velocity,

namely (a) steady drag an. lift loads and (b) unsteady loads associated with
vortex shedding due to flow separation. Modifications must be made to the
wind-tunnel measured loads to account for differences between the uniform
velocity in the wind tunnel and the parabolic velocity gradient near the
grouna in the atmospbere. In widition, the response from unsteady loads due
to Kusts and turbulence found in atmosphe-ic winds but not present in the
tunnel flow must be calculated.
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The modification of tunnel test data for velocity profile shape is
accomplished by finding an equivalent uniform velocity Ue which distrib-
uted along the vehicle gives the same steady-state bending moment at the base
as the design ground-wind profile.

Two approaches may be used to estimate the unsteady loads on the vehicle
caused by gusts and turbulence in the atmosphere. The first approach a6sumes
the wind input to be in the form of a discrete gust tuned to the vehicle
natural frequency. The other approach assui.es the wind input from gusts and
turbulence can best be represented by the statistical properties of a sta-
tionary random process (see, for example, ref. 16). The second approach more
realistically represents the effects of structural damping and is the one
favored herein. Components of velocity (from gusts and turbulence) in the
direction of and perpendicular to the wind direction are considered. In this
approach the components of the velocity fluctuations due to gusts and turbu-
lence are assumed to be random functions of time perfectly correlated along
the vehicle length. Aerodynamic loads are defined by a two-dimensional strip
analysis. An equivalent uniform velocity profile is used. The equations of
motion are linearized. The dynamic model response is assumed to occur in the
fundamental mode. A specific power spectrum for atmospheric turbulence devel-
oped by Von Karman (ref. 17) and applied by Houbolt (ref. 18) is used. A
scale of turbulence is assumed and the intensity of turbulence is specified
such that the 5a level of the turbulence velocity components corresponds to
0.4Ue, the amount by which the pe-ak design wind exceeds the mean equivalent
wind U.. The envelope of the 3j bending-moment response due to turbulence
and gusts calculated from the preceding assumptions is an ellipse similar to
that for maximum dynamic response due to vortex shedding except the major axis

is in the plane Df the wind.

The equivalent velocity profile Ue, and the 3a turbulence-response
envelope, both calculated as descri.b:ed, are combined with the steady-state
response and response due to vortex shedding, both measured in the wind tun-
mel. The method of combining these loads to get a final answer for the fN'll-
scale vehicle response to ground winds is shown in figure 25. In this figure
the input winds are the equivalent velocity Ue plus the u and v com-
ponents of atmospheric turbulence and gusts. The 3a turbulence response
envelope has its center at the end of the steady drag vector, The vortex
shedding response envelope is moved w-.\ h its center on the boundary of theJ

turbulence-respor.se envelope to ettab~sh a locus of points from which the
maximum resultant base bending mioent ir.y be determined.

At present there are little or no full-scatle data available to verify
- the a6ssumptlos in this analysis mid the data from ground-winid model in wind-.

tunnel tests. However, preparations are currently being made for erecting
,;urplu, Jupiter wnd Thor vehicles at WaUops. Island for obtalning full-scale
ground-windsi data. Cround-wind fiul-Gcale, meoxurcmenta on full-scale Saturn
vehicles are ![lno being planned-.
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SIMULATION OF ORBITAL MOORING OF
GEMINI AND AGENA VEHICLES BY MEANS

OF DYNAMICALLY SCALED MOEIS

R. K. Nolting

McDonnell Aircraft Corporation

Abstract

The mooring dynamics of a Gemini spacecraft and Agena booster are
studied by means of dynamically scaled models. Each vehicle is supported
through a gimbal arrangement vhich is suspended by a cable from a "zero
spring rate" mechanism to provide 6 degrees of freedom. Vehicle transient
response and critical loads are obtained through accelerometers and strain
gages on the models. Test results are then correlated vith planar
analytical studies in vhich all rigid body degrees of freedom and non-
linearities are included.

The objectives of the program include determination of the adequacy
of the shock absorbing system parameters, vehicle transient response, and
envelope of approach conditions giving successful mechanical coupling.
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ASD-TDR-63-4197, PART I

SIMULATION OF ORBITAL ?JORING OF
GEM AND AGENA VEHICLES BY MEANS

OF DYNAMI4CALTY SCALED HVMIS

R. K. Nolting

McDofnnell Aircraft Corporation

Introduction

TL_ NASA Gemini program calls for rendezvous in an earth orbit of the
McDonnell built Gemini spacecraft with an Agena-D target vehicle equipped
with a McDo'ŽUll docking adapter. This mission will be the first of its kind
undertaken by the free world.

The rendezvous mission is conveniently divided into three phases. The
first phase may be defined as bringing the two vehicles within 500 feet of one
another and reducing their relative velocity to about 5 feet per second. The
second phase, called docking, begins when the vehicles are 500 feet apart and
ends with vehicle contact. The relative velocity of the vehicles can be fur-
ther reduced during this Ipriod as required. The fin!l phase, mooring, be-
gins with actual physical contact between the two vehicles and ends when the
vchicles have been rigidly connected.

Due to its fairly general nature, many articles appear in ;he literature
on the an•aysis of the first phase of the rendezvous problem. Analysis of
the moortng operation, however, is very dependent on the design of the par-
ticular mxzring system. Conrequently, analyses appearing In the literature
which have been carried out in rather genieral terms are not too useful, and
at the same time there have been tew attempts to analyze a realistic mooring
system. The Gemini program supplieu the need for the analysis of a practical
mooring system. In support of the dynamic analysis of the proposed design,
XcDonnell's Structural Dynamics lDpartment requested that the Structures Lab-
ortory conduct a 1/4 scale dynamic model mooring test.

Objectives of Test Program

The objectives of the test program were to confirm the design of the
mooring system by providing infornat!on concernin•g

1. The stability of the shock absorbing modes.
Z. Naxi=m Icads in shock absorbing system components.
3. Tie hstorles of the! accelerations of each vehicle in

aul 6 rigýd body degrees of freedom.
4. Limittrg 'aulvns of anular and linear misalignment for which

latchit% of th- two vehicle6 ocnxru.
5. f.e adequacy of the proposed sp.-ir and darper c'aracteri-sttcs

ot the shock absorbing system.
-. The adequacy of the zathematicaC model used in the ar, .ytical

studier.



Description of Models, Suspension System, and Instrumentation

Each vehicle was represented by a 1/4 scale model having rigid body mass
and three axes mass moment of inertia simulation. Figure 1 shows the models
in the moored configuration. The various scale factors used in designing the
models are listed in Table 1.

Figure 2 shows the model shock absorbing system corresponding to the
system on the full scale target vehicle. The model has been rotated in Fig-
ure 2 for display purposes. The full scale system consists of three lateral
dampers and four longitudinal dampers in parallel with springs. These sup-
port a mooring cone with a half-angle of 31.5 degrees. On the top side of
this mooring cone is a roll slot which guides a roll indexing bar on the nose
of the Gemini. Two of the longitudinal spring-dampers are placed there at an
angle of 87 degrees to one another to dissipate the energy associated with
this rolling motion.

At the base of the mooring cone are three hard stops and spring loaded
latches equally spaced at 120 degrees around the circumference. Buring moor-
ing, as the leadin edge of the Gemini's nose passes over them, the latches
are depressed flush with the corie surface. When the Gemini's nose reaches
the hard stops the latches automatically seat inuo reces&.es located on the
nose at these three 120 degree locations. The Gemini is thereby fastened to
the mooring cone. This is the first s ep in securing the two vehicles to-
gether.

The three lateral dampers have metered orifices to provide level force-
stroke charateristics. The longltudAinal dampers have constant orifices and
are in parallel with springs to minimize peak forces also. Damper-spring
combinations were chosen for the lo-3itudinal elements of the shock absorbing
system instead of metered orifice dampers becaube the moorin6 cone must return
to the fully extended position after the latchas have aecur-d the Gemini's
•nosa. This is necessary in order that the mechanism which then pulls the cone
down on to heavy structural pads to rigidly connect the two vehicles can be
operated. The springs have a small preload to insure full extension ef the
cone. The longitudiual dampers are constructed to ute a much smaller orifice
on their return stroke to restrict the rate at which the energy stored in
the springs in parallel with them is reieaned. This is desirable in order
to keep rebound effects during mooring to a minimum.

The model closely duplicated the kinematics of the full scale system and
the springs san dampers were dynamicrl]y scaled as recorded in Table 1. The :
mooring cone surface was coated with the same dry film lubricant planned for

Suse on the LIIll scale article and for the some reason bhe leading edge of the
Gemini's none was covered with a layer of fiberglas. 1'

Each model was supported at its center of gravity through a low friction
gimbal device which vas suspended by a 30 foot cable from A *zero spring rate*
rw.chwism shown in Figure 3. As shown in the figure, the vertical spring
supported the model weight. Tle lateral springs were in tension and produced
s compressive foe"ce in each lateral rod. As the model's center of gravity
moved during mooring these compressive forces canceled the change in theforce exerted by the support spring. 71is combination of springs, had an

effectively zero spring rate about the equilibriam position as indizcated in 1*,.

Figurz 4. To determine this curve a series of small loads was applied to the
-unpension system while the system was already supporting the model weight.
The discontinuity in this force-ditnplacement curve was due to the small
amount or static friction in the system. Some idea of the sensitivity of the
system is given by noting in Figure 4 that as the break-out force of .044

i.
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pounds was reached, the model glided about 2 inches before the spring rate be-
came sufficient to stop it. It is seen that the curve is reasonably flat
over a single amplitude of 3 inches which was more than sufficient in view of
the maximum initial misalignments permitted during mooring. This method of
suspension provided each model with 6 rigid body degrees of freedom to simu-
late the orbital condition.

Each model was instrumented with six strain gage type accelerometers to
measure all linear and angular accelerations. The lateral and longitudinal
dampers shown at the top of Figure 2 were instrumented with semi-conductor
strain gages to measure the loads in these members. Motion picture films
were taken of all runs. A hand held camera operated at 64 frames per second
and two mounted Fastex cameras ran at 250 frames per second.

Basic Model Data

The inertia data of each model is given in Table 2 and corresponded to
the heaviest configuration expected of each prototype vehicle at mooring.
The exact mass of the Gemini model at mooring is classified but it can be ap-
proximated as equal to that of the target vehicle for present purposes. Test-
ing was limited to one configuration ana the heaviest was chosen to make the
shsck absorbing system dissipate the maximum amourut of energy. This relation
is easily shown for a 2 degree of freedom system. If thc Gemini collides in-
elastically with the Agena target vehicle at a relative velocity of Vo, and
attitude control taruster farces are neglected, conservation of momentum and
energy gives the energy to be dissipated as

2T I% + l/ N/ 0

It -a seen that the Cemini and target vehicle plasf equal roles in increasing
A T as their mes* increases.

The center of gravity of the targ&t vehicle model. was located 39.83
inches from the edge of the mooring cone when fully extended. The Gemini
motel's center of gravity vas 29.10 inches from its leading edge.

Ile damping characteristics of each of the three types of dampers on the
prototype saock absorbing system were determined by analytical studies before
the initiatiin of the model tests. One objective oT the test was to demon-
strate that these characteristics were adequate. The dashed curves on Fig-
urts 5, 6, and 7 represent these proposed damping constants for the full
scale dampers, but have been scaled down to model dimenslons. The solid
cur-:es or. these figures show the damping constants of the model dampers as
actually constructed and used. To determine these curves, each damper was
stroked by impact with a mass traveling vith known initial velocity. Accel-
eroueter and strain gage data supplied the force and velocity sensed by the
damper at each point in the stroke. In the analytical studies the orifice
dampers vere aseumed to generate forces proportional to the square of the
velocity sensed. Accordingly, the simplest approach in comparing the dampers
used in the analytical studies to the dampers used on the model was to stroke
the model dmpcra with velocities in the range of actual operation and deter-
mine the effective velocity squared damping constant by dividing the measured
force by the square of the velocity at each point in the stroke. This measured
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force included friction. Efforts were made in the construction of the model
dampers to minimize frictional forces. The surfaces of moving metal parts
were polished and care was taken in fitting the fluid seals. Although no
attempt was made to measure the kinetic friction force in each damper, it is
felt that the level was still several times the scaled value expected of each
full scale damper. These friction forces are partially responsible for the
high effective damping constant toward the end of the strokes in Figures 5
through 7.

Table 3 compares the actual model longitudinal spring rates and preloads
with scaled values of the proposed prototype spring rates and preloads.

Test Procedure

The dcsired relative velocity between the Gemini and target vehicle at
the ondet of mooring for each run was attained by swinging each model as a
pendulum f2-o.-m a predetermined pull-back distance. This was possible because
of the small amount of static friction in each suspension system. This
break-out force was measured several times during the test and was confined
to the range indicated by the cross-hatched areas in Figure 4. The maximum
centripetal force which each suspension system had to exert on its model during
the swing was less than the minimum break-out force shown in Figure 4. Under
the design rules, the maximum relative translational velocities allowed at
mooring are 1.5 feet per second in the longitudinal direction and .5 feet per
second laterally. By dividing these velocities equally between the models,
the maximum centripetal force required was

my2  (2.19 slugs) [(.75 ft/sec)2 + (.25 ft/sec)2 ]__ 416 lb.
r 30 ft.

which is just barely less than the minimum break-out force of .044 pounds.
At no time during the test, however, was the suspension system observed to
slip while swinging the model.

As shown in Figure 1, the rordels were rotated 90 degrees about the roll
axis. This was done because considerable attention was to be given collisions
occurring in the pitch plane. By making the pitch plane horizontal, the
lateral velocities were easily worked in and also the resulting motion required
less displacement of the suspension system.

A total of 37 data runs were made with various combinations of initial
relative velocity and linear and angular eccentricities as listed in Table 4.
Although this was not the situation during the test, the analysis is simpli-
fied by considering the Agena target vehicle at rest and having no linear or
angular eccentricities. The quantities given in Table 4 are those of the
Gemini relative to the target vehicle. The sign conventions are defined in
Figure 8. In general the lateral components of velocity were always directed
so as to increase the impact loads. The pitch or yaw eccentricities were
directed so as to move the Gemini's center of gravity even further off the
Agena's longitudinal axis than any accompanying linear displacement had.

It was difficult to obtain an impact on the exact desired spot on the
mooring cone. Despite the fact that the models weighed on the order of 70
pounds apiece, wind currents in the test area kept them from settling down.
Even very small pitch or yaw rates would influence how far into the cone the
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Gemini hit because of the cone's szall angle. To reduce the wind currents,
the entire model test area was enclosed in a plastic tent. This improved the
situation, but some deviations still occurred. Referring to Table 4, the
desired distance, 4d, was either 0, 5, 15, or 26 inches. The actual distances
as determined by marks on the cone and moving picture films are recorded.

Analytical Studies

One purpose of the model test was to determine the adequacy of the mathe-
matical model used in the analytical studies of the mooring problem. Before
discussing the results of the model test, a brief description of these studies
will be given. The results of the analytical studies can then be included in
the discussion of the model test results.

A study of collisions in which the Gemini initially strikes the top inner
surface of the mooring cone, 6 = 0, has been completed. The mathematical
model from which the equations of motion were written had the following prop-
erties:

1. The Gemini and target vehicle, including the mooring cone, were
considered rigid in view of the flexibility of the shock absorb-
ing system.

2. All 8 rigid body degrees of freedom in the pitch plane were
included.

3. The shock absorbing system's kinematics were not linearized or
otherwise simplified.

4. Each of the orifice dampers was assumed to generate a force
proportional to the square of the velocity sensed.

5. Spring preloads were included and the springs were assumed to
generate forces proportional to displacement.

6. Kinetic friction forces in the danpers and at the point of
contact of the Gemini with the mooring cone were not included.

The equations of motion were written in terms of generalized coordinates.
Referring to Figure 9, the 8 generalized coordinates and their associated
degrees of freedom were:

1
_2 Agena horizontal translation.
q Agena vertical translation.
q3 Agena pitch rotation.
(-• Gemini pitch rotation.
5 Gemini translation along docking cone.

q6 Mooring cone pitch rotation.
Bottom longitudinal damper stroke.
Bottom longitudinal damper pitch rotation.

The equations of motion were written by a method equivalent to, but more
convenient than, that of Lagrange and programmed on the IBM 7094 digital com-
puter. They were valid from the time the Gemini first contacted the mooring
cone until it reached the hard stops at the bottom of the cone. The general
form of the equations of motion was

8 8
SMjk k + q + U + V =0. j 1,2,...8
k1l k, j j
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The Mik and r are terms derivable from the mass properties of the system.
The jMk are the components of the second order symmetric inertia tensor and
are commonly called inertia derivatives. The symbol k• represents a

Christoffel symbol of the first kind. These occur because the non-linear
motion of the system was retained. The U are potential energy terms deriva-
ble from the springs in the system. Silailarly, the Vj are dissipative energy
terms derivable from the dampers.

At time zero when the Gemini had Just made contact with the mooring cone,
the proper initial values of the generalized coordinates and their time deriv-
atives had to be supplied. These values corresponded to known cartesian coor-
dinate values of each vehicle's initial displacement and velocity. BIt be-
cause so many degrees of freedom had to be included in the study, kinematic .. ,

equations alone were not enough to determine all 16 of these unknown quanti-
ties. It was necessary, therefore, to write additional equations expressing JA
the dynamic equilibrium of the mooring cone under the force of the Gemini
pushing it against the restraining dampers and preloaded springs. These
dynamic equations were then ultimately written as two lengthy quadratic equa- 4

tions in two unknown generalized coordinate velocities and solved by graphical
methods. The other unknowns were then determined from the kinematic equations.

After the initial values were determined in this way, the equations of
motion were solved on the computer for the 8 generalized coordinate accelera-
tions. These were then assumed constant over a short period of time (on the
order of 10-3 seconds) and integrated to find the new velocities and dis-
placements. This process was repeated until the Gemini reached the bottom
of the mooring cone.

The inertia data used in the analytic studies corresponded to the model
data with the exception of the target vehicle's pitch and yaw inertias. The
analytical value was 7.5 percent lower than the value corresponding to the
model. The dashed curves of Figures 5, 6 and 7 define the damper character-
istics used in the studies. The analytic spring data is given by the proto-
type values in Table 3.

Even this study of special plpnar collisions was very complicated to K.
perform. As discussed above, just the determination of the initial conditions
was a major calculation. The extension of this analytic method to the 3-
dimensional case would have been far too complicated to be practical. This
was one reason the decision was made to analyze the mooring problem through
model simulation. Another reason was that even where analytic methods could ,•

reasonably be used to determine loads and vehicle response, they gave no
reliable information concerning whether latching occurred.

Test Results

Stability of Shock Absorbing Modes

The modes of collapse of the shock absorbing system were observed to be
stable during all the mooring runs made. That is, in every case the wooring |
cone had to stroke at least some of the dampers and springs in order to yield
to the load impressed upon it by the Gemini. No side-slipping or other un-
desirable modes of collapse occurred. This property of stable collppse is
primarily determined by the geometrical arrangement of the dampers and is not
as easy to accomplish as may seem. An earlier design was discarded by the
project when a model of it exhibited an unstable mode of collapse.
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Maximum Loads

Cases 6 through 11, 18, 19, 23, and 24 through 28 established a load pro-
file along the length of the mooring cone at various positions around the cir-
cumference (See Table 1). These maximum loads were of primary importance in
determining whether the structural design of the mooring cone was adequate.

On the top side, & = 0, and on the bottom side, 0 = 180 degrees, of the
mooring cone, this information is fairly complete. At the intermediate
positions, 0 = 30, 90, and 150 degrees, only the load at the edge of ttt
cone, 4d = 26 inches, was determined. No runs were made for 9 = 60 degrees
because this position is midway between two sets of dampers like the 0 = 180
degree position. Similarly, the 120 degree position is directly over a damper
set like the 8 = 0 position.

Figure 10 summarizes the maximum loads obtained for Cases 6 through 11
in which the Gemini impacted at various distances along the top side of the
cone. The loads were determined from the vertical and longitudinal acceler-
ation data for each model, the side acceleration being zero as would be
expected for a symmetric collision over the roll slot. The loads are presented
as full scale values, as will all test results, to permit direct comparison
with the analytically computed values.

The lowest set of curves in Figure 10 corresponds to the cases in which
the Gemini had no relative vertical component of velocity to the target vehi-
cle, but only a longitudinal component of 1.5 feet per second. The model
test results and the analytic results are consistent for impacts at 7 and 15
inches up the cone, considering that the analytic top angled longitudinal
damping constant was (11/7 =) 1.57 times that of the model's and the analytic
lateral dampirg constant was (9.6/8 =) 1.2 times the model's (See Figures 5
and 6). These maximum loads on the cone occur at the beginning of the impact
and therefore are functions of the initial damping constants only.

While the loads at 7 and 15 inches are consistent with the predicted
values, the load at 26 inches up the cone is over twice the expected value.
This is due to the roll slot which is quite wide at the edge of the cone (See
Figure 2). The motion picture films confirm that the Gemini hit on the ex-
treme edge of the cone and momentarily wedged itself into the roll slot before
sliding down. This wedging motion caused a sharp increase in the longitudinal
component of acceleration of each vehicle. The roll slot was ignored in the
analytic studies and the load data indicates this was a reasonable approxi-
mation over most of the cone length. For example, there is good agreement in
Case 11 in which the Gemini impacted 23 inches up the cone with a relative
longitudinal component of velocity of 1.5 feet per second and a vertical
component of .5 feet per second.

Of the other two points on the model load curve corresponding to V= .5
feet per second, the load at 15 incheb shows good agreement while the o~e at
5 inches, Case 9, does not. The films and side ac •?Iercter data of Case 9
show that the Gemini did not hit the top of the -Li .ncc as intended.
but the left aide. The force as zalculatAd from the vertical and longitudinal
accelerations was consequently too low. If the side component is included in
computing the force, a value of 290 pounds is obtained, which is close to the
force expected on the top side.

The highest dashed curve of Figure 10 gives the analytically computed
loads for the Gemini impacting with a relative pitch rate of 2 degrees per
second in addition to the maximum longitudinal and vertical components of
velocity. No model data of this type was acquired. The agreement between
analytic and model loads for the other types of impacts makes this data
unnece&s.ur7
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The initial loads obtained in Cases 24 through 28 are summarized in
Figure 11. Here the Gemini impacted on the bottom side of the mooring cone.
The general shape of the load profiles is seen to be the same as that on the
top side of the cone, Figure 10. However, the two load levels, one with and
one without the vertical component of velocity, do not seem consistent with
one another. One would expect the initial load to be primarily dependent on
the square of the component of velocity normal to the mooring cone. The
addition of a .5 foot per second vertical component of velocity should
therefore increase the initial load by a factor of about (1.21/.78)2 = 2.37,
as shown below.

31"50 J V = 1.5 ft/sec.

v =.v = (.)2 + (.5)2 =1.58 ft/sec.

Vn 1.21 ft/sec. L
n

Mooring Cone

This is neglecting the effects of friction and the small spring preloads.
The kinetic friction force between the Gemini nose and mooring cone is
negligible because the coefficient of friction for the surfaces in contact
is less than .1. Now the curves of Figure 10, both model and analytic, are
related by about this factor of 2.37. But those of Figure 11, apparently
are not. It Js expected that the analytic studies of this side of the
mooring cone, which have not been completed, will clarify this situation.

The loads produced at the intermediate positions of 9 = 30, 90, and 150
degrees were 172, 122, and 127 pounds, respectively. The 90 and 150 degree
impacts occurred at a distance of 23 inches up the cone and their loads are
seen to fall between those of the 8 = 0 and 6 = 180 degree impacts a• 23
inches. The 0 = 30 degree impact was on the extreme edge of the cone and
the load was close to that obtained at 0 = 0.

All of the loads discussed abo-'e occurred upon initial impact of the
nose of the Gemini with the mooring cone. After this initial impact, a
typical sequence took place. The Gemini slid down the mooring cone a short
distance, on the order of 6 inches full scale, before separating from the
cone and impacting on the oppoziite side. Shortly after impacting on this
side, it collided with the hard stops at the base of the mooring cone.
This final collision accounted for the greatest part of the energy
Aissipated in reducing the relative velocity of the two vehicles to zero.

Case 10, in which the Gemini impacted on the top 3ide of the cone at
a distance of 15 inches from the plane of the hard stops, is a typical

example of this motion as shown in Figure 12. The solid curve shows the
magnitude of the total force on the Gemini as a function of time. This is
the sae maWnItude of force as on the mooring cone mad, considering that
the mass of the mooring zone is only one percent of the mass of either
vehicle, this force is also impressed on the Agena.
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Over the first part of the collision, while the nose of the Gemini is
sliding down the top side of mooring cone, the force is directed essentially
normal to the cone. At .32 seconds the nose and cone separate. At .48
seconds the nose impacts on the bottom side of the cone and the vertical
component of force now acts in the opposite direction. Shortly after this,

at .55 seconds, the nose impacts on the hard stops at the base of the cone.
The force now acts essentially in the longitudinal direction.

The dashed line in Figure 12 shows the analytically calculated total
force between vehicles. A comparison of peak initial forces of the analytic
and model curves has already been made in Figure 10 but the difference in
when these occur should be noted. In the analytic studies the force between
vehicles is generated instantaneously. This is because the mathematical
model is a rigid, kinematically perfect system. Any small displacement of
the cone produces a definite immediate stroke in the dampers. At time zero
the nose of the Gemini and the mooring cone are assumed in contact. The
cone is assumed to be already moving compatibly with the nose and thereby
stroking the dampers which generate the force. The model, however, being
a physical system, has an elastically deformable mooring cone and its shock
absorbing system is not kinematically perfect but necessarily contains some
looseness in its fittings. These effects, combined with the compressibility
of the fluid in the dampers, account for the short rise time of the model
force as indicated in Figure 12.

Case 10 is also typical in that the loads which occurred on the hard
stops at the base of the cone were higher than those which occurred on the
sides. IDspite this, only the mooring loads on the sides were design values
for the cone. This is because the mooring loads at the base of the cone are
exceeded by the loads produced there during maneuvering after the vehicles
have been rigidly connected. These maneuvering loads together with the loads
produced by parachute deployment were also the basic design values for the
nose section of the Gemini. Only the fiberglas ring on the leading edge of
the nose was designed by the loads produced during mooring.

The analytical studies show that a peak force of 1870 pounds could be
expected in a perfect head-on collision wherein the shock absorbing system
collapbes symmetrically. This is a highly unlikely collision as efforts in
the model test showed. It was difficult to do because the nose of the
Gemini had to impact flush on all three hard stops simultaneously without
grazing the side of the cone.

nb•e maximum force produced between vehicles in the model test was 1030 J
pounds in Case 25, although several cases came close to this. This is only
about .!47 g's on each vehicle and is indicative of how small the loads
associated with mooring are.

Contact Times

Figure 12 shows that in Case 10 the force between the Gemini and mooring

cone diminished to zero at .32 seconds. This corresponded to the Gemini's
nose separating from the cone surface. The analytic force curve of Case 10
also diminished at .32 seconds. But as the dashed line indicates, the force
did not go completely to zero. That is, the nose did not separate from the
cone surface in the mathematical model. Instead of separating, the nose
grazed down the cone with a bearing force of less than 3 pounds until it
reached the hard stops at d = 0. This motion is typical of all the cases
analyzed. This is the most striking difference between the physical and

. mathematical models; the physical model bounces, the mathematical model does
not.
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At first, one is tempted to try to explain this discrepancy by the fact

that the mooring cone is perfectly rigid in the analytic studies, but not so
in the model. Even here, however, the effect of cone flexibility is negli-
gible. The important mechanism in determining whether the nose and cone will
separate is the speed with which the high return stroke damping mentioned
earlier is introduced.

2 In the analytic studies the high return damping value of 50,000 lb.-
sec.2/ft.e was introduced within one time interval of integration after the
initiation of the return stroke. Almost immediately, then, the compressed Mi
longitudinal springs, which otherwise would have kicked the Gemini's nose off
the cone surface, were choked off. The discontinuity in the slope of the
analytic curve in Figure 12 near .25 seconds marks the point at which the top
angled longitudinal dampers began their return stroke. At this point the
force between vehicles was entirely due to the compressed springs in the
shock absorbing system. This force was then quickly reduced to less than 3
pounds as the high return damping became effective. Daring this time the top
longitudinal and lateral dampers were able to extend only .020 and .017inches, respectively, making the collision almost perfectly inelastic.

The dampers constructed for the model test were intended to have a
correspondingly high return stroke damping constant. When the flow reversed
direction, it moved a ball up into the orifice to restrict the flow. This oA%

Pimple design, which was desirable in view of the small size of the model
dampers, was not very effective in keeping the compressed spring from rapidly
returning over the first part of the return stroke. The ball was moved into
position by the flow too slowly. Consequently, the model showed bounce-cff
effects not predicted by the analytic studies.

The speed with which the high return damping was introduced in the
analytic studies was rather idealistic. On the other hand, the model dampers t•"

showed definite room for improvement. The full scale dampers have a more
sophisticated design which includes a spring-loaded ball to insure that the t
flow is restricted very quickly on the return stroke.

Disregarding the fact that the model test and analytic studies differ as
to whether the nc,,e of the Gemini separates from the mooring cone, there is
reasonable agreement in the time each takes for the force between nose and
cone to diminish. Figure 13 shows these times for the various impacts on
the top side of the cone, Cases 6 through 3l. The analytic data shoved no
appreciable difference in contact time for impacts with V = 0 and V = .5 feet
per second. Figure 14 shows the contact times for Cases ý4 through ý8, in
which the Gemini initially impacted on the bottom side of cone. Figure 13
seems to indicate that the contact times should be longer for collisions with
V = 0. Contrary to this, Figure 14 shows that collisions with V, = -. 5 feet
p4r second have very slightly longer contact times. These different trends
from top to bottom of the cone cannot be justified and probably the only
thing they show is that the contact time is not very dependent on Vy, as 1,1
indicated in the analytic studies. 1 0

The fact that different damping constants were used in the model and Y
analytical studies is not too important in comparing the contact times. "
Studies of two degrees of freedom systems with a spring in parallel with an
orifice damper show that the contact time varies slowly with change in
damping constant.

Pitch Rates

As the nose of the Gemini slides down a side of the cone during the first
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phase of mooring, the two vehicles acquire angular rates in the pitch and yaw
planes. These rates are later reduced by the secondary impact on the opposite
side of the cone and therefore represent maximum values.

The analytic studies of collisions on the top side of the cone show that
the change in the Gemini's pitch rate is independent of the parameter d.

Regardless of at what distance on the top side it impacts, the Gemini always
separates at the same pitch rkte. The pitch rate of the target vehicle,
however, increases with increasing d because the target vehicle's moment arm
is longer for larger values of d.

Figures 15 and 16 show the analytic and model pitch rates of the Gemini
and Agena for Cases 6, 7, 8, 10, and 11. The ordinate of Figure 15 gives the
change in the Gemini's pitch rate to accommodate the analytic studies in which
the Gemini impacted with an initial ,>tch rate of 2 degrees per second. After
impacting with a pitch rate of 2 degrees per second, the Gemini separated with
a pitch rate of minus 2.2 degrees per second, making its change in pitch rate
minus 4.2 degrees per second, as shown.

Figures 17 and 18 show the pitch rates acquired by the vehicles in Cases
24 through 28 in which the Gemini initially impacted on the bottom side of the
mooring cone.

The angular rates acquired by the vehicles due to collisions at the other
positions on the cone were not significantly different from those .at the 0
and 180 degree position. For example, in Case 19 the yaw rate of the Gemini
at separation from the cone at 6 = 90 degrees was minus 2.58 degrees per
second.

All of these angular rates are what would be expected in free collisions
between the vehicles, i.e. with the stabilization control systems of the
vehicles not operating. Since both systems will be active during mooring,
their effect is currently being studied in the 8 degree of freedom analytic
program.

Boundaries of Vehicular lAtching

The boundaries of misalignment within which the two vehicles automatically
latched were of special interest in the model test. The design criteria
specifies that the maximum angle permitted between the locgitudinal axes of
the vehicles at mooring is 10 degrees in any radial direction. This is in
addition to way linear misalignment as long the nose of the Gemia is in
contact with the inside surface of the cone, i.e., d :5 26 inches.* The
limiting relative velocities have already been mentioned as being 1.5 and .5
feet per sezond in the longitudinal and lateral directions, respectively.

Table 4 rsurmarizes under what conditions latching occurred. In the last
columi te- numbers 1, 2, Wmi 3 denote wvhch of the latches seated into the
recesses on the Geminum'b nose. Tr latch nu=bers are defined in Figure 8.

It is seen that f or any 0 positi~on on the rone, and In the, absence of°

angular eccentricities, at least two latchs seated for d values through 26
inches. This was true regardless of whether the lateral cocponent of
velocity was present or not.

B Because of a reduction to 17 degrees in the conic half-angle near the

base of the cone, which has been ignored to facilitate discussion, the lateral
mLisalignment is not quite 26 inches times the sine of 31.5 degreea, 13.6
inches, but one foot.
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At the 6 = 0 rosition and for d = 26 inches, the vehicles did not latch
when a negative pitch angle of 10 degreer- was applied to the Gemini relative
to the target vehicle. Two latches did seat at a pitch angle of minus 8
degrees, however.

At 0 = 90 degrees and d = 26 inches, the boundary was established at a
relative yaw angle of less than minus 4 degrees. Similarly at 6 = 180
degrees, the boundary was determined to be between 4 and 6 degrees of relative
pitch angle.

The maximm relative roll angle permitted between vehicles at mooring in
the design criteria is 10 degrees. Vehicle latching occurred at this maximum
ar)gle in the absence of other eccentricities. It also occurred at this angle
even when d = 26 inches at 6 = 180 degrees, Case 35. More detail concerning
under what approach conditions latching occurred can be gotten by examination
of Table 4.

All of these angular boundaries for latching were established without the
aid of the vehicles' stabilization systems. In the actual mooring maneuver,
these systems would be expected to improve the boundaries of latching.

Summary and Conclusion

The 1/4 scale dynamic model mooring test 1-is effectively simulated the
orbital mooring of a Gemini spacecraft with an Agena booster. The orbital
condition of the vehicles was realistically duplicated by special suspension
systems.

The model confirmed the basic design of the full scale mooring system;
i.e., no undesirable modes of collapse were found; the mooring loads were
within the design values; the importance of high return stroke damping was
demonstrated by the excessive bounce-off characteristics shown; reasonable
boundaries of free-body latching were determined.

1i addition to directly confirming the full scale system design, the
model uncovered a feature of the analytic 8 degree of freedom Dro-gram which
could be improved in the future. Because of its importance in connection
vith bounce-off, a more realistic time interval in which the high retturn
stroke damping is introduced should be used.
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FIOURE 6. DAMPING CONSTANT VS. STROKE - TOP ANGLED
LONGITUDINAL DAMPERS
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FIGURE 10. FULL SCALE MAXIMUM FORCES
ON TOP SIDE (o = 0) OF MOORING CONE

800

700_ _K •_

600.
ANALYTIC
Vy = .5 FT/SEC
PITCH RATE = 20 /SEC

500 .0

.A ANA LY TIC
S40 MODEL V ---

400 
_ _=. F/E

w
u

0

300- SUNSYMMETRICAL IMPACT

bebm

100 ANALYTIC ••...-
MODEL• "-

Vy0

0 5 10 15 20 25 30

d - INITIAL POINT OF CONTACT (IN.)
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FIGURE 12. FULL SCALE FORCE TIME HISTORY
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FIGURE 15. CHANGE IN GEMINI PITCH RATE AT SEPARATION
FROM TOP SIDE (o =0) OF MOORING CONE
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FIGURE 17. GEMINI PITCH RATE AT SEPARATION
FROM BOTTOM SIDE (0 =1800) OF MOORING CONE
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TABLE I. SCALE FACTORS

QUANTITY MODEL/PROTOTYPE
ASSIGN ED:

LENGTH 1/4
TIME 1/4
MASS 1/100

DERIVED:
VELOCITYI
ACCELERATION 4
WEIGHT 1/100
SPRING RATE 4/25
KINETIC FRICTION 1/25
PRE-LOAD FORCE 1/25
MOMENT OF INERTIA 1/1600
ANGULAR VELOCITY 4
ANGULAR ACCELERATION 16
VELOCITY-SQUARED DAMP. CONSTANT 1/25

TABLE 2.INERTIA DATA

MODEL PROTOTYPE

QUANTITY GEMINI AGENA GEMINI AGENA
MASS (SLUGS) 2.19 - 219.PITCH INERTIA (SLUG-FT. 2 ) 2.54 5.62 4060. 9000.

YAW INERTIA (SLUG-FT. 2) 2.54 5.62 4060. 9000.
ROLL INERTIA (SLUG-FT. 2 ) .782 .16 1250. 256. ,,

"TABLE 3. SPRING DATA

MODEL PROTOTYPE

SPRING RATE PRELOAD SPRING RATE PRELOAD
SPRING (LB./FT.) (LB.) (LB./FT.) (LB.)

TOP ANGLED LONGITUDINAL 58.0 .52 375. 13.75
BOTTOM LONGITUDINAL 47.4 .65 300. 20.00
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TABLE 4.TEST CONFIGURATION SUMMARY

LATCHES
CASE 0(°) 4"(IN.) Vz(FT/SEC) Vy(FT/SEC) PITCH(°) YAW(*) ROLL(°) LOCKED

1 0 -1.5 0 0 0 0 1,2,3
2 0 - .5 0 0 0 0 1,2,3
3 0 -1.5 0 0 0 5 2,3
4 0 -1.5 0 0 0 t0 2,3
5 0 -1.5 0 0 0 15 NON E

6 0 7 -1.5 0 0 0 0 1,2,3
7 0 15 -1.5 0 0 0 0 2,3
8 0 26 -1.5 0 0 0 0 2,3
9 0 5 -1.5 .5 0 0 0 1,2,3

10 0 15 -1.5 .5 0 0 0 1,2,3
11 0 23 -1.5 .5 0 0 0 1,2,3
12 0 26 -1.5 0 -4 0 0 1.2.3
13 0 26 -1.5 0 -6 0 0 1.2,3
14 0 26 -1.5 0 -8 0 0 1.3
is 0 26 -1.5 0 -10 0 0 NONE16 0 0 -1.5 0 -10 0 3

17 0 15 -1.5 .5 -10 0 0 NONE
18 30 26 -1.5 0 0 0 0 2,3
19 90 23 -1.5 0 0 0 0 1.2.3
20 90 26 -1.5 0 0 -4 0 NONE
2 9 26 -1.5 0 0 -6 0 NONE
22 90 23 -1.5 0 0 -10 0 NONE
23 150 23 -1.5 0 0 0 0 1,2.3
24 180 14 -1.5 0 0 0 0 1.2.3
25 180 26 -1.5 0 0 0 0 1.2.3
26 ISO 9 -1.5 -. 5 0 0 0 1.2.3
27 180 16 -1.5 -. 5 0 0 0 1,2.3
26 180 22 -1.5 -. 5 0 0 0 1,2,3
29 180 26 -1.5 0 4 0 0 1,2,3
30 180 26 -1.5 0 6 0 0 NONE
31 l1ag 22 -1.5 0 10 0 0 NONE
32 180 5 1.5 0 10 0 0 NONE
33 180 14 -1.5 .5 10 0 0 NONE
34 180 14 -1.5 0 0 0 10 1,2,3

13 t80 26 -1.5 0 0 0 10 2.3
36 Ig0 19 -. 75 -. 25 0 0 0 12.3
37 I10 14 -. 75 1 -. 25 0 0 0 1.,23 3

NOTE: QUANTITIES REFER TO GEMINI VEHICLE

qV
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DYNAMIC MODELING OF FUEL SLOSH

E. D. Calkin

C. K. Webb

Douglas Aircraft Comp, .y, Inc.

ABSTRACT

The mathematical development of an equivalent spring mass model is given,
along with necessary assumptions, for two specific cases: that of the right circular
cylinder, and the sphere. The approaches to a definition of the properties of tanks
with approximately these shapes (the Saturn S-IV liquid hydrogen and liquid oxygen
tanks) in terms of these simple shapes are then shown. The results of extensive
testing of scale models of the tanks with liquids are then used to define the most
suitable approach. Scaling parameters include damping as well as geometric
scaling. A short discussion of the properties of damping baffles shows that im-
portant effects other than damping are sometimes introduced.
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ASD-TDR-63-1197, PART I

DYNPII.IC MODELING OF FUEL SMOSH

E. D. 'ýalkin C. K. Webb

Douglas Aircraft Company, Inc.

DISCUSSION

Sloshing has been a recognized and serious problem since the first
Jupiter failure. The advent of even larger boosters emphasized the problem
and made it mandatory to include sloshing parameters as part of the design
criteria. Analytical basis for many of the sloshing phenomena were not
available and had to be developed. Those missile tanks which were of class
configuration (i.e., cylindrical or spherical) became fewer with each desip
and odd shapes which would conform more easily to the mission and structure
requirements became the order of the day.

Solutions foi the dynamic response of the liquid in a cylindrical tanl
were developed er•ly because this was the most common type of tank used anm
because closed form solutions existed. When spherical tanks began to be
used many attempts were made to analytically detirmine the response of a
liquid in them. These efforts, until recently, were unsuccessful except
in certain special cases. More and more the tanks used in large boosters
deviated from these standard forms. Analytical solutions became increasin
ly difficult 1f not impossible.

Now it became necessary to determine, in some other vay, the response
of the liquids in these tanks. Experiments using full scale models were
both costly and in some cases not practical from a scheduling viewpoint.
Models and model testing seemed to be the only answer.

This paper will discuss the methoda of testing and measurements as
well as some of the more interesting conclusions reached in the testing
programs conducted for the Douglas Thor and Saturn space vehicles. Result
of some of the testing are included to point out those details which are
most important.

TESTING

The testing was conducted in three phases: a) checks of frequency x
various fluid levels, b) checks of damping at various fluid levels, and
3) in the case of the Saturn lox tank, a Pheck of the computed values of
the fixed mass of the mathematical model.

419
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The purpose behind all testing was to in some manner either prove or
disprove the correctness of the mathematical model n'nich had been used in
the analysis and design of the vehicle. Damping values were determined for
both the baffled and unbaffled lox tank. Scaling parameters for the modelswere determined and applied to the full scale tanks.

The three tank shapes used in the tests are shown in Figure 1 below.

M.12747

-BAFFLE BAFFLE

d <R 0  RR 2 ý

A B C

Figure 1. Thor Tank, Saturn Inx Tank, and Saturn Fuel Tank Shapes Used
in Tests

Tank 1)a is the basis Thor tank, 1)b is the Saturn lox tank, l)c is
the Saturn fuel tank. Baffles are shown in their positions.
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DAITA IMEASUREME2NT

The force signal was generated by a standard strain gauge network
-hile the acceleration signal was produced using Statham oil bath
accelerometers. The slosh height signal was generated using a capacitance
bridge which was saturated with a 40W cycle carrier signal.

All signals were then fed through sine-cosine pots which were turning
synchronously with the pot which input the signal to the drive mechanism.
The pots acted as sine-squared filters to produce a signal biased one half
the basic sine wave magnitude with a double frequency wave super-imposed upon
it. This signal was then fed into a long time constant integrating amplifier
with a limiting ratio of one. The output of the amplifier was read on
ammeters which had been calibrated to read input voltage. The entire net-
work was calibrated as a unit to reduce the errors inherent in each of
the parts.

-Damping values were obtained by recording the output of the signal
amplifiers before the sine cosine pots and also by recording the output
of the integrating amplifiers. Slosh height input was accomplished by
driving at the natural frequency and also by putting in step functions.
In all cases a constant displacement input was used to determine the re-
sponse. Force and acceleration values necessary to evaluate the properties
of the fixed mass in the mathematical model were read from the meters.

RESULTS

As seen in the frequency plots the experimental values matched the
calculated values very well. In the case of the Saturn fuel tank an
empirical formula was derived which made the calculated values in the
upper end of the tank coincide with the experimental values within one per-
cent. This function was developed on the assumption that the frequency
calculated at the dimetrical plane of the dome and the experimental
frequency were identical. On this assumption the formula is list below.

1W 2 (1-.388 y/r) a

y = weight from center of plane

r = radius of sphere

a = 1/2 diameter of free 'surface

h = total height of equivalent cylinder
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The damping values obtained for the Thor tanks were checked using models
of several geometric scaling ratios and it was found that size had little to
do with damping values obtained from baffles as long as the relative size of
the baffle and the tank remained the same. The values for the unbaffled tank,
however, followed the scaling parameters developed in reference 6.

The tests to obtain the :haracteristics of the analytical model by
experiment showed that in the case of extensive baffling as in the Saturnlox tank it could not be assumed that the baffle introduced only damping.

Results showed that apparent changes in tank configuration resulted along ýN
with a significant change in the response of the liquid. Liquid outside the •
baffle, even though the baffle was perforated, was quite divorced in motion
from liquid inside the baffle. Additional resonant frequencies were introduc-
ed and force response and slosh height response peaked out at different
frequencies. The values of the fixed mass of the mathematical model were
within 10% of the values predicted for the unbaffled case.

The response of the slosh network while operating with the fluid in the
dome of the Saturn lox tank showed an apparent shift of the free surface
fluid level during the forced oscillation runs. This phenomena was later
supported analytically.9 Due to the curvature of the tank the fluid at any
point other than' the center of the tank will reach a higher point on the rise
than i.t does on the dovmnard side of the original free surface level making
the instruments show an apparent shift of the free surface level.

The total results showed that it was possible to obtain data from
testing which, in the case of the simpler models, agreed with analytical data
and which could be successfully scaled to give the characteristics of full
scale vehicles. Certain errors in the analytical models chosen for the more
complicated models were also brought to light. The net results of the test-
ing conducted at Douglas Aircraft Company were in support of the analytical
work and suggested that for future vehicles model testing was necessary for
those configurations with propellant tanks deviating radically from the
cylindrical of spherical shapes.
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Figure 2 shows a plot of frequency versus fluid height, both analytical
and experimental, for the Thor taks. The analytical model is developed in
reference 3.
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Figure 3 shows a plot of frequency versus fluid level in the Saturn
lox tank. Development of the analytical model is given in reference 2.
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Figure 4 shows a plot of frequency versus fluid level in the Saturn
fuel tank. Development of the analytical model is given in reference 2.
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Damping curves are shown in Figure 5 for the Saturn lox tank and in
Figure 6 for the Thor tank. Since the Saturn fuel tank bad no baffles
the figures for the unbaffled Thor tank were assumed on the basis of the
scaling parameters developed in reference 6.
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Figure 7 shows a schematic of the test setup. As shown, the tanks
were supported in pendulum fashion with provisions for changing the
pendulum arm. The actuating mechanism was a Thor hydraulic actuator and
control panel. Provisions were made to drive the tanks sinusoidly and
to input step functions.
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Figures 8, 9, and 10 show the response of the tank and fluid as a
function of frequency. The figures from the high side of the response were
used to evaluate the following equation describing the response of the
mathematical model at high frequencies:

F L2 I 0- MI+04- L-Z 0'

where the subscript "o" denotes the fluid properties as shown in Figure T.
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DEVELOPMENT OF DYNAMIC MODEL ROTOR BLADES FOR

HIGH SPEED HELICOPTER RESEARCH

by

Evan A. Fradenburgh
Supervisor, Aircraft Advanced Research Section

and
Edmond F. Kiely

Senior Research Engineer

Sikorsky Aircraft
Division of United Aircraft Corporation

Stratford, Connecticut

ABSTRACT

The development at Sikorsky Aircraft of scale model helicopter
rotor blades which are dynamically and structurally similar to full scale
blades is presented in terms of the need for such models, problems associ-
ated with the construction of the blades, testing experience, and useful
information gained by this research. Experimental results obtained include
data on performance, blade motions, elastic deformations, steady and vi-
bratory blade stresses, and rotor vibration phenomena. In addition to
experience with blades designed to operate at full scale tip speeds and Mach
numbers, modifed blades have been developed to provide full scale Froude
numbers and thus proper gravity effects as well as allowing higher simulated
forward speeds. These blades allow experimental research on rotary wing
aircraft in the 400 knot category.
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SYMBOLS

a speed of sound

b number of blades

+ CD rotor drag coefficient, D/'r R2 p (S2R)2

CL rotor lift coefficient, L/7rr R2 p (•R)2

CQ rotor torque coefficient, Q/7r R2p (a R) 2R

c blade chord

D rotor drag

Dp aircraft parasite drag

E modulus of elasticity in bending

f parasite area, Dp/l/2p V2

G modulus of elasticity in shear

g acceleration due to gravity

IHP/L rotor horsepower per pound of lift

Ix~x area moment of inertia in • atwise bending

area moment of inertia in edgewise bending !

_J area moment of inertia in torsion

L rotor lift

M Mach number

Ml. 0 rotor tip Mach number

M(l. 0)(90) advancing blade tip Mach number

Mb total blade mass

m mass per unit length
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Q rotor torque

R rotor radius

r local radius station

V forward speed

distance from leading edge to elastic axis

a angle of attack of rotor control axis

blade twist, difference between root and tip pitch values,
negative when tip pitch is less than root pitch

0. 75R rotor collective pitch measured at three quarters
radius station

rotor advance ratio, V/2 R

_/a viscosity of air

p air mass density

rotor solidity, bc/7r R

S2rotor angular velocity
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ASD-TDR-63-4197, PART I

DEVELOPMENT OF DYNAMIC MODEL ROTOR BLADES FOR
HIGH SPEED HELICOPTER RESEARCH

Evan A. Fradenburgh

Edmond F. Kiely

INTRODUCTION

Theoretical methods for predicting helicopter rotor character-
istics are well established in certain flight regimes, such as hovering and
moderate forward speeds (- 100 knots). In other flight regimes, such as
at high forward speeds (above 200 knots) or at low forward speeds (10-50
knots) theoretical methods are not presently adequate for accurately pre-
dicting characteristics, including performance, blade motions, and, to a
greater extent, the vibratory airloads that exist orn the blade. These
vibratory airloads are of particular importance since they determine, for
a given set of blade structural characteristics, the vibratory force inputs
to the fuselage and vibratory stresses in the blade which in turn determine
the useful fatigue life. Because of the present gaps in theory, it is necessary
to rely on experimental techniques for determining rotor characteristics for
two purposes: (1) for predicting full scale rotor behavior for specific heli-
copter applications in unfamiliar flight regimes where theory is inadequate,
and (2) for correlation of experiment with new theories 4n order to close the
gaps by establishing the validity of the new theories. The second of these
purposes is.generally of greater fundamental significance.

It is shown in this paper that to obtain realistic experimental wind
tunnel data on rotor characteristics, it is necessary to test blades dynamically
similar to full scale blades. The paper outlines the development history of
"dynamic model blades at Sikorsky and some of the useful test results obtained.
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NEED FOR DYNAMIC MODEL BLADES

Wind tunnel testing of model rotor blades was commenced by
Sikorsky Aircraft in 1954 with the equipment shown in figure 1. The
rotor test rig, installed in the United Aircraft 18-foot subsonic wind
tunnel, was comprised of an electric drive motor system, shaft, rotor
head, and swash plate system with electric actuators for controlling
collective and cyclic pitch angles, combined with slip rings and a strain
gage force balance system. The overall assembly of these components
was enclosed in a horizontally oriented pod supported by tubular legs
mounted on the wind tunnel turntable which was used to change shaft
angle of attack. The first rotor blade set tested on this rig was an early-
production tail rotor from a Sikorsky S-58 (Army H-34, Navy HSS-l)
helicopter with a diameter of 9 feet 4 inches. Subsequently an improved
tail rotor type configuration was adopted, with superior structural
characteristics and a diameter increased to 10 feet. This rotor system
was semi-articulated, that is, incorporated hinges near the center of
rotation to allow unrestrained flapping motion of the blades, but without
lag hinges that would permit blade motion in the plane of rotation. Helicopter
main rotors are commonly fully articulated with both flapping and lagging
hinges at the root end of each blade. The lag hinge was not incorporated on
the model b e c a u s e a design study indicated that the required bearing sizes
would have resulted in an unrealistically large rotor head, and it was felt
that the lack of the lag hinge would not affect measured performance to an
appreciable extent.

Early test programs were aimed primarily at performance
measurements in the high speed flight regime. These efforts were largely
frustrated by three major limitations of the available models and equipment. p

The first of these limitations (neglecting early mechanical problems
associated with the rotor test rig operation) was that of obtaining suitable
balance accuracy. Measurement of rotor thrust and torque was not unusually
difficult but the determination of force components perpendicular to the shaft
to the required degree of accuracy, essential to the measurement of rotor
drag or propulsive force, turned out to be exceedingly difficult because of the
small steady forces compared to the large vibratory forces. Refinement of .. "•
the balance system and mechanical operation of the rig required a period of
several years before suitably repeatable and reliable test data could be
obtained.

The second limitation encountered was that of aerodynamic inter-
ference between the rotor and the rather sizeable pod which housed the
mechanical system of the rig. This interference affected blade flapping
motion as well as rotor forces and moments. Despite a concentrated attempt
to evaluate these interference effects, both analytically and experimentally
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with image-system tests, it was not found to be possible to correct adequately
"for these effects, which were very sizeable at the higher advance ratios
(ratio of forward speed to rotor tip speed). The solution to the problem was
a mechanical change involving a shaft extension to effectively remove the
rotor from the pod, thereby largely eliminating the interference effects. A
more recent photograph of the rotor test rig, figure 2, shows this shaft
extension.

The third major limitation to the early test programs was associated
with the test rotors themselves. It was found that in general the permissable
operating conditions were severely restricted at high simulated forward
speeds because of excessive vibratory stresses. This was true both with the
relatively low aspect ratio all-metal tail rotor blades used initially, and
later with high aspect ratio blades simulating main rotor practice, fabricated
of a composite wood and metal structure. The higher aspect ratio blades
were built with a solid aluminum spar at the leading edge combined with a
trailing edge utilizing wood ribs and a thin plywood skin bonded to the spar.
Early tests of this type blade were encouraging, and several series of blades
were built with this construction to determine experimentally the effects of
blade twist and also the effects of blade planform taper. Ultimately, however,
complete comparisons of the various types were not possible because of the
limited range of conditions at which test data could be obtained. Numerous
blade trailing edge structural failures were encountered despite various
metal chordwise straps and trailing edge strips added to reinfurce the plywood.
Still another type of blade construction, utilizing fiberglass-plastic materials,
was similarly limited in operating range. Some of the various model blades
of somewhat arbitrary structure as well as a more recent dynamic model
blade are shown in figure 3.

Interestingly, many of the operating limitations and structural
failures encountered with the model blades were similar in nature to those
encountered by Sikorsky blade development engineers in the early days of the
helicopter. Rotor blades were evolved over many years to avoid the limitations
of the early types, and it became apparent that one approach to building a model
blade with a greater operating range was to take advantage-of full scale blade
experience and copy the full scale structural design. This was one good
reason for the development of a model blade dynamically similar to full scale
blades.

The compelling reason, however, for the development of a dynamic
model blade lies in the fact that, in practice, vibration and excessive vibratory
stresses limit the operating condition of a rotor on a helicopter. The forward
speed capability of a pure helicopter is limited by the phenomenon of retreating
.blade stall. This stall results from the fact that as forward speed of the
helicopter is increased, the dynamic pressures encountered by the blade on
the "retreating" half of the disk are reduced, so that higher blade angles of
attack are required to keep the lift balanced on the two sides. At some
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forward speed, depending on tip speed, blade loading, etc., ma.imum blade
lift coefficients are attained and athigher speeds, blade section stall is
encountered over a portion of the disk. The rotor aerodynamic performance
suffers as might be expected, but not drastically until a large percentage of
the disk is stalled. The phenomenon of stall is revealed to the pilot by an
increase in aircraft vibration level or by increases in control system loads
resulting from blade torsional moments. Thus it is rotor dynamic behavior
which determines if a given flight condition is an acceptable one. Similarly,
if it is known through strain gage measurements that rotor blade vibratory
stresses are considerably in excess of safe values, then t-e operating
condition would be deemed unacceptable for protracted flight, even if rotor
stall does not occur. Again, blade dynamic behavior is the critical factor.
Thus while experimental results obtained on a model blade of arbitrary
structural characteristics might have some value with respect to perfor-
mance measurements, the problem of establishing acceptable rotor
operating limits in forward flight can be determined experimentally only with
blades having a reasonable degree of dynamic similar:,ty to the desired full
scale blade. Since experience has shown that blade flexibility plays an
important part in the blade behavior, it is important that elastic effects be
properly duplicated.

Sikorsky Aircraft has, for the past several years, concentrated
its model rotor research effort on the development and evaluation of model
blades dynamically similar to typical full scale Sikorsky main rotor blades,
according to the need for such blades outlined above.

SELECTION OF DESIGN PARAMETERS FOR
FULL SCALE MACH NUMBER BLADE

A model of any type is dynamically similar to its full scale counter-
part if the dimensionless ratios of the significant dimensional parameters
including dynamic quantities are the same for the model as for the full scale
counterpart. When this criterion is met, the performance or output of the
mcdel, also expressed in appropriate dimeonionless terms, will be the same
as for the full scale article. Th, word "significant" is important, however,
since it is generally impossible to maintain all dimensionlless ratios the
same as full scale, and for any particular problem it is usually necessary to
decide which variables are of primary importance and which are relatively ,
negligible.

Since a rotor is all acrodynawic device it is of course necessary
that aerodynamic similarity be achieved in a dynamic model. Perfect aero-
dynamic similarity requires that the flow h_ geometrically similar to full
scale at all points in the feld slUItroulldillng the model. This requires that 1.V
the model be externally geomettricallv sini ilar to full scale, and also requires

440

V N % N~* '."NN '

"" %.. . .% % %' " .% % .v .
,' ' ','•-,'.-'d*•,N ,%. '." ,n, ,. • .,,, #, , "• ', "' '€ -* ," ,,*0.• ,,,, .,,,•,n .-. • .• = -/ "a ,'•'•.•"" ,,e..o. -*w .oe. .



that the flow Mach numbers and Reynolds numbers be the same as full I
scale. This is frequently impossible to achieve in a model, but fortunately
under many circumstances these requirements can be relaxed considerably
without impairing the major objectives of the test.

The first dynamic model blade designed by Sikorsky was aimed
partly at exploration of high tip speed, high forward speed flight conditions
at which the maximum air velocity relative to the blade approaches the
speed of sound. Consequently, it was considered mandatory that full scale
Mach numbers be reproduced in the model. Since the wind tunnel available
for the tests was an atmospheric density air tunnel, for which the speed of
sound was essentially the same as for normal sea level conditions, the
requirement for full scale Mach number was met by operating at full scale
tip speeds and forward speeds. Reynolds number similarity under these
conditions cannot be achieved, but fortunately the relatively small changes
in aerodynamic characteristics du! to the reduced Reynolds numbers of the
model was not considered detrimental to the purposes of the program.

Dimensional Parameters

Listed below are the dimensional parameters considered in the
design of the model, divided into those of primary importance and those
considered to be of secondary importance for the first dynamic model
blade. The lists are by no means. exhaustive, but serve to illustrate the
most important items:

Primary Importance

(1) V forward speed, ft/sec.

(2) a speed of sound, ft/sec.

* (3) I rotor angular velocity, radians/sec.

(4) R rotor radius, feet
fINN

*(5) c blade chord, feet
3

(6) p air mass density, slugs/ft3.

(7) m blade mass per unit length, slugs/ft.

(8) Mb total blade mass, slugs
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(9) EIxx blade flatwise bending stiffness, pound-ft 2 .

(10) Elyy blade edgewise bending stiffness, pound-ft 2 .

(11) GJ blade torsional stiffness, pound-ft2 .

(12) x distance between elastic axis and blade leading edge, feet

Secondary Importance

(13) Aka air viscosity, slug/ft-sec.

(14) g acceleration due to gravity, ft/sec2 .

It should be understood that some of the parameters listed, such as chord,
mass per unit length, and stiffness may vary along the length of the blade.
The symbols then stand for distributions rather than single numerical values.

Dimensionless Ratios

None of the dimensional items listed above have any significance
except as they relate to other parameters or combinations of parameters
having the same dimensional units. Accordingly, dimensionless ratios of
the above parameters are formed somewhat arbitrarily as follovs, making

sure that each dimensional parameter is used at least once and that, if
possible, each new parameter is combined only with parameters previously
used. This ensures that aLl pertinent dimensionless ratios will be found. With
the three fundamental dimensions involved (mass, length, and time) the
number of independent dimensionless ratios will be three less than the number
of dimensional parameters. (in the following list, one redundant ratio was %
intentionally included. I

Primary Importance S

(1) V/ Q R rotor advance ratio, ratio of forward speed to rotor tip !
speed

(2) V/a flight Mach number ' .

(3) SIR/a tip Mach number S

(4) R/c blade aspect ratio

(5) m/p R2 ratio of local mean rotor density to air density

"S°% .
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(6) Mb/p R3  ratio of total mean rotor density to air density

(7) Elxx/ p V2 R4  ratio of flatwise bending elastic forces to
aerodynamic forces, variant of Cauchy number

(8) EIyy/EIxx ratio of edgewise to flatwise bending stiffness

(9) GJ/EIxx ratio of torsion to flatwise bending stiffness

(10) R /c location of elastic axis in fraction of chord

Secondary Importance

(11) pVc //xa Reynolds number, ratio of dynamic to viscous air forces

(12) £22 R/g variant of Froude number, ratio of centripetal to
gravitational accelerations

As stated previously, the lists of .dimensional parameters and
dimensionless ratios presented are not complete, and some of the dimension-
less ratios familiar to helicopter engineers, such as the Lock number or
ratio of air forces to blade inertia forces, are conspicuous by their absence.
The "missing" items, however, are actually inherent in the items presented
and may be derived from them if desired. Note that, of the first three
dimensionless ratios shown above, any one is merely a combination of the
other two, so that only two are independent. It is frequently useful to combin
various dimensionless ratios into new, although redundant, ratios, and the
above redundancy was provided as a simple illustration. As another example:
the reduced frequency parameter Q2c/2V, important with respect to unsteady
aerodynamic characteristics, is simply a combination of ratios (1)-V /SR
and (4)-R/c. Thus, provided that no important dimensional items were left
off the original list, satisfying the dimensionless ratios listed ensures that
all important dimensionless ratios are satisfied, and that dynamic similarity
exists for the intended purpose. The dimensional analysis presented is
included merely as a means to the end of establishing the design of the model
blades rather than a comprehensive treatment of the subject.

Of the various dimensionless ratios listed above, it should be noted
that some, such as item (1) -V/ SIR, refer to testing conditions rather than
to the design of the model. Item (4) -R/c, refers to geometric similarity
between model and full scale rotor. Additional dimensionless quantities
derived from geometric similarity should also be added to the list of importani
items, including the number of blades in the rotor, blade twist, blade pitcb
settings, shaft angle of attack and other angular quantities.
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Establishment of Basic Design

The above list of dimensionless ratios combined with the H
characteristics of the available wind tunnel can now be used to establish
the design criteria of the model blade as follows:

(a) Speed of sound, a, in the available atmospheric wind tunnel
is essentially the same as for the full scale rotor in free
air. Thus, to satisfy dimensionless ratios (2) and (3)-V/a
and SR/a,forward speed V and rotor tip speed SIR must be
the same as full scale.

(b) Dimensionless ratio (4)-R/c-and other reasoning discussed
previously requires that the model external shape be geo-
metrically similar to full scale. ' •

(c) Since tunnel air density is the same as the air density for
the full scale blade, di ~ensionless ratios (5) and (6)
-m/ p R2 and Mb /p R -indicate that the quantities m/R,
and Mb/R3 must also be the same as full scale, both of which
when combined with conclusion (b) above indicate that the
average density of the model must equal the density of the full
scale blade construction, and that total model weight will vary
as the cube of the scale chosen. It may be seen that total
mass Mb was actually a redundant dimensional parameter since
the mass distribution parameter m was listed.

(d) Since speed V and density p re the same as full scale, the
Sdimensionless ratio (7)-Epx/ p V2 R4 - requires that El /R 4

be the same as for full scale.

(e) Dimensionless ratios (8) and (9 )-Elyv/Elxx and GJ/Elxx -
require that the ratios of flatwise, eagewise, and torsional
stiffness be the same for the model as for full scale.

(f) Dimensionless ratio (10)-i/c - requires that the elastic axis
be at the same geometric location on the model as on the full
scale blade.

(g) Consideration of dimensionless ratio (11)- pVc/g a leads to
the conclusion that model Reynolds number cannot be made
equal to full scale, since density p , velocity V, and viscosity

•La are all the same as for full scale. Thus Reynolds number
will be reduced directly proportional to the model scale. As
stated previously, this was unavoidable with the wind tunnel
available, but fortunately not considered detrimental to the
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objectives of the program.

(h) Consideration of dimensionless ratio (12)- S, 2 R/g- leads to
the conclusion that the ratio of centripetal to gravitational
acceleration could not be made equal to full scale, since tip
speed 91 R is the same as full scale, rotational speed S1 is
increased, and gravitational acceleration g remains constant.
This was not considered significant for the intended test
program, since the rotor tip centripetal acceleration is over
400 "g's" for the full scale blade, and consequently blade
weight affects blade flapping motion (chiefly average flapping
or coning angle) to a relatively small extent. This relative
insensitivity to gravity permits testing of the rotor tilted on
its side asseen in figuires 1 and 2.

(i) The cross section of the full scale blade to be simulated is
shown qualitatively in figure 4a. It is characterized by an
essentially thin-walled single cell spar at the leading edge
machined from an aluminum extrusion to which non-structural
leading edge counterweights and trailing edge fairings are added.
The elastic axis of the spar and center of gravity of the blade

are both at approximately the 25 per cent chord station. If the
same material (alurainum) is used for the model spar, and if
the internal structural shape as well as external shape is I-

scaled down geometrically from full scale, then the moduli of
elasticity in bending and shear, E and G respectively, are the
same as for the full scale blade and the moments of inertia in
bending and torsion, Ixx, Iyy, and J will be reduced by a factor
of the fourth power of the scale chosen. Use of geometric
scaling with the same materials also results in the mass of the
model decreasing with the cube of the linear scale. A review of
the requirements derived in paragraphs (b), (c), (d), (e), and (f)
above reveals that this approach of using tie same structural .,
material and internal as well as external geometri,, scaling 'V1,
meets all of the requirements, and provides one technique by
which proper dynamic similarity is assured, as long as para-
graph (a) is also satisfied; that is, as long as the model is
operated at the same forward speed and tip speed as full scale.

(j) Another possible approach to the design of the dynamic model is

illustrated schematically in figure 4b wherein a structural spar
not geometrically similar to full scale is used in conjunction
with non-structural aerodynamic fairings and perhaps weights
to adjust to the required mass. In principle, a spar shape can
be found that will have the right relative ratios of flatwise,
edgewise, and torsion stiffness, although in practice a consider-
able amount of trial and error may be involved. In the particular
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application being considered, however, it may be shown
quite easily that no solution is available using this approach.
This is because the full scale blade utilizes an efficient
structural shape combined with an efficient structural
material. A spar shape such as that shown in figure 4b will
have considerably lower values of moment of inertia per unit
cross section area than the spar of figure 4a. This could be
suitably compensated for if a material with a ratio of modulu6
of elasticity to material density considerably higher than that
of the full scale spar (aluminum) could be found. No such
material is available, however, and this dcesign approach
must be rejected for this specific application. It should be
noted, however, that if dynamic similarity is desired at model
velocities appreciably less than full scale (where Mach number
effects are not reproduced), then from dimensionless ratio (7)-
El/p VZR 4 - it may be seen that if p V2 is less than full scale,
the stiffness El must decrease more rapidly than R4 . In this
application, the design approach represented by figure 4b would
be acceptable. For the present problem, however, it is not.

The conclusion from the preceding analysis was that the only reasonable
approach to building a model blade dynamically similar to a typical Sikorsky
main rotor blade at full scale tip speeds was to build essentially an accurately
scaled miniature of the full scale blade with the same materials, at least as
far as structure is concerned. The development of such a model blade is
described in the next section.

The scaling ratios or ratios of values of various dimensional
parameters of the model to full scale values are prescated in Table I for both
the full scale Mach number bladc and for the full sclc Froude number blade
discussed in a later section. For the one-eigiith scale blades develored for full
scale Ma "h number, mass of the blades is rc uced by a fl 'tor of 8 , stiffness
by a factor of 84, RPM increased by a factor of 8, aerodynam•.ic, centrifugal,
and other loads Lkxxread by a factor of 82. Bh, • stre-., ;es wý'l be the same as
full scale and blade deflections will be geometric, Ily sim iLe , co full scaledeflections. All natural frequent ,cs ,'•ll be iincreased i , a factor of 3, so that

"the cycles per revoimtin for any vibration will heý the sameic as full scale.
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DETAIL DESIGN OF DYNAMIC BLADE

Prototype

The prototype chosen for the dynamically scaled model rotor was the
five bladed Sikorsky S-56 (H-37, HR2S) main rotor, 72 feet in diameter
with a 21.5 inch blade chord.

This blade, shown in figure 5, is of all metal construction and con-
sists of the following components: a CUFF which is a U shaped steel attach-
ment fitting that joins the blade to the sleeve component of the rol or head.
It is attached by a series of bolts to the blade SPAR - which is the alain
structural member of the blade and is made from a hollow "D" section
extrusion of 6061 aluminum. It forms the leading edge of an NACA 0012
airfoil contour and at its trailing edge supports the POCKETS which are
essentially triangular cross section units, fabricated of aluminum ribs and
skin, and bonded to the spar to complete the aft portion of the airfoil shape.
Internally, and in the leading ed-ge area of the spar, are located COUNTER-
WEIGHTS whose function is to mass balance the blade about the feathering
axis. The counterweights are supported along the spar by a pair of internal
beads that act as a retaining channel and at the tip by a restraining block
which is attached to the spar side walls through a series of rivets. Adjacent
to this block is another block which supports the TIP BALANCE ASSEMBLY
that provides a dual means of trimming the dynamic characteristics of the
blade: first-spanwise-by a series of shim weights located on the quarter
chord position, and second-chordwise-by a movable balance weight which
ajusts the blade pitching characteristics. The tip of the blade is faired to a
smooth tapered airfoil contour by a replaceable TIP CAP which allows for tip
damage without spar replacement. More information on the design of
Sikorsky main rotor blades was presented in Reference 1.

Comparison Parameters

By dimensional analysis discussed in a previous section, the
parameters of the S-56 blade were scaled down by conversion factors, such
that the model is aerodynamically, geometrically, structurally, and dynam-
i-cally similar at full scale tip speed (normally 696 feet per second for the
S-56 rotor). These conversion parameters are shown in Table I.

The scale chosen for this model was based on the largest diameter
disk that could be tested in the United Aircraft 18 foot Wind Tunnel without
seriously being affected by wall interferences in certain test regimes. The
rotor size selected was 9 foot in diameter and thus one-eighth scale of the
prototypec.
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Dynamic Model Blade

The dynamic model blade shown in figure 6 has a length of 48 inches
and a chord of 2. 69 inches. The blade as first developed consisted of a
steel cuff, a bonded aluminum spar, pockets composed of balsa wood ribs
covered with "Mylar" coated paper, lead and steel counterweights and an
aluminum tip cap. Figure 7 compares a typical cross sectional view of the
scaled model with the actual prototype.

It can be seen from figure 7 that the model spar is a built-up
section as compared to the extruded spar of the prototype. Although exact
likene& s in construction is not present, overall similarity is maintained.
Comparison between the model mass distribution, area and stiffness
characteristics and the S-56 blade characteristics scaled down are shown in
figures 8 and 9. Variations between actual and desired characteristics
caused bydifferences in construction are, in general, very small. Since the
spar is the main structural component of the blade, as much similarity as
possible between model and prototype was of the utmost importance.

a oA study was undertaken to investigate the possibility of fabricating

an identical extrusion one eighth the scale of the full scale blade. Below is
a list of the disadvantages that arose from this investigation.

1) Extreme costs, special tooling and very long lead time in the
procurement of the extrusion;

2) Dimensional tolerances that are allowed on the full scale
extrusion could not be scaled down proportionately;

3) Machining techniques necessary to contour the extrusion could
not be employed without extensive tooling costs; O.%

4) Special equipment used to set the full scale spar at a particular
twist could not be used on the model;

5, Inspection methods used to examine the inside surface of the
spar could not be modified to accommodate the small size.

With these disadvantages in mind it was decided that a built-up
section such as that seen in figure 7, was the more practical solution to the
problem. Since the model was to be a dynamic representation of a production
blade, the wall thicknesses, contour and length were scaled down from the
drawings of the S-56 main rotor blade. The contour of each section of the
spar was determined by plotting the mean values of the production tolerances ..

allowed on the prototype. The scaled down tolerances were extremely small, -3

in the neighborhood of five ten-thousandths of an inch and it is worthwhile to
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note that the built-up spar is far superior to an extruded spar because of
the quality control that can be maintained in milling the thickness of the
skin. The inside contour of the S-56 blade is constant along the length of
the blade; the model also incorporates this feature.

SPAR

A. Spar Components

The spar is composed of four basic parts; the leading edge, the
U-section, vertical stiffeners and a counterweight'channel. The components
of the spar are bonded together with a "Scotch-Weld" film adhesive. This I
adhesive is not considered to contribute to the stiffnesses of the blade and
therefore only the aluminum components are used in determining the section
properties of the blade. Comparison of area, Ixx, Iv,, and J distributions of
the model with those of the S-56 spar scaled down for comparison are shown
in figure 9.

1) Leading edge - The leading edge of the spar is of step-tapered
wall thickness. Initially, a strip of 6061T-6 aluminum, .051 inches in
thickness was machine milled in four steps to. 021 inches at the tip, and then
hand scraped and sanded to within .0005 inch of the required values. This
method, since it was very expensive and time consuming, led to the use of
chemical milling of the material to the variable thickness required. The
advantage of this method was that it uniformly milled a large sheet containing
a number of leading edge blanks in a very short period of time.

The forming of the leading edge, because of its small radius of bend,
made it necessary to heat treat the aluminum to the T-4 condition to make it
pliable for forming. Immediately after heat treatment it is initially formed
over a 4 inch diameter die to insure proper contour during final forming and
then press formed over a special male contoured cie. After forming it is
returned to the T-6 condition, machine milled to the proper chord dimensions,
and then anodized.

2) U-Section - The U-Section or trailing edge of the spar is of
uniform thickness and is made from a . 025 inch sheet of 6061T-6 aluminum.
Since the angle of bend is not as sharp as that of the leading edge, it can be
formed in the T-6 condition. Aga ,i, as with the leading edge, it must be
formed over the 4 inch diameter die to insure proper conrour during final
forming, qnd then press formed over a male U-Section die. It is press
formed again with a female U-Section cover plate to obtain the flat vertical
surface. After forming it is wichine 'hilled to the prope.r width and length
and then anodized.

fro a3) Vertical Stiffcncrs - Two vertical F.8iffeners are cut to size
from a .012 sheet of 0061T-6 aluminum and then anodized.
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4) Counterweight Channel - From a .006 inch sheet of 6061T-6
aluminum (obtained by chemically milling a sheet of greater thickness) the
counterweight channel is trimmed to the required dimensions, brake formed
over a special die to obtain the required shape, and then anodized.

B. Spar Assembly

1) Adhesive - The bonding of the spar assembly was a unique
challenge in itself with the selection of the adhesive requiring the analysis
of numerous bonded test sections. The choice of a bonding agent could not
be determined merely from a shear or peel strength chart, since the bonded
joint where the U-Section is attached to the leading edge is not only under
shear loads during actural testing, but also under a tensile load due to the
bonding process. This tensile load is transmitted through the adhesive by
the pulling away of the leading edge from the U-Section since a perfect
contoured shape could not be reached during forming because of the inherent
springback of the material.

Other facts determining the selection of the bonding agent were the
consistency of the glue line thickness, the strength of the adhesive after
repeated curing cycles, the ease in handling during the bonding process,
the ability to clean excess adhesive from adjacent parts, and uniformity in
weight. A Scotch-Weld Brand thermosetting nitrile-phenolic adhesive film, -,.
designated AF-6, fulfilled these requirements.

2) Bonding Jig - Figure 10 shows a: section of the specially designed
jig used to bond the components of the blade together. It consists of 30
templates located 1. 5 inches apart which can be individually adjusted to permit
bonding of any reasonable twist into the spar. The spacing of these templates
was selected so that external pressure blocks which apply uniform pressure
perpendicular to the bonded joint could be independently attached to the spar
rather than rigidly connected to the continuous members of the blade and bonding
jig which are affected by thermal expansion during the bonding cycle. A R
fixture based on the inside contour of the spar is' inserted between the leading ,I" A-'
edge and the U-channel to control the chord dinlxnsions of the spar and also act
as a compression pad for the external pressure blocks. This spacer is designed
with a hinge-type folding device to allow its removal after bonding. A photo-
graph of this spacer and the one used in positioning the counterveights and
counterweight channel as well as the other jigs and components used in the con-
struction of the spar is shown in figure 11.

3) Assembly - The bonding of the spar assembly is performed in

three operations:

a) The vertical stiffeners are bonded to the U-Section with special
forms used to cnsure a flat surface and prevent slippage.
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b) The U-Section and the leading edge are bonded together.

c) The counterweight channel is bonded to the inside of the spar.

A contoured form is used to control the position of the channel with
respect to the leading edge.

The special jig and fixtures described above are required for steps
(b) and (c). A photo of the jig and a blade to be bonded is shown in figure 12

prior to being placed in an oven for curing. Special attention should be
given to the number of components necessary to position and affix the spar
to the jig. It should be noted that all jigs, templates and fixtures used
in the bonding of the blade and its components have been coated with Teflon
as a release agent.

POCKETS

The scaling down of the pockets was perhaps the most difficult phase
in the design of the model blade. In the case of the spar, where the same
material is used, the resultant weight is proportionate to the reduction in skin
thickness. However, to proportionately scale down the components of the
pocket utilizing the same material resulted in parts too flimsy to handle.
Consequently, a different approach to the problem was taken. The weight and
strength of the pockets were the two factors of the greatest concern. Since
the pocket is an essentially rigid component of the blade whose function is to
complete the aft portion of the airfoil section and transfer the air loads to the
spar, it was decided that an increase in the strength and stiffness of the model
pocket could be tolerated.

Since the blade is chordwise balanced about the quarter-chord of the
section, any change in the weight of tile pocket would unbalance the section
thus requiring a modification in the counter-balance weight and thereby
affecting the entire entire mass distribution of the blade. Therefore, weight is the
controlled parameter in the design of the model pocket.

There are three basic pockets varying in weight from seven-tenths
of a gram to one grain (the weight of a standard cigarette) and ranging in
required transverse load capacity between four and eigf't pounds per square inch
Each of these pockets is similar in construction except ior a variance in skin
thickness and rib contour necessary to meet the different weight requirements.
The photo in figure 13 shows the chemical balance used in weighing the
components of the blade. This is an example of the high degree of quality
control that exists thoughtout the fabrication of t[ - blade.

Many types of inaet ials were investigated for use in the construction
of the pocket. Weight control, water, oil and grease absorption, and corn-
patibility between the adhesives used in the contruction and bonding of t: X
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pocket to the spar were just a few of the factors considered. A high quality
grade of bond paper, coated with a 1/2 mil film of metallized Mylar plastic
was selected for the skin, with balsa wood chosen for the ribs and a highly
water resistant contact cement used to bond the components together.

The steps required in the construction of a typical pocket can be
broken down into seven operations:

1) The 1/2 mil metallized Mylar is laminated to the required
thickness paper. The Mylar has one surface pre-coated with adhesive which
requires only pressure and heat for lamination.

2) The skins are cut to size with a template and folded.

3) The balsa ribs are cut to size from a rib template.

4) The ribs are held in a fixture while the end surfaces are sealed
and glue applied, and then transferred to the pocket jig.

5) The skin is placed in a fixture and cement applied.

6) A bead of adhesive is placed inside along the folded edge of the
skin to form a stiff edge, and then the skin is positioned over the ribs in the
pocket jig.

7) The jig is aligned, clamped together and placed in an oven for
a quick cure of 5 minutes at 225°F.

After pockets have been removed from the bonding jig, they are
trimmed to fit the spar. The pockets are then bonded to the spar in the same
jig used for bonding the spar components together. The jig positions thepocket properly over the U-Section of the spar to insure correct chordwise•, .
dimension and proper contour and twist. Paper shims are used between the

"pocket and U-Section of the spar as required to obtain a smooth contour.

COUNTERWEIGHTS

Since Oie center of gravity of the spar as well as the pocket are to the
rear of the blade quarter-chord, a sizeable weight is necessary to counter-
balance the section. Because the center of gravity of the model spar was
slightly aft of the corresponding full scale center of gravity, the model counter-
weights were required to be somewhat forward relative to the full scale counter-
weights. Caculations called for a material with a density of at least 155
grams/inch because of the small area available for the counterweight in the
leading edge of the spar. Lead, with a density of 178 grams/inch3 , appeared
highly suitable.
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The counterweights on the full scale blade are free to move
spanwise along the spar under centrifugal loads; the model retained this
similarity. However, if the force exerted by each weight is in turn exerted
on the next weight, the total force on the weight closest to the blade tip will
range between 200 and 300 lbs. depending on the operating RPM. This
presented another problem. The full scale weights are basically of steel
and are capable of supporting the large compressive loads exerted on them.The compressive strength of lead is not capable of withstanding such a force,

and as a result the counterweight would extrude sideways into the counter-
weight channel causing it to separate from the spar and allowing the weights
to be thrown free. A steel rod was inserted into the lead weight to increase
its strength, but too much slippage occurred between the lead and the steel
if a smooth rod was used. To eliminate this slippage, a piece of. 062 inch
diameter drill rod was run through a 1-72 N:7 die and then threaded into a
piece of acid-core solder. (The acid-core solder with the acid removed
was substituted for the lead because of the difficulty in drilling through the
lead. The combined density of the solder and steel core is still above the
required 155 grams/inch3) The counterweight is press-formed in a female
die based on the inside contour of the leading edge.

The model blade incorporates three different weights, based on the
unbalance of the section of the spar under consideration. Figure 14 is a
curve of balancing moment and counterweight mass distribution versus
counterweight height, developed from a plot of the interior cross-section of
the leading edge of the spar. The use of this plot is explained by the following
example and indicated on the curves by the arrows.

Example: Chordwise Balance - Section EE

Mass/inch Distance Moment
_from c/4 about c/4

Bonded Spar 3.0564 -0.032 -. 0977
Pocket - Bonded to Spar .7101 -1.032 -. 7330

Counterweight from "Plot" 1.4000 +0. 593 +. 8307
(b = .099 inches)

The contoured form previously mentioned, which controls the position
of the channel with respect to the leading edge, is based on the contour and

height "b" of the largest counterweight required, thus forming a uniform
channel along the length of the spar. Therefore, all weights would be initially

453

! ,.' "O'',' "' • ' ,.••'••' ""•,,•V '' .'..• .•3,••'•3"G ••'.,' " . •'", ,*, .•,..", ,• G. .*.''' ' .".,•,'.V U • ' • .,•ft " , "' •,\"'



the same shape and size. Different weight values are obtained by removal
of some of the solder by notching.

TIP BLOCK

The tip block has the threefold purpose of restraining the counterweights, I
providing a means of trimming the dynamic characteristics of the blade, and
acting as an attachment block for the tip cap. It is a magnesium block fitted to
t h e inside contour of the spar and attached to the sidewalls by a series of
small screws. The screws permit removal of the block to change counter-
weights or alter the balance of the blade. Two screws parallel to the feathering
axis and located on the centerline of the block are used to attach weights which
statically balance all the blades of a set alike with respect to the center of
rotation of the rotor system.

TIP CAP

The tip cap is an exact replica of the full scale tip cap and is made
of aluminum. Weight wise, it is slightly heavy, but this weight is concentrated
forward of the quarter-chord, thus acting as a counterweight. It is attached to
the blade through the tip block by screws and through the tip pocket by cement.

CUFF, CUFF BLOCK AND ROOT CAP

The cuff is made of steel and is not dynamically similar to the S-56

The magnesium cuff block prevents the spar walls from collapsing S

as the cuff is installed, similar to the full scale.

The root cap seals the end of the spar from foreign materials.

MODIFICATIONS TO BLADE DESIGN

The development of the model blade has been a continuous project
over the past five years to improve its capabilities and simplify its construction.
Some of the more important modifications to the original dynamic blade are
discussed below.

Static tests of the blade stiffness were used to help substantiate
similarity of the model with that of the prototype. However, certain tests
which appeared satisfactory initially later proved to be erroneous when other
conditions were applied. Such was the case in the selection of the AF-6
adhesive. A wind tunnel test program, conducted to determine the degree of
correlation between theoretical and experimental model rotor performance.
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showed significant amounts of model rotor blade dynamic twisting both in
hovering and vertical flight. In the early stages of testing, the calibration %
of the torsional strain gages used to measure torsional moments was
completed in a period of a few minutes. However, as the number of gage
stations were increased and longer periods of time were required for cali-
bration, a continuous and increasing change in blade twist was detected.
This was caused by a definite creep in the Scotch-Weld adhesive used to bond
the spar components indicating a need for a better bonding agent. Figure 15
compares the torsional behavior of the tip sections of two spars, one built
with AF-6 adhesive and the other with FM1000, a film adhesive produced by
the Bloomingdale Rubber Company which is presently used in the construction
of the dynamic blade. The large change in twist of spar "A" is the direct
result of the creep properties of AF-6 in this specific application, whereas
spar "B" with the FM1000 adhesive shows only an extremely small change
over the same period tested. Another factor, also shown in figure 15, is
the slow recovery rate at which the twist returns to its original position
after the load is removed. Since the change in twist of spar "B" is so small,
the recovery rate is disregarded, but in the case of spar "A", it is a very
important factor during calibration and especially during testing.

A photograph of the apparatus used to measure the change in twist
of the blade is shown in figure 16. A blade is held in a vertical position by
a cuff rigidly attached to the upper portion of the fixture. Mirrors are
positioned at various spanwise stations along the spar and located chordwise
so that the crosshairs etched on them line up with the feathering axis of the
blade. By means of a concentrated arc light source, an image of the cross-
hairs is reflected on a curved grid screen located 57.3 inches from the
twisting axis of the blade. The blade is twisted about its feathering axis by
applying a torsional moment through a block fastened to the blade tip. With
this device, changes in blade twist due to torsional loading can be recorded
simultaneously with an accuracy of 1/20 of a degree.

Other changes in the basic design of the dynamic blade were brought
about to ensure structural integrity of the spar at greater than design rota-
tional speeds and Mach numbers. To allow a considerable increase in tip
speed and corresponding centrifugal loads, 7075 aluminum was substituted
for the original 6061 spar material. The introduction of 7075 required a
number of changes in heat treatment and forming. The period of time the
material remains in the softer T-4 condition is much less for 7075 than for
6061 aluminum. Refrigeration extends this period, but once out of refrigeration,
the time available for forming the 7075 is rapidly reduced.

The increase in rpm (from 1500 to 2200) required changes in some
of the other components of the blade. Counterweights, which were originally
held in place by the counterweight channel and tip block, are now bonded to
the leading edge of the blade to ensure retention. Certain test conditions were
repeated to show no change in blade vibratory stresses or performance due to
the bonding of the weights. Pockets, which appeared satisfactory at lower
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tip speeds, caused many problems at extreme load conditions encountered
during a hovering performance test on an outdoor test stand. Upper pocket
skins separated from the ribs, Mylar peeled from the paper, pockets slipped
along the spar, and pockets closest to the blade tip were thrown free of the __

spar. In addition to the high aerodynamic and centrifugal loads, the pocket
failures could be attributed partially to effects that temperature and at-
mospheric conditions had on the bond which showed signs of breakdown
between pocket and spar and between the components of the pockets. To
improve their construction, greater thickness and number of ribs in the
outboard four pockets were used to increase the bond area between skin
and rib. Different adhesives were tried, but the pocket failures still
occurred. Solid balsa cores were substituted for the rib design in order
to complete the test, but peeling of the Mylar still existed as well as a
large increase in the weight of the pockets. 41 WIN

This change in pocket design, although it allowed completion of
the hovering test, would not be satisfactory for the forward flight tests to
be conducted in the wind tunnel at a later date. Pockets using magnesium
skins chemically milled to a thickness of four-thousandths of an inch, and
a comb-like balsa wood core were bonded to the spar with AF-6 adhesive.
A photo of the components and fixtures used in the fabrication of this pocket
appears in figure 17. The increase in weight of the pocket as a result of
this change required additional counterweight to balance the section about
the quarter-chord, and thus caused an overall increase of 10%7 in the total
blade weight. With these modifications, we have deviated somewhat from
the exact dynamic similarity of the original S-56 blade but are still dy-
namically representative of typical Sikorsky rotor blades.

TESTING EXPERIENCE

Starting with the first preliminary test in late 1958, a total of
more than 70 of the dynamic model blades described in the previous section
have been built and tested to date. These have included various sets having
built-in geometric twists of 0, -4, -8, and -14 degrees to cover the range
of helicopter rotor practice, some sets with high strength aluminum alloy
spars to permit high tip speed investigations, some blades with built-in
spar deformations and residual stresses to alter the nonmal centrifugally-
induced stress distribution, and several other variations.
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Rotor Test Rig

The blades have for the most part been tested in the forward flight

condition on the Sikorsky Helicopter Rotor Test Rig in the United Aircraft
Corporation subsonic wind tunnel, which has an octagonal test section 18 feet
across the flats and a maximum speed slightly over 160 knots with the rotor
test equipment installed. An overall view of the present configuration of the
test rig showing the drive motor and force balance.housing was shown in
figure 2, and a more detailed view of the rotor head area is shown in figure
18. The five-bladed rotor hub is equipped with coincident flapping and lag
hinges at the 5.6 percent radius station, as is the full scale S-56 rotor. The
model hinges incorporate needle bearings for minimum friction and adequate
load capacity. Lag motion is restrained by friction dampers and flap and lag
motions sensed by Clifton rotary transformers. A conventional helicopter
swash plate is driven by three precision electric actuators which are remotely
controlled, through an appropriate mixing system in the tunnel control room,
permitting independent control of collective pitch and longitudinal and lateral
cyclic pitch settings during testing. A hollow shaft provides the route for the
wires for all instrumentation on the rotating system to approximately 100
slip rings in the rotor test rig pod.

Normal test procedure consists of setting a desired shaft angle by
means of the tunnel turntable, setting rotor speed and forward speed, and
taking data at increments in blade collective pitch, usually adjusting cyclic
pitch values to minimize tip path plane tilt relative to the shaft. Vibratory
stresses on the blade are monitored to ensure that prescribed limits are not
exceeded. All dynamic data are recorded on magnetic tape in digital form
by means of a 20 channel Epsco data acquisition system, transmitted to an
IBM 7090 computer and reduced to steady forces and moments, blade
flapping angles, peak to peak stresses, and, if desired, Fourier coefficients
of these quantities.

Blade Instrumentation

Usually only one blade out of a set of five is instrumented with strain
gages, to minimize the effects of the slight surface irregularities caused by
the gages on the overall rotor performance. A spare instrumented blade,
however, is frequently provided and occasionally required because of instru-
mentation failures which may develop, or other damage to the blade. Strain
gages are provided to measure edgewise and flatwise bending at five stations
each and torsion at four stations along the length of the blade. Gages used
are Baldwin AD-7 paper backed wire type, with a resistance of 120 ohms, which
have proven to be very reliable when properly installed. Flatwise bending
measured at any station is accomplished by means of two active gages, one
each on top and bottom of the spar. The bridge circuit is completed with two
dummy gages mounted on the instrumentation plate on the rotor head. Edge-
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wise bending is similarly measured with two active gages, one on the spar
leading edge and one on the trailing edge submerged within the trailing edge
pockets. Torsion stations use four active gages, two each on top and bottom
of the spar. Connecting wires, which are .005 inch diameter nylon clad
copper, run chordwise from external gages to the rear of the spar, from which
point they run inside the blade along the rear of the spar to a specially made
56 pin miniature terminal block mounted on the rear of the spar at &he root end
of the blade. From this terminal a harness of plastic covered stranded wires
is used to jump across the flap and lag hinges and is attached to the rotor head
with miniature quick-disconnect plugs. A photograph of a portion of this blade
instrumentation is shown in figure 19.

Confirmation of Dynamic Similarity

The mass distribution and spar shape were controlled on the model as
carefully as possible to ensure similarity to full scale. Measurements of model
stiffness in the flatwise, edgewise, and torsional directions have confirmed proper
scaling from the proptotype full scale blade to within 5 percent. A comparison
of resonance characteristics for model and full scale is shown in figure 20,
which presents natural frequency for various vibration modes as a function of
rotational speed (full scale frequencies and rpm. values were multiplied by the
scale factor of 8 to make the numbers comparable). The F anc C labels on
the various curves refer to flatwise and chordwise (or edgewise) vibration
modes, and the subscript indicates whether it is the first, second, or third
mode of bending. As may be seen, the model and full scale blades compare
very well, except that for the higher frequency, higher mode vibrations the
model frequencies are a little low. This is due primarily to excess root end U
mass on the model blades because of the weight of the pitch-change bearings
which could not be scaled down to the proper weight and still carry the cen-

trifugal loads. While the curves of figure 20 are calculated for the blade they
have been confirmed by non-rotating shaker tests in the laboratory and also
by examination of blade vibratory stress amplitudes in the wind tunnel as rotor U
rpm was slowly increased or decreased.

A direct comparison of model stresses and those measured on an S-56
helicopter in flight are shown in figure 21. This comparison was first reported
in Reference 1. The model rotor was operated in the wind tunnel to provide
the same (scaled) value of lift and propulsive force as that required for the
helicopter. Considering the difference in Reynolds number, the agreement
was remarkably good. The effect of a change in blade twist from -14 to -8
degrees on the S-56 helicopter was checked in the wind tunnel with dynamic
blades. Reducing the twist on the S-56 provided an important reduction in
blade vibratory stresses. The wind tunnel test confirmed this stress reduction ',..._

almost exactly.
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It should be noted that most of the tests conducted with the model
blades have not been intended to represent the S-56 blades or any other
blade exactly. For example the reduced Reynclds number makes it
impossible to use model data for accurate full scale performance pre-
dictions. The primary purpose of most of the tests has been to probe
new operating regimes of the rotor not possible or not safe to check with
flight test, and to provide data for correlation with theoretical analysis.
The use of a blade which has dynamic characteristics representative of
typical full scale practice ensures that the data obtained will be generally
valid and applicable to full scale practice.

Blade Reliability

The dynamic model blades have been tested extensively for a
number of purposes over the past several years. In this testing, they have
displayed a remarkable degree of ruggedness, with not a single accident due
to a blade structural failure. There was one incident of fatigue failure of a
rotor head component, which resulted in destruction of the rotor and several
cases of an "emergency" quick stop of the drive motor which resulted in the
blades hitting the forward lag angle stop so violently as to damage the rotor
head and permanently bend the blades in an edgewise direction (Hindsight
indicates that it would have been better to allow the rig to coast to a stop
than to use electric braking). An experiment was also conducted with
coupled blades that resulted ini a violent instability which wrecked the rotor.
In early versions of the blade, the unbonded leading edge counterweights
broke through their restraining wall, on occasion, escaped from the blade at
the tip and "shot up" the wind tunnel with steel-cored lead bullets at a ',elocity
approaching that of a .45 calibre slug. Coriolis effects due to the high
radial flow of mass resulted in the blade hitting the aft lag stop hard enough
to do exteasive damage. There were also cases, with early versions of the
blade, of pockets slipping at the bond line due to high centrifugal forces and
local pocket skin failures due to the high frequency oscillatory airloads.
Despite these various mishaps plus a few cases of trailing edge damage fron
rough human handling, the blades have been, by a very wide margi., the
most satisfactory model blades tested by Sikorsky, having been exposed to
extrveme operating conditions of tip speed, forward speed, advance ratio, lift
and propulsive force coefficients, and vibratory stresses and strains. As
opposed to test experience with earlier blades, which had in some cases
extremely limited operating ranges, there has been essentially no difficulty
operating the dynamic blades from zero lift to high lift conditions well into
retreating blade stall or from a negative power, high drag condition to a
high power, high propulsive force condition. Vibratory sress limits used
with the model blades have been placed at approximately double the accepted
limits for full scale blades to pennit a thorough examination of extreme
operating conditions, but no fatigue cracks have ever been observed. In o01e
test in which a aon-articulated rotor was being investigated with the same
blades, a vibratory stress of ± 25, 000 psi, a most extreme value tor
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aluminum, was encountered for a brief period.

Hover Tests

One of the noteworthy accomplishments with the blade was a
hovering test in which maximum operational tip speeds exceeded 1000 feet
per second. The maximum tip Mach number at which data were obtained
was 0.95. This is much higher than full scale operational values and the
highest value ever reached in any Sikorsky test of models or full scale
rotors. This test was conducted on the Sikorsky tail rotor test stand
facility shown in figure 22. The rotor was a rather effective siren at
this speed; an overall sound pressure level of 130 db was recorded 30
feet from the rotor. Centripetal acceleration at the rotor tip approached
8000 "g's", and it was not too surprising that some difficulty with pockets
slipping along the bond line was encountered. The purpose of this test was
to increase hovering performance data over a wide range of tip Mach
numbers and collective pitch values to permit derivation to two-dimensional
airfoil section characteristics. In the process of this derivation it was
noticed that the resulting airfoil data demonstrated unrealistically low values
of lift curve slope at high tip Mach numbers. Examination of blade torsional
moments from strain gage data indicated that large torsional moments at
high Mach numbers and/or at high values of collective pitch were resulting
in a significant change in blade twist and therefore a change in effective pitch
angle from the nominal value. A plot of the change in twist calculated from
strain gage measurements is shown in figure 23; effective decreases in pitch
angle as hig& as 5 degrees were found. This dynamic twisting was confirmed
with special photographic techniques by which tip pitch was compared directly
with root pitch during test. When these changes in collective pitch and blade
twist were take-in into account in the derivation of airfoil section data from
hovering pxerformance measurements, the airfoil data became reasonable for
the Reynolds numnxbrs of the blade.

Wind Tumel Tests

t Ts e purpose of obtaining experimental airfoil data from hovering
tests was to permit theoretical calculations of foxivard flight performance
for correlation with wind tunnel tests of the same model rotor. B1oth hovering
and forward flight tests in this correlation study were supportedin part,by a
U. S. Army Transportation Research Command contract, results of which
are reported in Reference 2. The rotor oprating regimes which have been ,,
investigated with these model blades are shown in figure 24 which presents
tip speed against forward speed, with solid lines of constant advance ratio
(ratio of forward speed to tip spexed) and dashed linucs of constant Mach

, 1i -. es L .



number at the advancing blade tip. The solid circles and crosses representS conditions for which complete maps of rotor performance have been
obtained for blades with twists of -8 and -4 degrees respectivelyc. A
theoretical performance map showing calculated rotor lift, drag, and torque

as a function of angle of attack and collective pitch for one of these conditions
is shown in figure 25. The experimentally derived airfoil section data
discussed previously were used in this calculation. For comparison, the
experimentally determined performance map for the same condition is shown
in figure 26. It may be seen that the test points form curves which are as
well-defined and exhibit the same general characteristics as the theoretical
curves. One theoretical line for a collective pitch of 12 degrees is
reproduced,from figure 25 oa figure 26 for direct comparison. It may be
seen that there are some distinct differences between theory and experiment.
Based on the dynamic twisting effects which were encountered in hovering, an
evaluation was made of similar effe.cts in forward flight. This was found to
be considerably more laborious than in hovering, however, because the dynamic
twisting as revealed by torsional strain measurments on the blade varied
continually with blade azimuth angle around the disk. When these effects were
properly accounted for, theory and experiment were brought into substantially
closer agreement, except that in the theoretically stalled region at high rotor
lifts a significant discrepancy still was observed. It has not been determined
whether the dynamic twisting in forward flight, as high as ± 5 degrees in some
conditions, is due to blade aerodynamic pitching moments, torsion !:;oments
resulting from flatwise and edgewise bending, or a combination of the two.
Effects on a full scale blade might not be so severe, since blade airfoil shape
can be controlled to a better extent full scale, and aerodynamic pitching
moments might be relatively smaller.

A typical overall performance comparison between theory and exper-
iment is shown in figure 27 in which angle of aitack and collective pitch have
been eliminated as variables by suitable crossplots of the basic perfonancr
maps. The power required (torque coefficient) i,; plotted as a function of
rotor lift for two typical values of rotor propul,4iive force (two values of ratio
of aircraft parasite drag area f to disk area j-rR 2). Theory and exipimeinm
agree well up to the :heoreticaly predicted rotor stall limit, beyond which
theory becomes in-trcasingly pessimistic. "Te rea son for this discr-,pancy
ha s nXt been identified as of the date of writing this papxer, but may be

* associated with a spanwisi boundary layer flow due to centrifigal effects. A
full scale Sikorsky main rotor with special surface pressure instrumentation
is scheduled for test in the NASA Ames 40 by 80 toot wind tunnel in 1964 andj
S is expecte to provide an answer to this problem. It is x jieved certain thatL
experimental errors are nut i-sponsible for the obscr°cd differences •,•,ewe.co
theory and cx|x-riment. Figure 28 presents data for dh; same cordit eons
S a s figure 26 from two test prografnsc:xiducted 16 months apart on different
but geometrically idnteical rotor blades. Excellent agr-entent is shown,
demonstrating long term reliability and rpeatatolty oti tUse tata. The oEmly
discernible difIcrence between the two tests is a slight trend toward lower
torque required with the all metal bladel; due to slightly 1ower airfoil profile
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drag compared to the paper-pocketed blades.

One important result of the forward flight tests and correlation
studies is that the effects of high advancing tip Mach number seem to be
accurately predictable with available theoretical techniques. Figure 29
presents a comparison between theory and experiment at a constant lift,
propulsive force, and forward speed as tip speed and corresponding
advancing tip Mach number are varied. Except at the left end of the curve
where the theory predicts that the rotor is stalled, nearly perfect corre-
lation is noted between experimental points (circles) and theory (solid line)
up to an advancing tip Mach number of 1.0. The dashed line indicates
what would be predicted if airfoil characteristics as affected by high Mach
number were not included in the calculation. The shaded area, labeled
A (HP/L) M, indicates the increase in power per unit lift due to Mach

number effects, and shows that as advancing tip Mach number is increased
beyond 0.9, a severe power penalty is paid.

in another U.S. Army TRECOM sponsored study, reported in
Reference 3, calculations were made to determine the optimum rotor
geometry for a high speed pure helicopter and an experimental check of
thcse predictions made with the dynamic model blades. It was shown that
a blade of co- ,,tional planform was close to optimum providing the blade
twist was reduc, 1 t1rotn the usual value of -8 degrees to approximately -4
degrees, becau.,e of the effects of twist on vibratory stress and consequent
blade life at high speeds. The predictions in general were confirmed by the
dynamic blade tests, which also showed the effects of varying !ift and pro-
pulsive force on blade stresses, as shown by a typical example in figure 30.

Vibration Tests

One experimental program that utilized the dynamic blades was a
measurement of rotor impedance, important to rotary wing vibration theory.
Because the blades are hinged at the root end and are flexible as well, it is
difficult to predict the vibratory root end shear reactions of the blade when
the rotor head is vibrating in various modes at various frequencies. To
determine the rotor impedance or effective resistance to such root end
motion, mechanical shakers were mounted on the rotor test rig to provide
a forced motion over a range of frequencies, while the rotor was in operation
at rotational speeds of interest. Strain gage instrumentation at the blade root
plus flapping and lag measurements were used to resolve root end forces.
Additional vibration research at forward speed conditions is planned for the
near future with a specially designed rotor head that will measure root end
vibratory shears directly. The use of dynamic model blades for vibration
research in the wind tunnel is, of course, essential.
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DYNAMIC MODEL BLADE DESIGNED FOR HIGHER
SIMULATED FORWARD SPEEDS

The dynamic model blades previously described are capable of re-
producing full scale compressible flow or Mach number effects, and have
been extremely useful in helping to advance the state of knowledge re-
garding helicopter rotors. Because of the high tip speeds utilized,
Reynolds numbers are reasonably high despite the small chord dimension
of the blades, and model forces and moments produced are high consider-
ing the overall model size, thus facilitating accurate measurements. For
dynamic similarity, however, forward speed of the test must be equal to
the sihulated full scale forward speed condition, and the available wind
tunnel speed is limited, with the rotor test equipment installed, to a
little more than 160 knots. This is higher than current helicopter
operational n ýeds but less than record speeds. While higher forward
speed conditions can be and have been simulated aerodynamically
(neglecting Mach number effects) by a reduction of model tip speeds to
less than would be used full scale, dynamic similarity is lost because
aerodynamic forces are reduced but blade stiffness is not. Thus in figure
24 operation of the model rotor at 160 knots and an advance ratio of 1.0
with a low value.of advancing tip Mach number corresponds to operation
at 300 knots at the permissible advancing tip Mach number of 0.9. With
dynamic similarity lost, however, such test results could be very mis-
leading with regard to blade dynamic behaviour. Consequently it was con-
sidered necessary to develop a new blade model which would permit
dynamic similarity at reduced tip speeds and thus permit higher simulated
forward speeds with realistic elastic effects. Mach number similarity
had to be sacrificed, but as was mentioned in the section on results of tests
of the first blades, the Mach number effects appear to be predictable with
available theoretical techniques.

The speed potential of rotary wing aircraft, in the form of the so-
called compound helicopter configuration with wings and auxiliary propulsion,
is believed to be at least 300 knots and possibly as high as 400 knots. As
pointed out in Reference 4, the performance characteristics of rotors can be
surprisingly good up to at least 300 knots. An artist's sketch of a possible
compound helicopter is shown in figure 31. The limitation to speed is no
longer retreating blade stall as it is for the pure helicopter, but rather
rotor control problems, stability of blade flapping motion, and aero•lastic
flutter problems in the "reverse velocity" region on the retreating half o( the
disk where the airflow relative to the local airfoil section is from trailing
edge to leading edge rather than in tbe. usual direction. At high forward
speeds, the tip speed of the rotor must be reduced to avoid sonic relative
velocities on the advancing tip and excessive power penalties, with the result
that the advance ratio or ratio of forward to tip spxeeds increases rapidly with
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forward speed, up to a value of 2.0 or more at 400 knots. In this
circumstance, the "reverse velocity" region is very large, and it is not
surprising that aeroelastic effects predominate.

Basic Design

While present main rotor design practice is not necessarily
optimum at such high forward speeds and advance ratios, it was known
from prior studies that the speed potential of the present design is much
higher than current operational speeds. Thus it was decided to keep the
same basic design in the constriction of a new dynamic blade model for
high simulated speeds, ensuring that the blade would be satisfactory at low
t o moderate speeds and also permitting direct correlation of data from
the two test programs. It was desired to simulate a forward speed of at
least 400 knots, a factor of 2.5 greater than actual tunnel speed. It was
realized that if the blade were designed to simulate full scale Froude
number (gravity effects the same as full scale), the simulated velocity
would increase proportional to the square root of the scale, orJ8 = 2.83
for the model in questiop. As discussed previously, gravity effects on the
rotor are not considered significant for normal helicopter operation, but
as full scale tip speed is reduced the centripetal accelerations are also
reduced, so that gravity will start to play an increasingly important role
in rotor behaviour. At extremely high advance ratios, therefore, or for
rotor starting or stopping tests, the model rotor will have to be oriented
in a horizontal plane rather than in a vertical plane as at present. Model
blades having the proper full scale Froude number will permit such tests
with exact gravity effects, and can also be applied to a semi-"free flight"
aircraft model test wherein gravity effects are of prime importance for
overall aircraft dynamic behaviour even at normal rotor tip speeds. Thus
it was decided to build the blades with the stiffness scaled down to the
point where gravity effects were the same as full scale. This scaling would
automatically permit simulated forward speeds of over 400 knots in the UAC
18 foot wind wind tunnel.

Referring to the dimensionless ratios estabished in the section
on selection of design parameters for the full scale Mach number blades,
the same ratios are required for the new blade, except that flight and tip
Mach numbers are of necessity moved to the "Secondary Importance" list,
and ratio (12) - S 2 R/g or Froude numLber, is moved to the "Primary
Importance" list. To keep the ratio a 2 R/g the same as full scale, it
is obvious that rotational speed R must be increased proportional to
the square root of the reduction of radius R, since there is no convenient
method of controlling the acceleration due to ,ravity g. For a 118 scale
model 11 must be increased by a factor of 'As, and tip Speed ýR thlereý-
fore is reduced by a factor =2.83 from the simulated full scale value.
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Forward speed for the model is also reduced from full scale value by
the same factor. Mach numbers are reduced by a factor of 2.83, and
Reynolds numbers, which were previously one eighth of full scale, are
reduced by an additional factor of 2.83.

Blade external geometry remains the same, and dimensionless
ratios (5) and (6) relating to blade mass indicate that the mass distribution
and total weight of the blades remains the same as for the previous model.
Dimensionless ratio (7) relating to blade stiffness, Elxx/ p V2 R4 , indicates
that the stiffness EIxx must be reduced by a factor of 8 from the previous
model since V2 has decreased by a factor of 8 while p and R remain constant.
The other stiffnesses Elyv and GJ obviously must also decrease by the same
factor. For the new bla(d'e it would have been possible to take the design
approach represented by figure 4b, but the general approach taken to
accomplish the required reduction of stiffness was to leave the moments of
inertia lxx, Iyy, and J essentially the same but reduce the moduli of
elasticity E and G. By leaving the shape of the spar essentially unchanged,
the assembly jigs and trailing edge pockets used on the full scale Mach number
blade could be utilized. The problem was therefore ro find a material having
the appropriate moduli of elasticity. The value of Younfgs modulus E for
aluminum ( used in the previous model blade) is 10 x 100, so that the desired
value of E for the new spar was an eighth of that value or 1. 25 x 106. Un-
fortunately metals have values almost universally much higher than this and
common plastic materials have much lower values. Wood has about the
right value of E, but is highly non- isotropic, with a shear modulus, G,very
much lower than that required. The approach finally taken was to combine
fiberglass, plastic, and paper fillers to tailor the characteristics to the
desired values.

Detailed Design of Fiberglass Blades

The initial phase of the design of the fiberglass blade was devoted
entirely to the development of a spar whose flatwise, edgewise and
torsional stiffness woild be I/8 that of the present metal dynamic blade.
Spar samples were fabricated using various types of fiberglass cloth
necessary to produce skin thicknesses tile same as those in the metal spar.
These materials were at first molded oer the same contoured die used in
forming the aluminum .eading edge, but where the aluinum has a tendency
to spring out after forming, the fiberglass components tend to spring in
with a resu~ting shape of unsatisfactory contour. This was also true in tile
layup of the U-Section. Both dies were built up gradually iuntil proper con-
tour was attained. Additional spars werc made, initily, with the fibers
of all layers in the saire direction such as 0', 90' and 45', and secondly,
in combinations to see if isdt ropic characteristics could e.- established. Aspar 04ith an average stiffness in the required dlirection.s appximately

1/4 that of tile metal blade was tile most flexible that resulted from these
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trials.

A sandwich construction varying layers of fiberglass with layers
of cloth mat as a filler showed that lower values of stiffness could be
obtained. However, the overall surface finish, because of the inconsistency v-v
in the cloth mat, was very bumpy.

A cotton cloth, pellon, was substituted for the cloth mat, but the
surface imperfections were still present. A special quality paper, used in
stenciling because of its high absorption rate was tried next and produced
excellent results.

While various methods in the construction of the spar were being
investigated, special attention was being made to determine what effects
the other blade components would have on the overall stiffness of the blade.
Whereas the components had negligible effect on the metal blade stiffness,
they now contributed increases of 25%0 flatwise, 33%0 edgewise and 1070
torsionally to the stiffness of the fiberglass blade. This changed the re-
quirements for the spar design. To arrive at a blade 1/8 the stiffness of
the metal blade requires a fiberglass spar with stiffness approximately
1/11 edgewise, 1/10 flatwise and 1/9 torsionally of those of the metal
blade. Since special thicknesses of fiberglass cloth which are required to
fabricate this spar were not immediately available, the first set of blades
made, with the materials on hand, resulted in an overall scaled stiffness
of 1/6 the metal blade. Even though the gravity effects obtained at this
higher stiffness are not exactly the same as full scale, these blades permit
simulated forward speeds approaching 400 knots in the wind tunnel. At the
date of writing of this paper, these blades have been completed but not yet
tested and the exact Froude number blades are in the construction stage.

The weight of the composite fiberglass and paper spar is only
40%0 that of the metal spar. Since the mass distribution and total weight
of both blades must remain the same, special rubber plugs, contoured to ,.
the inside dimensions of the spar, were bonded at one inch intervals along
the length of the blade to offset this difference in spar weight and produce
the same mass distribution per inch as the metal blade. These plugs were
designed so that their center of gravity was slightly forward of the quarter
chord of the section. This nose-heavy contribution to the blade section
balance was necessary to offset a modification in the counterweight design.
The steel-reinforced solder counterweights used on the metal blade, if
bonded to the fiberglass blade, would result in a 50%0 increase in the edge-
wise stiffness of the spar. By using short lengths of plain lead with gaps
of 0. 1 inch between adjacent weights this increase in edgewise stiffness
could be reduced to 10%0 because of the low modulus of elasticity of lead
and the lack of spanwise continuity. The loss in counterbalance weight
caused by the gaps is compensated by the nose heavy unbalance of the
rubber plugs.
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The pockets, tip cap, tip block, and root block are the same as
those used on the metal dynamic blade, with only minor changes in-
corporated to facilitate their construction and assembly. The appearance
of the assembled blade is identical to the aluminum spar blade except for
the color of the spar. When picked up. however, the "feel" of the blade
is substantially different because of the greatly increased bending flexibility.

It was noted that the root end mass was higher than desired for
the metal blades, because of the inability to scale down the feathering bearing
system size and still carry the centrifugal loads With the newer blades de-
signed for lower tip speeds, however, centrifugal loads are greatly reduced.
A new lightweight feathering system has been bui:t for the new blades that
provide the properly scaled weight.

Small Scale Tests

As stated previously, the new model blades have been completed
but not tested when this paper was written. A somewhat similar blade on
a smaller scale has, however, been developed and tested by United Aircraft
Research Laboratories and reported in Reference 5. This blade represents
a 1/18, rather than 1/8, scale of the S-56 main blade, providing a rotor
diameter of 4 feet. This blade, also built to have the proper full scale Froude
number, was constructed by the approach represented schematically in figure
4b. Details of blade construction are shown in figure 32. Flatwise bending
and torsional stiffness were properly scaled, but no attempt was made to
provide the proper edgewise stiffness, nor was a lag hinge used on the rotor
head. The justification for this was that it was an exploratory program of
investigation of high forward speed conditions, and it was considered that
"the blade flapping motion combined with flatwise bending and torsional
flexibilities predominate in the overall aeroelastic behaviour of the blade.

These blades have been tested in the UAC 4 x 6 foot subsonic wind
tunnel over a wide range of test conditions, up to tunnel speeds of 100 miles
per hour (corresponding to a simulated full scale speed of over 350 knots)
and have provided extremely valuable data for both correlating with new
theory for rotor behaviour at high speeds and for guiding the test program
to be conducted with the 9 foot diameter rotor model. An example of data
obtained with the 4 foot diameter model is shown in figure 33 which shows
operating stability limits determined experimentally and correlation with
theoretically predicted limits. As may be seen, there is excellent
qualitative agreement, and it is expected that future refinements in theory
as well as in experimental data will provide still greater confidence in the
ability to predict high speed rotor characteristics.
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CONCLUDING REMARKS

The effort devoted to the development of dynamic model rotor
blades at Sikorsky, while sometimes slow and painstaking, is believed
to have been well repaid in terms of the advancement in the state of
knowledge resulting from the tests they hav_ permitted. It is expected _
that they will continue to be used in many future research projects. It
is of interest to note that some of the construction and static test
techniques first used on the model blades are finding application in the
construction of new full scale blades. It is likely that the development
of certain new blades will be preceeded by tests of model blades
dynamically scaled from the full scale design. Specifically, the use of
dynamic model blades is believed to be essential to the successful de-
velopment of a compound helicopter in the 300 to 400 knot category or
a retractable rotor convertiplane for much higher forward speeds.
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TABLE I - SCALING RATIOS

Model linear dimension = 1/S x full scale linear dimension

(Numerical values correspond to 1/8 scale model)

Subscript m - model
Subscript fs - full scale

Parameter Full Scale Full Scale
Mach Number Blade Froude Number Blade

Radius & other linear dimensions 1/S (1/8) 1/S (1/8)

Rm/Rfs

Areas- Am/Afs 1/S 2  (1/64) I/S2 (1/64)

Mass per unit length mm/mfs 1/S 2  (1/64) 1/S2 (1/64)

Total mass Mbm/Mbfs I/S3 (1/512) i/S 3  (1/512)

Stiffness Elxxm/Elxxfs, etc. 1/S 4  (1/4096) 1/S5 (1/32,768)

Angular velocity ai/glfs S (8) /S- (2.83)

Linear velocities (QR)m/(4lR)fs, 1 (1) 1/./- (0.353)
Vm/Vfs

Mach number Mm//Mfs 1 (1) 114 (0.353)

Froude number S (8) 1 0)( a 4tR/g)m-/( j2 R/g)(s

Reynolds nwunber kNm/ RNfs I/S (1/8) I/S: (.044)
Output forces Fm/Ffs 1/S2  (1/64) l/S3 (1/512)

Output moments Morn. m/Morn, fs 1/S3 (1/512) I/S 4  (1/4096)

Output elastic strains cm Is 1 (1) 1 C1)

Natural frequencies wto/UWfs S (8) A (2.83)
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FIG. 4. BLADE CROSS SECTION SHAPE

474

e'v'q r pý04,-* -4 *" ýI



w
>.)

w

-- I

C.) wD

ww
0o
CL4

40

a..a0

U)t

L&. Ir

'ALC



CL

z 0
0 0.1.

C LUI

0:4
owl

m W- LL
4 E0 4Wi

N~ zw. 4011

a, A w. 4'. zu

*IK / (. ",T

4476

'e- 'A



2 Cl

0oW 0 M-0zujw0 d

w -i z .- U.
< U1. -o

I- U)0L Z c: W( -
(1)2 0 (1 2 _jo0(D

a0 -jz )U
~~~ Xw2

(DM M ww-Wi~ >wu -

Xý-2 w2J1 -3 ýW U
MZ-i3: z 0 0L Z 3r-h3tý-z

-J< W r. Zozw a min 2: w
<0 2- 0j E LaJ0i04u<-0

49 i> =~ 04 -j 0 m > :) 0 0 U
9L0 0l 0 0.

I-
Cl)

00
0)

w
w 0W

0 w U)
ZW z4

C.o

t.z
uz -i - (1

ww- 477I )(
In 

to P*



oL

o0 z

4 ww
0: Q

UJ0  I...
w C

2,44

-0 0

IN NM)

44 0.0

z

0- I
ozo

C6

o 1 0 0o 0 It4 0

HDNI/SWV'VH 'N OILfli8.SIG SSVIN
478



.24 - DYNAMIC MODEL BLADE

FULL SCALE BLADE.20 I

"'z 1aAREA DISTRIBUTION

W .08 ,

.04

0

6

5-' I Ix

0xx DISTRIBUTION

0 1I

24

*20 I 1v,. DISTRIBUTION

|%tuI I

oI

S16 I
z12

~ 2- -~-----------

U I

24

.7

.6 J DISTRIBUTION

0
-1 .. 0 .0 AO---.6-.'--8'--90--0

I I

( 16 . I--------------1

",r .-- "-----------

0 10 .0 .0 .0 .5 6 7 8 .90 1.0

RADIUS RATIO. r/R

FIG. 9. COMPARISON OF MODEL 47a PROTOTYPE PHYSICAL PROPERTIES

47

t .V .........



ImI

LL..

480'



a-

0)0

U).

A'T z

0 0

00

CL,

0uJ0

-a-

481



I r-

IIs

WiW

LL



.1,1

'.4

LW

I'

A
¾.

,1 � K; 1
Va., � '""I p.4¾ . - 8 1 ¾

* � 'is

...........................�-a..y" 'p

�1

'¾.

p. 
. 4

p.

.4

p

N

a.

N
$4

FIGURI 13 (JIIEMICAL BAlANCE USED IN WEIGHING COMPONEN'I'S
* 01' JsLAI)E

183

'N

N

W.tX.VWrK.KQAYV&"'�N�"XYK%2C � 4 *�'. . **. .*e*.*'



0 W

i hi.I-

\~ CU0

II

CU CU0 z

0N0 0

0 NU O 4q

NI/ NO - NoI.n a .I HSI SS~yYI
484

--------- ~ -- ---------------- tf~It



w I
00

40j

to5 0 I I-
49 . 0

a:I
ww

laJ

_j- 0.k.

0 CLT-I

i CL0 o 0 N0
S383 .SM.N 9%I

48

--------------N--- NVH



2

E

4 �

¶"* V
.�. �A.

'��: �

I
'\44� �

,.� .�.'

I

- .1

q V I
1*1

*44��,
* V -. *

*4��9
9 .9.

*4

"9.

.4..

*4!

�9�99.
9�9 * 

4
A

-I...

9'

'9,.
*9

4

* 9....
� 49. �9.

**9999*

- 9 9.- 9..-'. 2.*
9 9�9��*9��9V � * .9.

- 9*9.9fl9. '¶9-

- . 9 S *..M -
9.. �- .9.



I.-zww
�MJ

w
'I)

U)

4
0a:
zo
U I
az
4

w

4 a:
01

0a:
a:
a:
2:
U)

4

z
0
I-
4
a:

*8 cD
A



C,,

WArT

w w.

4s 7



VoV
4

44 7
IDP~

zz

z z

z

z

w

w z

'4 z
w w

0 W

Z* 4

O4W9

* 0



II

~~L0
00

[Lj

All



0w

UJ. o /W
LLZ 0o

c5r

JW ZO(

0
OH)

Ix

TSd 'SS38iS ANI1iU9IA 0 o
9Ni0N319 IVV4HON U:

~LL~

491 
Z



I1

.!,

FIG. 22. SIKORSKY TAIL ROTOR TEST STAND
49Z



_w 2

-LO >-

CD

w

0~
- -- - 6:

493



*0 0

00

z
0

~cl

0
0) 0--d eloI-

-0 0
W IL.

on:

0 0

0

0 00 0 0
o 0 0 0 0 0 8 00

*C3S/*±4 'c333dS dili

494 .,



-------------------------------------------I-W
0 nit

00

OILL

to

C4 0

0 0 w
tj r. i

-0 C:

Ix

0a

00~

q~b .-- j---t---~- IIW

W .1

CO 0 .Q

__wi

-/ 10 bLLVHI AlICII-OS -IN31I.A.43O) 141-1
495 .



10

0 ZK

C3h

Iai

(00 0 ~

0 0

/O'OLLV8 AIIGflOS - ±N31341.4300 SV&IU
496



0

ww

00
.00

'0 0O0

0~ 0* 0

-0/': 401±VHi A-LIGI-10S - .LN31I.OI4300 3flo&oi
497



4. w

-0 _- -_-z

NM

Io 0

0 10IW

6F 0 z

~~IJ

cr..

0'

lo'p



- 1 I

~~0

_ li

AA
W- Ltoo"ý* P- 0

Oft 00o0

C.10

00 )H4  O rT1-;-100
~~~;p 0000-7ons- ~u~~ vi

499



g *J

c~b.o

0 0 0

0~ 00
0 1

-003 OV A-0-10 -i3013: -no

500



b
baO - -"-EFEt ---T

S .016
6 .WEXERITUTT_ a- -8 DEG-

~~~~o x" .. 0.07 9

.0 12 ... . 4.. r :t 5

0

U.
WO 8 fll

m 00 !0 D2 .04 D6 .08 .10

0 LIFT COEFFICIENT -- SOLIDITY RATIO, CL/o

0IL -ac
V-161 KTS. aR-7OOFT./SEC. A a.39

FICG 2T. COMPARISON OF THEORETICAL AND
EXPERIMENTAL ROTOR PERFORMANCE

501



o MAY, 1960 TEST - PAPER POCKETS
0 SEPT., 1961 TEST- ALUMINUM POCKETS

.008 x.07

b o° .o4 0,-8 DEG ,,S

.00
so a"-20.079

0

_o - b 5 . .... •

(~0 = --_..

' 0 .0048 --

..-

=4.__ I) __. CL/o-=0
.008

0 -.016 -.012 -.008 -.004 0 .004 .008

DRAG COEFFICIENT - SOLIDITY RATIO, CD /"

FIG. 28. REPEATIBILITY OF EXPERIMENTAL DATA
"502

,~' ~ A~ *~ ~ * 4~ .~. ~ .. .I



V*161 KNOTS, f/TrR2 =0.005
DISK L.OAUING 4 LBE/SQ FT

f T-

.ph

w P WE WITH TI SI EU NO

- - --- - - E
0.07

0
.4 .5 .6 .7 .8 .9 1.0

3
CUBE OF ADVANCING TIP MACH NUMBERM(•I.p 0 )

.8 9 Lo
ADVANCING TIP MACH NUMBER, M(t.O)()

FIG. 29. EFFECT OF ADVANCING TIP MACH NUMBER

ON POWER LOADING

503 -

.5S.
.- :• .,,• -, ,- -,.• ,,-. ... .......,-- - •."-"• "• - ",,'.. .. ,,"... ",. "," "' "." ' . "- -","E•'.'",'• ,-",,,":"• ."•'"('",• '•"'• ,."•,S.



3000 i

S~~~~~2000 ;- -- - --

.051
1000 .. 04

(a) Flatwise Stress, 21.0 % Radius

E

= 7000

.=•= • ~6() ---4- ..

S 6000

.064

4000___

3000 .... .. . .

-.. .

2o--: 000 .... .

.024 -. 020 -. 016 -. 012 -. 008 -. 004 0 .004

D)rag (.0. cient - Solidity Ratio. (C1).o-

(b) Flatwisc Stress, 63. 9 % Radius

FIG. 30. EFFECT OF ROOT LIFT AND PROPULSIVE FORCE
ON VIBRATORY BLADE STRESS

V= 161 KT QR= 700 FT/SEC ,39 01 z -8 DEG

4 x4



nNr..M�wT. nArtAr..M p 4r.rr�AnA�A;5rr.p'Ip .t' '�.F'� �p a'�.r '- r U . - - - - .. . - - - - - - - - - - - - -

Vi

4-,
a' d

A
7 .

4!

'� "'

* -'U

I.

'4'

ZN

'It

&

44

& A
'S

C) 'C

w
I.

'<1

1%
N 4 � j DCI)

-aLrt
'� U'$ I-

* 1 4

1.44 . C')
I �'i Li Cr

.4 1 4
* A. ft 5-

£vQ9 i,
3, t�4

.9

.4 V1  
.9

a. £4>

N
N

a

- N - .



GRAIN DIRECTION

AERODYNAMIC SHELL
(62 ±2 Ib/ft3 BALSA)

QO5e'X A" LEAD FOIL TAPE

SHADED AREA PERFORATED UNFORMLY

Oow

FIG. 32. DETAILS OF 1/18 SCALE MODEL BLADE CONSTRUCTION

506

%~,.



650 0.8/ t -

,.00
550 _ _ _

S1.0 /00

I~je.
'45

00

I 1 2''' 10-1 Theoretical
350 14 ___Torsional

Divergence

S2Theoretic Flap Instability

65 75 85 95 105
Tunnel Speed, mph

I "' ' I' I

250 300 350 400
Simulated Speed, Knots

FIG. 33. COMPARISON OF THEORETICAL AND
EXPERIMENTAL OPERATING BOUNDARIES

507



ASD-TDR-63-4197, PART I

SESSION IV

STRUCTURAL DESIGN APPLICATIONS

Chairman: Mr. Howard A. Magrath
AF Flight Dynamics Laboratory

509

Preceding page blank



DYNAMIC MODELS FOR LOW CYCLE FATIGUE

W. H. Roberts

K. Walker

Northrop Corporation

ABSTRACT

Aeroelastic and dynamic models are a practical way to improve aerospace
and vehicle safety and reliability while providing significant economies in
resources and reduction in full scale ground and flight testing. Progress
in applying the models to fatigue problems of two types, specimens and corn-
plex structures, is presented. The ,-.ture of present fatigue probems is
explored, in particular, the link betuei: fatigue and dynamic loads of both
high and low frequency. Fatigue damage has been severe and the problem
requires complete reassessment. The failures experienced are not becausethe state-of-the-art is misapplied) but because it is inadequate. The --
problem contains several layers of complexity beyond the present methods.
The probability of failure increases radically in the early life of a part
when a typical load history is considered. High frequency dynamic load com-
ponentsadded to slowly varying static loads lead to a further increase in
probability of failure. Because of this, the structural dynamicist has a
key role to play and must adopt this problem area as a major responsibility
since his inadequacies appear to be a factor in lack of reliability.

For low cycle fatigue, the models may be applied in real time or in
scaled time. The accuracy required for dynamic response is very high, but
that required for fatigue scaling is higher still. Principal advantage of
the models is their capability to handle all aspects of the static and
dynamic loads simultaneously, including thermal loads. The models represent
an engineering design tool available for application in the early design
stage. That structural load paths are not available in exact detail is not
a problem since equal fatigue quality in terms of the stress concentrations
can govern the approach. Model shortcomings for fatigue scaling are brought
out, and ways to circumvent these are discussed.
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RTD-TDR-63-4197, PART I

DYNAMIC MODELS FOR LOW CYCLE FATIGUE

W. H. Roberts
and

K. Walker

INTODUCTION AIND SUIMARY

Engineering analysis includes analysis of englneering strwctural failure.
The approach may be so simple and straightforward as "if it Ooesn't work,
change it" to a vital interest in determining whether there is genuine error
in design or execution, a failure to understand the fundamentals, the environ-
ment, or to foresee consequences, or a lack of appreciation for the depth and
complexity of the problem. An extensive history of failure has been connected
with the fatigue problem for approximately two decades and much time, money
and weapons effectiveness have been lost. Damage has truly been excessive in
areas of acoustic fatigue and fatigue of basic structure. Concern in this
paper will be with low cycle fatigue.

Research to develop the dynamic model as a tool for study has shown a
promising approach. The dynamic model is useful for low cycle fatigue
studies as well as other basic fatigue problcms. The technique includes
engine scaling, thermal scaling, and is effective to the high frequencies
characteristic of the acoustic excitation.

Recently uncovered characteristics of fatigue most probably related to
the extensive service failures are presented. The need for the proposed
tool is examined and the results of the scale model testing is given. The
level of complexity is well beyond the state-of-the-art leading to the con-
clusion that the cause of the service problems was failure to understand
certain fundamentals developed in recent research. Satisfactory coverage of
the many aspects of the problem requires solutions in the interdisciplinary
areas which link dynamics, structures, fatigue, and the new aero and acoustic
loadings.

OBJECTIVE

The objective of this paper is to relate some extensive model research
and development to the low cycle fatigue problem. Experimental and analytical
studies were conducted on panels subjected to acoustic fatigue and on the
vibroacoustic response of complex structure. The ultimate purpose of the model
technique is to speed the design process by allowing structural qualification
to proceed using the models during the design period, to lessen requirements
for full scale facilities and to reduce over-all and full scale test expense.
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LOW CYCLE FATIGUE

The Low Cycle Fatigue Subcommittee of the ASME Research Committee on

Prevention of Fracture in Metals has defined low cycle fatigue as failure

in approximately 100,000 cycles or less*. Plastic deformation on the
macroscopic scale occurs during low cycle fatigue as contrasted to the pre-
dominantly elastic deformation which takes place in high cycle fatigue
where plastic deformation exists only on a microscopic scale. i'he committee
has been in operation approximately seven years and has accomplished the
following:

* A definition of low cycle fatigue was completed
* A survey of current practice was made
0 A composite list of problem areas was assembled
* Assignments to participating individuals is in process

The industries surveyed included:

"* Naval reactor pressure vessel field
"• Atomic energy industry
"I Ordnance and heavy equipment industry
"• Ships and submarines

"* Pressure vessel and chemical industry
"* Space ana airframe
"* Turbine

The list of problem areas consists of:

1. Mean stress
2. Biaxial stress
3. Environmental deterioration from radiation, corrosion,

humidity, vacuum, etc.
4. Ratcheting
5. Frequency
6. Nucleation
7. Crack propagation
8. Cumulative damage
9. Combined stress

10. Strain concentration
11. Metallurgical variables
12. Loss in strength
13. Residual stress
14. Shop practice ýO
15. Structural configuration

Nt

When faced with such an arbitrary definition as this, the question arises
as to hov it was chosen. The fatigue mechanism is truly divided into two
separate failure mechanisms which are reasonably discrete. Appendix A
contains these descriptions.

51.4
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16. Compression fatigue
17. Simple tests
18. Random load
19. Wave shape
20. Temperature
21. Welds
22. Inconsistent experimental data
23. Interaction

Low cycle fatigue is characterized by yielding and creep generally throughout
the material--actions which are amplified at points of strain concentration.
The creep arises from high stresses and depends on the wave shape of the locd-
time history. If held at the peak stress for longer periods the material
exhibits greater creep and damage.

The subcommittee states that criteria, data and procedures are not
available for dealing with the problem. So many variables interact in vary-
ing degree for different designs that no one program would answer the low
cycle fatigue problem. No one problem area was acceptable on an industry-
wide basis as "the" most. critical.

It is interesting to note the various approaches used in different
industries--approaches dictated to some degree by the particular problem
faced by that industry. Three categories of design procedure were noted:

* Service experience
* Simulated service, i.e., component test
• Analytical approach

High volume production in the automotive industry led to heavy reliance on
service experience. Detailed structural analysis was employed in the
nuclear reactor pressure vessel field because of a lack of any prior back-
ground in the problem. In the space and air.-rame industry due to small
margins of safety, simulated service tests are always necessary on full scale
hardware. The committee states that when design procedures are not developed
very completely, emphasis is placed ou service experience and engineering
judtpent. The committee recommends:

0 Materials with large rupture ductility
0 Reduced strain concentrations
_ Reduced steady and alternatiNr loads
• Reduced thermal loads, in particular

Considering the failure history due to fatigue and the importance of
the problems involved, this approach based on service experience and
engineering judgment is weak and inadequate. In its place let us examine
recent progress in understanding sone of the characteristics of fatigue
and the dynamic model for use in the design stage.
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GME~RAL HAMMJE OF FATIGUS

Recent studies show a fascinating group of characteristics of the
fatigue problem which are not part of normaX engineering analysis. These
are relayed in part to shov the many layer.' of complexity in fatigue which t,",.•
support and establish the need for a new eapproach. A number of these
characteristics of importance are outlin,4.

A basic correlation has been provi.Lded by Plan and D'Amato, Ref. 1,
Fig. 1, which lies wholly within the low cycle fatigue area. This classic
contribution shows that the fundamenral mechanism is strain cycling. For
different materials, different loadings including tepperature fatigue, a
correlation was exhibited from which Coffin's equation was derived. The
slope of this curve is minus 1/2. Coffin's equation is 4!

ill/^ = constant (Ref. 2)

Presented in the usual way with reference to stress, no correlation would
appear. N%%,

One characteristic of interest to the dynamicist is the instability oxý
which describes failure In sheet material. Fig. 2 shows a stability
boundary on a plot of stress versus crack length. The instability occurs
when the strain energy stored in the material overshadows the energy
required to catastrophically unzipper the material. Between the yield and
the ultimate strength, the failures deviate from the stability boundary in '.;

much much the same way that the buckling criterion for a slender column
deviates from its stability boundary. A graphical analogy between the shape
of the two stability boundaries is to be noted. Data from an ASD research
program, Ref. 3, has been correlated by means of the concept. ,

Probably the single most important characteristic of fatigue for the
dynamiciat to bear in mind is the damage due to random loading. Fig. 2
shove Freudenthal's experimental data for steel and aluminum where cumulative
damage fractions as low as 0.1 are reached for steel and 0.2 for aluminum. -
Th, intimate intermixing of high and low loads characteristic of random loads .-
completely invalidates the Miner's Rule concept and leads to an order of J. %4
magnitude increase in damage. The diagram shove a 2:1 difference between
steel and aluminum in regard to their sensitivity to random loading. The
better performance of aluminum in this regard is noteworthy and could be " -
quite worthwhile. In the low cycle fatigue area, the cumulative damage
fraction decreases as the number of cycles increase. The limitation on this
result is that it was obtained on unnotched structure. Experience on full
scale structures shove the random sensitivity may not be so severe.

These same extremely low cumulative damage fractions arise as well in AA..
Valluri's engineering theory of fatigue, Ref. 5, Fig. 3. Using as an
hypothesis of crack propagation, dj!dn - constant, the theory shows d&•.age
fractions as low as 0.2 in aluminum. The figure dese'ribes the calculated I...

life unler two step fatigue where fully reversed loading at one stress is
followed by a charge to another higher or lover stress which is carried to
failure The more damaging case is when the high load follows the low load
and when the ratios 0r/fj is large.
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An agreement in form between the experimental data and the theory is
presented in rig. 4. A cross plot of the theoretical data shows the trend
of the theory agrees with that of the experiment. The Valluri theory is
substantiated in much more direct and concrete ways than by these data.
The point of interest here is the agreement between theory and exp rimeut
regarding sensitivity to random loading. The conditions surrounding the
inputs to the two studies was considerably different and closer study is
not warranted. The point of greatest sdasitivity to random load is in the
area of 1o6 or 107 cycles which is outside the area of low cycle fatigue.
The cumulative damage fraction rises to either side of this low point.

Another important characteristic of fatigue is the loss in strength
which occurs as the damage proceeds. Loss in strength follows from the
existence of the stability boundary. A family of curves may be added to the
s-N curve defining this change. Where it was previously held that the loss
in strength, if it existed at all, was a negligible quantity the theory has
sufficient substantiation to cause the older idea to be discarded. On the
samne plot, the damage density and the load history may be presented for an
all round view of the phenomenon in each given case. The damage density is
measured approximately by dividing the number of applied loads at any given
stress by the number that would cause failure. Three different damage
density curves are illustrated in the sketch.

A

CC
a'

Itz may logicilyR OCITIL5!SVariour Type Damage iensity Curves
Sketch I

It may logically be ara ued that whenever the damage is confined to a narrow
stress band, as in curve r of type A ad C, thhei culative damage must be r•' near unity. The e-N curve vas gerierated in just this way. It follovs that• sensitivity to random damage accompanies a darzge density curvwe ur the type

~B wad futrther that the lover tbe curve lies along the stress axis, the lover

is the cmulativf- darage fraction. An explanation for the uward curvuture
of the cu=ulative daage curve at extremely high cycles, ?ig. 2, would seem

N to be due to the fact that the damage density must ultimately approach the
type C curve.

There is a reluctance on the part of some to accept the lose in strength
concept, the args ent being that ,he bulk of structural failure seems not to
support the point. The stability boundary graph, Fig. 2, contributes signifi-
cantly to clarifying this point. A crack begins at a certain stress level and

proceeds to grow. Its locus on the diag.ra. =ay follow any possible path to
failure--failure is indicated by intersecting either the strergth boundary or
the stability boundary. The usual failures are strength failures while the
"stability failure is rare, although serious instabilities have occurred in
service.
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The loss in 3trength concept has been presented, Fig. 9, by Blatherwick,
Ref. 6, in the more conentional sense via the stress strain curve. A
material was used in this case. The stress strain curve cannot be regarded as
a stationary characteristic of the material--merely an extreme case applicable
to virgin material. Once stressed, any further reference to this singular
characteristic could be misleading.

If the loss in strength is such a prominent part of the damage it is
reasonable to ask whether the material undergoes an analogous loss in stiff-
ness. Fig. 9 shows such loss at the higher stresses. Attempts to examine
for loss in modiulus showed no change. A third type loss in stiffness was
examined in Ref. 8.

Experience with fatigue failures in model scale shows that the crack
propagation rate does not scale. By scaled crack propagation is meant that
following a certain number of cycles a crack having advanced a certain
dli.tance across full scale structure would advance a proportionate amount
.n model scale, see Sketch 2.

/

N~.O ~ Skech -FULL SCALE

Scaled Crack Propagation
-- ~Sketch 2•

This particular action would be consistent or predicted by the s-N curve
for example. Since, however, the crystalline and atomic structure are the
same, the same materials having been used, and because the stress levels are
the same at corresponding points, the crack progresses at nearly the same
rate in full and nodel scale. The stress gradient is different in the two
structures leading to a compromise between the two basic descriptions.

This nearly constant crack propagation causes disproportionately rapid
cracking in model structures and leads to early failure. This is an
important finding and shows

a The s-N curve is not a fundamental presentation of fatigue
* Some of the scatter in fatigue testing is a result of this

new size effect
. Small parts or thin gauge material has a greater suscepti-

"bility to failure

Hardrath has verified the existence of nearly constant crack propagation in
the Langley data.

Another characteristic of random damage is a lowered endurance limit
in the presence of random loading. The occasional high load interspersed
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among the low loads generates dislocations which move to the grain boundaries
under the action of the many low loads. This element of random damage is not
a feature of low cycle fatigue however. The aspects of random damage are

* The cumulative damage fraction is reduced by an order of
magnitude

L toss in strength
* Loss in stiffness

L towered endurance limit
* Sensitivity of small parts

The random loading and the loss in strength may be combined mathematically
to obtain a probability of failure. One inherently has in mind that the proba-
bility of failure should hold to some extremely low value through most of the
life of a part and then rise toward the end of the life. Actual calculations
show otherwise. The probability of failure rises many orders of magnitude in
the early life, Fig. 7 and 8. If, in addition, a small high frequency dynamic
load component is added to a slowly varying static load component, the proba-
bility of failure increases another order of magnitude. Further increases
would result, were more loading components acting.

Recent studies of combined static and dynamic loads show ample number
of cases in which several different type loads combined to cause failure
where neither alone would dominate the loading. Various dynamic loads were
prominent in these failures such as the acoustic loading or pseudo-acoustic
loadings such as separation or reattachment, oscillating shock, and wakes.
Fig. 10 is a presentation of some of-the characteristics of these loadings.
The scale of turbulence is everywhere large relative to the size of the
structural elements, except for the turbulent boundary layer. This is
a necessary ingredient in the failures in order to excite the fundamental
modes of structural elements. The mode of failure was low cycle fatigue in
many instances. Failures were found in the brief two second period spent at
maximum dynamic pressure or transonic flight in certain missiles, during a
single impulsive load occurring during the transition from separated to
attached flow, or in a matter of an hour in engine inlet air ducts of air-
craft due to flow separation under full throttle operation at zero air
speed on the ground. These occurrences are contrary to the expressed view
that failures are dominated by a single loading component.

As a further illustration of the complexity, witness this statement
* from a Swedish investigator, Ref. 9:

"As it is. never possible to fully compensate for great
uncertainties due to insufficient testing by lowering the
stress levels, it is concluded that, on the basis of the
state-of-the-art foreseeable today, it is not possible to
guarantee the same fatigue safety level for an SST struc-
ture as for subsonic aircraft, even at the expense of such
high weight penalties as to render the SST economically
unfeasible."
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The researcher has reference to the fact that new materials and a new
temperature regime on SST will lead to test data which is statistically
insufficient to provide reasonable confidence limits. The weight penaltydue to the uncertainty would be higher than the weight penalty due to
temperature in this case. While no designer has ever consciously used
such a weight penalty because of the uncertainty factor, if mathematical
rigor were the sole consideration governing the approach, such a penalty
would be indicated. On the other hand, a very real problem exists in
attempting to solve the design problem of a 30,000 to 50,000 hour vehicle
without having data which covers even a fair fraction of that service life.

If we are all satisfactorily in agreement regarding the complexity of
the fatigue problem, it is reasonable to ask what approach is appropriate
at this point. Analysis will obviously not be ready with satisfactory
solutions to cover the many major points given above until much more research
is completed to identify the mechanisms, formulate acceptable models of the
over-all process and pull the major events into a prediction scheme. A
familiar analogy is available to draw on, however, at this point. The
flutter problem was steadily worsening in a similar manner approximately
a decade ago and the flutter model technique was extended in several
important ways to fill the gap.

A progress report is given on a special type of dynamic model with
scaling capability for the various aspects of this problem.

A DYNAMIC MODEL FOR LOW CYCLE FATIGUE

Model design and development in two areas will be presented:

* Panels
* Complex structure

Where the same model design principles are used in each case, the modeling
principles consisted of item-by-item structural scaling, preserving scaled
geometry and configuration, the same materials and the same fastening,
joining and assembly. This procedure leads to scaled environments, scaled 145
structural characteristics, scaled response and stress at corresponding
points of the structure, an accelerated time scale and simiiar damage A
mechanisms. The scaling process in general will affect neither the
environments nor the damage processes significantly because the structural
dimensions of the model structure are everywhere large relative to the air
molecules which govern the environments or the material atoms which govern
the damage mechanisms. There are limitations, however, and these are given.

ACOUSTIC FATIGUE OF PANELS

A program, Ref. 6, was completed to determine the feasibility of using
dynamic models for acoustic fatigue studies. This program was successful
in developing scaled hot jets, Fig. ll-13, and in demonstrating scaled res-
v.onse in several different panel designs, Fig. 24 and 15, and in obtaining
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a consistent story of expected failure times, Fig. 16. The hot jet develop-
ment made use of the same gas, the same temperature pressure and velocity
ratios with resulting duplication within one DB of the acoustic excitation
across the entire frequency band in 1/3 and 1/6 scale. The high frequency
scaling results established the capability of the modeling tool to the
highest frequency likely to be required. The consistent failure times
obtained reflected the early failure in model scale intermediate between
scaled and constant crack propagation. The next step was the application

Sof the technique in (wo ways

SExtension to successively more complex structural components
* Jump to complex built-up vehicle structure

Only the latter has so far been attempted.

SCALING COMPLEX STRUCTURE

Two programs, Ref. 10 and 11, have been completed to scale complex
structure and to substantiate this scaling through measurement of acoustic
transfer functions involving transmitted response over long dimensions
through the vehicle and through firing of scaled solid propellant rocket
engines to duplicate responses measured in the full scale article. The
objective has not been fatigue study, although this could be obtained by
joining measured responses to a satisfactory damage evaluation criterion.
Rather the purpose 'as been to scale vibroacoustic response--to solve the
high frequency response of complex structure. An auxiliary objective
included reasonable model cost requiring some compromise in structure and
equipment simulation.

'The objective of perfect response scaling can be met through a perfectly
scaled model--to this assumption there should be little argument. The problem
is then one of technique targeted to either near perfect scaling or one of
compromised scaling to meet a reasonable cost.

Acoustic transfer functions were measured using a random air modulator for
input at various stations along the vehicle and measurements of the response
at other points were taken in 1/3 octave bands. Limited success in comparing
model to full scale has been obtained--rms values of the transfer function are
accurate to 6 DB standard deviation, a factor of two. Plots of the transfer
function across the frequency band for model and full scale would show devia-
tions at particular frequencies which are larger than this. In other words the
success obtained concerns only the average value across the frequency band at
this stage. This is not to say that there were not cases obtained where both
level and shape agreed across the entire frequency axis. The model would be
insufficiently accurate, however, in its present compromised form, were the
measured acoustic transfer functions to be used as a criterion. Scaled rocket
engine firings have shown results which are considerably better than this--
variation from scaled response of only 1/2 this amount, 3 DB, a percentage
error of 40%, a satisfactory accuracy when compared to other approaches to
vibration prediction.
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The objective of reasonable model cost has been an interfering factor
therefore and must be discarded. Typical compromises consist of

* Sheet metal angles in place of extrusions
e Lesser number of rivets
* Internal clutter omitted
0 Equipment simulated by weight only

When this compromise associated with cost is dropped the accuracy should lie
in the band *1-2 DB. To accomplish this requires a vanishingly small allowable
compromise. For example, joints and fasteners, doors and many equipment, fluid
and useful load items will need to be simulated. Wiring might be an item
reasonably omitted.

The second program in scaling complex structure was itself an attempt
to design improved accuracy into the model via exact scaling of honeycomb
sandwich structure. It was proven in early studies that a model sandwich
based on foam plastic was inadequate and an interference to recognizable
scaled response. True scaling of sandwich structure was easily accomplished
and led to the limited success reported. Scaled solid propellant rocket
engines have been fired and responses and excitation measured at approximately
20 points. The data is under evaluation at present, but the principal result
is essentially that given above, i.e., t3 DB standard deviation . Scaled instru-
mentation is vital in many areas because of the effect of the mass of ordin.'y
instrumentation at the high frequencies involved. Scaled instrumentation
requires one or two gram instruments, practical examples of which are (4..
commercially available.

MODEL CAPABILITY

The dynamic model is a remarkably exact tool to perform structural qualifi-
cation. The many aspects of the fatigue problem presented in the first half of
this paper would be satisfactorily covered. Important combined static, dynamic,
buckling and environmental loadings are accommodated, Fig. 21. Comoined damage
or failure modes, Fig. 22,arising from these separate areas are properly
integrated. And very importantly, the studies may be conducted in the design
stage concurrently with the development of full scale hardware. .

The information available from the models is summarized in Fig. 23, and
the advantages in Fig. 24. Scaled engines of any description may be built
including jets, and liquid and solid rocket engines and will ordinarily be
required. Both jet and solid rockets have been utilized to date and designs
have been completed for liquid engines. Structural characteristics and
responses can be measured and the environment at the location of sensitive
equipment items nbtained. The failure mode and the point of failure may
also be determined.

The high frequency characteristics have been duplicated on structural
components, thermal and fatigue scaling can be accomplished. The duplica-
tijn ýf the dynamic characteristics guarantee that buckling and other
stability problems would be satisfactorily covered. Other aspects of the
damage such as corrosion and creep should be brought under study.
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The model time and frequency scale is increased by the scale factor.
In a 1/4 scale model, events occur four times as rapidly. In fatigue tests
this is a major advantage in time and costs. Thermal scaling is possible
through the use of scaled heat sources. Attempts to simulate the whole
process in the wind tunnel have missed the model capability for transient
and steady temperature studies when the correct input is introduced in any
convenient way.

STATEMEW OF TECHNIQUE

Item-by-item scaling is accomplished by a linear reduction of all
dimensions. Structural stiffness, mass, and damping are each of equal
importance. The area moments of inertia about the three principal axes
must be scaled at all points of each element. Slip damping is the mech-
anism which generates damping in complex structure, and this depends on
contact pressures. Fabrication and joining should provide a reasonable
duplication of these pressures. The degree of fidelity required in the
modeling is very high. Compromises unsupported by test should not be used.
The principal items to consider in choosing the scale factor are minimum
gauge of the material, engine scaling, and the ability of the instrumenta-
tion system to function at the new higher frequency band. Use of the model
in the wind tunnel to determine aerodynamic excitation should be considered.
Substudy experimental testing in support of major model program is recom-
mended strongly. The useable frequency band of the model is related in part
to the size of the smallest detail which is faithfully reproduced. Struc-
tural sandwich scaling must be carefully reproduced also. Honeycomb core
density in pounds per square foot remains the same. The scaling laws and
a fuller statement of technique is presented in Ref. 10.

MODEL LIMITATIONS

A principal variation in fatigue scaling was uncovered in showing the
failure times would not follow a prediction based on the s-N curve. Crack
propagation was not scaled, but was approximately constant in different
scales. Early failure was a characteristic of both random and sinusoidal
loading. This variation from hypothesized scaling could be typical of many
that might arise from parameters such as stress gradient, creep, corrosion,
and the humidity effect on fatigue, for none of which are the scaling rela-
tionship known. These are not limitations but an inability to state the
scaling law in advance. Early failure is not really early but due to a
failure to understand the process. Supporting experiments will provide the
supplementary information required--these do not require the model of the
complete vehicle but small tabs or structural components in appropriate
models.

If the thermal input distribution were described by radical variations
at the leading edges it would be difficult to simulate these with artificial
heat sources. Since present materials have little margin for excessive heat,
conservatism is not indicated. Techniques for accurate distribution of
artificial heat are needed. Small inevitable compromises in tolerances,
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fabrication and structural joints will provide a reduction in over-all
strength of the model relative to full scale estimated at 5-10%.

To do the full damage to structure arising from random loading, inter-

mixing of the load levels may have to be carried out in great detail to
simulate the natural occurrences in service. The cumulative damage fraction
varies from below 1 to above 7 because of residual stresses intr'oduced when
a large positive or a large negative load cycle is introduced to a :random
sequence, Ref. 11. Tremendous detail i n load application with its supporting
information may be required or must be assumed unless there is a willingness
to accept the most damaging combination of loads. This problem is not peculiar
to low cycle fatigue however. Other limitations due to material gauges,
instrumentation and its frequency band, and tolerances appear in choosing the
scale factor.

APPLICATION TO LOW CYCLE FATIGUE

Applying the dynamic model to low cycle fatigue may be accomplished at
this point on the basis of the previous work. The excellent start obtained
on the model of complex structure was for the purpose of vibration response
scaling however, and fatigue scaling requires a step upward in scal.ig
fidelity. Attaining high frequency scaling was the major step needed in
qualifying the dynamic model for low cycle fatigue and this step has been
accomplished. No different ingredients are required for a model for low
cycle fatigue for dynamic response or for acoustic fatigue. It is only the
degree of accuracy which is changing. The information learned from testing
the first model allows the definition of the considerably improved model of
complex structure required for fatigue.

The creep mechanism is a prominent part of low cycle fatigue and know-
ledge of its action in model scale should not be presumed. Testing done in
model time scale is basically valid because the well known frequency effect
on fatigue strength is not a primary effect, especially for the small changes
in frequency and scale likely to be used here. The frequency effect, the
creep action, and the influence of temperature are closely related in fatigue.
Several alternatives may be introduced in the testing in order to determine
how some of the mechanisms are acting. The testing done in the usual model
time scale may be compared to testing in model scale in real time. Variation
in temperature should give an incremental difference to the damage, containing
an increment due to creep. Real-time, model-time comparisons inevitably cl-ange
the crack propagation mechanism as well, however. Early failure in model scale
will occur still earlier if the peak loads are held a longer time period.
Opposing trends are present and supporting research may need to measure only
total effects or possibly may need to identify each separate trend.

The primary accomplishment of the model in properly designed low cycle
fatigue tests will be to locate the most sensitive areas of structure. A
failure time will be predicted which may be a less accurate accomplishment.
In supporting experiments, further comparisons between full scale and model
scale for component structure surrounding the failure point will refine the
failure time prediction.
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SSUPPORTING h PERIMENTS

Supporting experiments to uncover and substantiate approaches to the
model design, to verify unusual test results and to vary parameters so as to
answer questions raised by the work may be accomplished at nominal costs to
the over-all program. Components and even small tabs will suffice for the
bulk of this work. Vibration shakers can resonate these specimens at
reasonably high frequency and accomplish the fatigue failures most expedi-
tiously. Tests at a 1000 cps cover 3.6 million cycles in an hour. Reliance
on the small frequency effect make this procedure valid although the results
may occasionally be checked at lower frequency.

RECOMMENDED FT1WRE WORK

The following research is recommended:

e Research specifically to develop better fatigue resistant
materials is required. It is necessary to rank order
materials from the standpoint of sensitivity to damage
from random loading.

* An opportunity exists to out guess our severe upcoming
problems due to temperature fatigue if work is begun
promptly.

* Since formal theories to cover the gamut of problems
associated with fatigue will be long in coming a
forthright push for satisfactory "engineering' methods
should be made. The biggest stopgap will be provided
by experimental methods.

* The part played by combined loads and combined failure
modes must be determined.

* Interactions of creep, corrosion and humidity with the
fatigue damage should be determined.

CONCLUDING REMARKS

The fatigue problems occurring extensively in service vehicles cannot
be solved without reference to the impact of dynamics on the over-all

J' process.

Material deterioration due to fatigue damage includes loss in strength
and loss in stiffness at high stresses of importance to many dynamic problems.

Extensive service problems in fatigue are not due to misapplication of
the state-of-the-art but a failure to understand certain fundamentals only
recently uncovered by research.
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High frequency dynamic loads apparently create the major damagý to the
material. One aspect of the damage is loss in strength which couples with
the greater likelihood of obtaining lower loads and results in
greatly increased probability of failure in the early life of the part.

The economic as well as the engineering advantages of applying the
dynamic model to low cycle fatigue problems should be noted. The solution
of major problems can overlap the design stage rather than have these
problems uncovered in service.

The present state-of-the-art in fatigue is so inadequate that the
various experimental approaches are the approaches to be relied on in the
foreseeable future.

To avoid severe future problems in temperature fatigue requires
extensive study now. The dynamic model should function well for both low --
cycle fatigue and temperature fatigue.

The principal technical advantage of the dynamic model is its ability
to integrate the material damage from many different loading and many
different failure modes.

S
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APPENDIX A

Wood, Ref. A-i, shows two essentially distinct types of failure have
hitherto been classified as fatigue. One predominates at large stress
amplitude and the other at smaller stress amplitudes. He termed these the
H and F mechanisms.

The H, or hardening mechanism, is essentially the same as static deforma-
tion. The internal stresses are high, the total plastic strain is small
(positive and negative added irrespective of sign), the disorientation is
large in the sense that the boradening of the Lane spots is quite significant,
the deformation is primarily due to coarse slip, and the distortion in the
slip plane is normal in the sense that it has essentially the same features
as in static deformation. Wood concludes failure in the H range is essentially
the same as under static conditions and he calls it "delayed static fracture"'.
It is delayed because the hardening process which precedes the nucleation and
propagation occura in a less efficient manner in this range as compared to the
normal static tests.

On the other hand, in the F range conditions are significantly different.
The internal stresses are low and the deformations proceed with negligible
hardening. The total plastic strain is large and the X-ray distortion small.
The deformation is due to fine slip involving to-and-fro motion of a large
number of individual, isolated dislocations, rather than the avalanche
release of dislocations of coarse slip. The slip plane distortion is one of
gradual intensificatioj. In the H range when a slip band appears, it appears
suddenly (order of 10" seconds) and is strong to start with. In the case
of fine slip which appears to be the primary mechanism of deformation in
the F range, the slip bands are initially hazy and gradually intensify during
progressive fatigue. In these regions of slip intensification the fatigue cracks
seem to occur. Accordingly the fracture is considered to be due to deterioration
of structure. The "persistent slip bands" that occur in these regions were
shown to be responsible for "fissures" which eventually lead to cracks.

Even if a crack develops in the F range, when it grows the local stresses
in the immediate vicinity will be relatively high due to strees concentration.
The result of this will be that at some stage during the propagation, a crack
which started in the F range will behave niore as if it were in the H range.
On this basis the region of validity of Coffin"s results may extend much beyond
the range observed by him and others, presumably up to about five million cycles.

The above is taken from Ref. 5.

Ref. A-i. Wood, W. A.: Some Basic Studies in Fatigue of Metals.
Conference on Fracture, Technology Press, MIT, April 1959.

527

Fk49

A N'



REFEMNES

1. Pian and D'Amato: Low Cycle Fatigue of Notched and Unnotched Specimens,
2024 Aluminum. WADC TN 58-27, February 1958.

2. Coffin, L. F.: UDesign for Low Cycle Fatigue, SESA Design Clinic,
October 1959.

3. Christensen and Denke: Crack Strength and Crack Propagation Characteristics,
AsD-TR-61-207.

4. Freudenthal, A. M.: "On Stress Interaction in Fatigue*' Journal of the
Aeronautical Sciences, July 1959.

5. Valluri, S. R.: A Unified Engineering Theory of High Stress Level Fatife,
Galcit sm 61-1, CIT, January 1961.

6. Blatherwick, A. B. and Olson, B. K.: Stress Distribution in Notched Sections
Under Cyclic Stress. ASD-TR-61-451, October 1961.

7. Gray, C.: Feasibility of Using Structural Models for Acoustic Fatigue
Studies, ASD-TR-61-547, October 1961.

8. Roberts, W. H. and Wilhem, D.: Simultaneous Application of Static and
Dynamic Loads to Sonic Fatigue Test Articles, ASD-TDR--63, August 1963.

9. Lindberg, B.: Possibility of Designing a SST with a High Fatigue Safety
Level, Aero. Res. Inst. Sweden, TN-HE-957.

10. White, Roberts, Eldred: Vibration Prediction in Typical Flight Structure
ASD-TDR-63-801, August 190.

11. Schijve, J.: Estimate of Satisfactory Performance of Aircraft Structures.
52 NLR, ND2l2, June 1962.

(".I

528

'k..

- *



0~0
5 44 cc

5294

LAV



0 1A
LLU

<I
P- zD

Ti iO9,'

IX LOT- '~

/o J it .4

<fl 04

W"r

01

0

503



1 .00 -

PROBABILITY OF SURVIVAL 0.00

.75 __ ,_,

LLJJ

C

"SF LE PROBABILITY OF SURVIVAL - .368

I-

.0.

I 'U

SAFE LIFE k•PROBABILITY OF SURVIVAL I.OQ •

+ LOG L.I-E

(ftreuderithal ' ••ret 1•t)•

5311

2.

o-.
-s ~ ~..,,

4"



w

w (

0 zLi : b C

z-

ui IL
V) CL 0
Ix Ll0

_ _ _ 0frA
10 > 4

uj0

ul*

____a____z
L[14

N -i bOIV 9VuGWl

532

UJ UJ
L.)W 0



is
ujI I-

-0 
-

I- Iu.

> 0 0

0

wL ca E-4
-i

uJi

z

U-

0J

1000

V) I

o 0 0 0

oi coI-

.0533

0A

00 400 ~.R



0 -0

-:; ow

0 <~

U..0

z -i

00

-0)

LU)

* uii

z I

tA 0 Zv



100 - ___ -______ __

10-1__ __

ILl

U-

U.

0

1--

10-

MANEUVER STRESS

SACOUSTIC STRESS 4000 PSI

~o cc

0 10 20 30 4 o 6 0 80 90 100 110 120

S OF NOMINAL LIFE

figure 7. Probability oft Failure due to Both Maneuver and A~coustic
Stress (4000 Psi)

535

%4



m0o___

cy ~ 22,500 +8000 PSI

LUU
-4

10-4!

01 MANEUVER STýRESS

-* ~ACOUSTIC STRESS =4000 PSI

10-1 - 1 1 10 10 20 30 40 50 60 70 80 90 100 110 120
% OF LIFE

Figure 8. Pro~bability of Fbilure due to Both 1I48neuver end AcoUstic
Stress (10,000 psi)

536



40 
F

L --. TALI.C

3' 10, II
'I,0 28I

AI45(v

jk CYCLIC STRESS SENSITIVITY LJMJT

16

5TI A IN - M IC RO 11b4C M E5/,INC1

Figcure gs ChF~n~en- in Stress Strein Curve- &Dirine bPetigme

(A 1018 Steel)

537



z zU
w0 LL 0LL

W (A -J ow

z z<I4 < w

<ZZ<

w Lw

w p(

OC < w

-. g- (A__ no

00

- -JJoLc

538

'"z Z

%
A. 0.



40

E-4-

539

% %
'P.00



r1404* U
4) t
.0

o
4)

0
0

0 8.
.8-I

0

04) I
0

8-4

H0

0

(
H

.. �. '

U:
--

b .

�

. N. *

N.). �



ME?~

......... ....... ...

~ ~. ~'QAt

. ~e.

LLLI'

-j ~-.---

/5541

.1 00,l~



,~ "p 4 N

4)3

~4-I

Hl LLI

14

-ý 4NT

114

542- ~



44.

'flu

.19"AA NW

S(INIAUI$AJSN30 1VUJ.3dg 26mud g J

5A3



\64 S
Z? ME

Sw

'A4

SA

+ r

4544
ObtvfI



II

4 .4

,*4I,

,, it' S . k "

I U

• Li U 
I'" ,..''','-.....<'-"........ ,,-.;. ,.. . ., .- , ... . . ,- , . -,-,.. . .,•"

•,,- *.- , ,,,..'. . .•. ... .-. _-o,..-.-. •-_ . . ... •.'. ."• _.. " . .-. " " • .- .- .- 2' - • . - • . .-. '.. ",..%',%""-"% I,



-7-

Figure 19. ivodsl Side View

MODEL

FULL SCALE

11gure 20.). I-lode). and Full boale Teat Set-up

546

V..

Ix ýh -*ýN -re

~~~JN2 ~~~~~~JA~o J,~ 4 ... 4444 -- ~.
~ ~$'1.'k ~ A. .&.~..J.J~ ~ AZ 4



WWU

W d
eo :)u

(A WM u L

0. 0u LL

URD z
M:))

0U) z 

A8 
g

Z Z L

UL

w CLIzV

~ ~ 
8.g

D~



>0~I-z Z 0

w
U3h I-A U

0 MN

0 
. IIaii c~,

ce ~ -. ~ ~
* P 4 9 ~'...- 'V.



z
0
P

0. <
us U

0 U Z
om 0 0

U LU 0Z

CU

w 41
gsI I.. __

L ue gu IL. 'ILI

z -z

_ 0
(n 0

U Z ~ D)
I- 0 0W< l
ILZ 2

Zo U)- LL U0

<U) Z< -o Z 0j

D D0> 0Qz p

U UwU. Iu t

LULU <U. LL 0 LLX
*0 n ; & 0 wO u 0i

549



z
LU

0.Lul

0 owu

a.E

00 ~0

LU D

0 z 0 w C

ZU LL LU
ul z W

0 0

I~0 LU U

u >U

mi LUL

LU

550

1XV



HAYSTACK ANTENNA 1/15 SCALE MODEL PROGRAM

Richard V. Bennett

North American Aviation, Inc.

Columbus, Ohio
ALBSTRACT

This paper describes the design, construction and experimental test program for a
1/15-scale static and dynamic elastic model of the 120-foot diameter Haystack Antenna.
The experimental phases of this program, which was conducted at the Columbus
Division of North American Aviation, Inc., consisted of a rigging demonstration, in-
fluence coefficient tests and ground vibration tests. The program objectives were to
demonstrate the feasibility of the proposed procedure for rigging the prototype antenna,
to verify the analytical program used for predicting deadweight deflections of the pro-
totype antenna, and to provide qualitative information concerning the vibration charac-
teristics of the prototype antenna. All objectives were satisfactorily accomplished.

551

. :w



LIST OF ILLUSTRATIONS

FIGURE PAGE

1. Layout of Load and Deflection Points for Influence Coefficient Tests. 560

2. Instrumentation Circuit Diagram for Influence Coefficient Tests.... 561

3. Experimental and Theoretical Model Deflections with a Unit Load

Applied at Point 5.1 - Reflector Face-Up with No Shell . .. . ... .. 562

4. Experimental and Theoretical Model Deflections with a Unit Load
Applied at Point 5.9 - Reflector Face-Up with No Shell ......... 563

5. Effect of Dynamic Shell on Experimental Model Deflections with a
Unit Load Applied at Point 4.1 - Reflector Face-Up ............. 564

6. Effect of Dynamic Shell on Experimental Model Deflections with a
Unit Load Applied at Point 4.9 - Reflector Face-Up ............ 565

7. Structural Layout of the Haystack Antenna .................. 566

8. Completely Assembled 1/15-Scale Haystack Antenna Model with
Rigging Shell Mounted on Backup Structure - Front View ........ 567

9. Completely Assembled 1/15-Scale Haystack Antenna Model with
Rigging Shell Mounted on Backup Structure - Rear View ......... 568

10. Completely Assembled 1/15-Scale Haystack Antenna Model with
Dynamic Shell Mounted on Backup Structure .................. 569

11. Influence Coefficient Test Set-Up with Dynamic Shell Attached to
"Backup Structure in Face-Up Position ..................... 570

12. Vibration Test Set-Up for Reflector Assembly with Bull Gears
Rigidized ........................................ 571

552

p..



ASD-TDR-63-4197, PART I

HAYSTACK ANTENNA 1/15-SCALE MODEL PROGRAM

Richard V. Bennett

Senior Engineer
Dynamic Environments Lab
North American Aviation, Inc.,
Columbus, Ohio

Introduction

A 1/15-scale elastic and dynamic model of the Haystack Antenna was designed,

constructed and tested at the Columbus Division of North American Aviation, Inc., in
the period extending from September, 1960 to May, 1962. The test program consisted
of a rigging demonstration, influence coefficient tests, and vibration tests.

The Haystack Antenna is a 120-foot diameter, Cassegrain elevation-azimuth an-
tenna, which will be erected inside a 150-foot radome at Tyngsboro, Massachusetts for
the Air Force's Electronic System Division. A structural arrangement of the complete
antenna is shown in Figure 7. This antenna can be used for space communications
studies, satellite tracking, and basic research investigations.

The accuracy required of the Haystack Antenna in accomplishing its objectives de-
pends, to a large extent, on maintaining the primary reflector surface in its theoretical
parablolidal contour during all modes of operation. As a result, the specified surface
"tolerance is 4 .075 inch for all modes of operation. The significant contributors to
surface deviations are manufacturing tolerances, dynamic displacements, thermal
effects and deadweight deflections, with the latter being the major contributor. The
maximum expected surface deviations due to deadweight deflections have been predict-
ed by a recently-developed complex analytical program, which was run on an IBM 709
computer.

The primary purpose of the model program, therefore, was the verification of this
analytical program. Another objective of the model program was a feasibility demon-
stration of the proposed rigging procedure for the full-scale antenna.

During the course of the model program, two important changes were made in the
plan for verifying the analytical deadweight deflection program. These changes are
described as follows:

1. Theoretical and experimental influence coefficients were sub-
stituted for deadweight deflections as the comparative measure of
"verification.

2. Theoretical influence coefficients were computed using model
stiffness distributions and geometry instead of the full-scale an-

* tenna physical property data.

The reasons for these changes will be given later.
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After the rigging demonstration and influence coefficient tests had been completed,
a vibration test program was initiated and conducted in conjunction with a closed-loop
dynamic analysis of the full-scale antenna. The model vibration test objective was theprovision of qualitative information concerning the vibration characteristics of the full-
scale antenna.

Design Philosophy

The multiple objectives of the model program required consideration of many fac-
tors in planning the simulation techniques. Geometrical simulation was required for the
rigging demonstration, while simulation of the axial and bending stiffness distributions
was required for the influence coefficient tests. In addition, axial and bending deflec-
tion compatibility was required, since some structural members carry only tension and
compression loads while others carry both axial loads and bending moments. As a re-
sult, the method of using direct dimensional scaling and identical full-scale antenna
materials was selected to satisfy the simulation and compatibility requirements for
most of the model structure.

Dynamic similarity, which would include simulation of the mass distribution in ad-
dition to simulation of the stiffness distributions, was not actually required for the
rigging demonstration and influence coefficient tests. However, the use of direct di-
mensional scaling and identical full-scale antenna materials automatically produced a
mass distribution which provided an approximate dynamic similarity. All model parts
which were not directly scaled were designed as closely as possible with the same
mass scale as the directly scaled parts, so that the reflector system would be properly
balanced about the elevation axis. Thus, when the vibration tests were later added to
the model program, it was possible to achieve the vibration test objectives without
mass-balancing the model.

One major exception to the direct scaling rule was the parabolic reflector surface.
No satisfactory single design method for the model parabolic reflector could be found
which would satisfy all of the simulation requirements. Therefore, two parabolic re-
flectors were designed for the model. One, which simulated only the bending stiffness
and contained half as many panels as the antenna reflector, was used for the rigging
demonstration. The other model parabolic reflector, which was directly scaled and
constructed in one piece, was used for the influence coefficient and vibration tests.

Other exceptions to the direct scaling rule were the elevation and azimuth drive
systems, the hyperbolic secondary reflector, the pedestal or base, and the diagonal
tension members. The elevation and azinm.uth drive systems were not duplicated on
the model; however, the equivalent spring restraint of the elevation drive system was
simulated. The upper and lower parts of the azimuth bearing were clamped together
for the entire test program. The hyperbolic reflector was treated as a point mass,
but its support struts had properly scaled stiffness and mass distributions. The model
pedestal closely simulated the torsional stiffness of the full-scale pedestal, but only
approximately simulated the bending stiffness. The diagonal tension members simu-
lated only the axial stiffness of the full-scale members.

Small items such as turnbuckles, gussets, threaded studs, joint flanges and sleeves,
bolts, nuts, lugs, pins, clevises, springs and weld fillets also could not be scaled di-
rectly. These items were designed to functionally simulate as closely as possible
their counterpart full-scale components.
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After the simulation techniques had been formulated, the model scale factors were
derived. First, a geometrical scale factor of 1/15 was selected after considering the
structural details required for rigging, the small dimensions resulting from direct
scaling, the required construction accuracy, machine and tooling capabilities, handling
problems and test area size. Then, the use of direct dimensional scaling and identical ;IX
full-scale antenna materials, together with the geometrical scale factor, automatically

determined the axial and bending stiffness and mass scale factors. Finally, the scale
factors for deadweight deflections and slopes, influence coefficients, internal preloads,
and stress were determined from the previously derived scale factors and the essential
nondimensional similarity parameters for an elastic model. The vibration frequency
scale factor was later determined from the previously determined scale factors and
the essential nondimensional similarity parameters for a dynamic vibration model.

The resulting mass, stiffness, and geometrical scale factors produced a deadweight
deflection scale factor of 1/15". Such a scale factor would produce maximum theoreti-
cal model deadweight deflections in the range of only .0001 to .0003 inch. This, to-
gether with the prohibitive cost required in constructing a test fixture and setting up
an adequate measuring system, prompted the decision to use experimental model
flexibility influence coefficients for verification of the analytical program instead of
deadweight deflections, since larger and more accurate deflection measurements
could be obtained simply by applying larger loads.

Model-Design

The model scale factors and the full-scale antenna structural dimensions were
used to compute model dimensions and produce drawings for the shop.

At this stage in the model program, two things became evident. The first was that
the antenna structural design was still evolving into an optimum configuration and
would not be frozen for some time. The second was that certain model structural
parts such as tubular segments and diagonal tension members could not be purchased
or fabricated with the exact required specifications without running into excessive
costs.

It was decided, therefore, to design the model parts so that they simulated the
existing full-scale antenna structure as closely as possible. The resulting model geo-
metry and stiffness distributions were then used as inputs to the analytical program
instead of the full-scale antenna values. Thus, theoretical model influence coefficients
would now be compared directly with the model experimental coefficients. In this
manner the paramount objective of verifying the analytical program could still be
achieved, with the results becoming available in a much shorter time.

This program change had very little effect on the rigging demonstration objective,
except that the results would also be available much sooner. I.

Model Construction

Construction of model parts began as soon as structural design dimensions had
"been formalized on drawings. For construction purposes the model was divided into
eight main subassemblies; the parabolic (primary) reflector backup structure, the
elevation-azimuth mount, the hyperbolic (secondary) reflector support structure, the
ballast weight and support structure, the RF box and support structure, the dynamic
parabolic reflector face, the ri~ging parabolic reflector face, and the base or pedestal.
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The parabolic reflector face is also described as a shell in this paper.

The most unique construction problems occurred with the parabolic reflector faces
and the backup structure. The fitting together and assembly of the various component
parts was also a painstaking task, which required extensive Jigwork and intricate
alignment fixtures.

The main problem encountered in fabricating the backup structure was in joining the
tubular segments together. A special welding and heat-treating procedure had to be
developed to minimize warpage, joint misalignment, and soft spots in the backup struc-
ture, which contained aluminum tubular segments with wall thicknesses ranging from
.032 to .006 inch.

The main problem encountered in fabricating the rigging and dynamic parabolic re-
flector faces was in forming the required double curvature. The 32 outer row and 16
inner row .020 inch-thick solid aluminum panels of the rigging face were stretch-form- - -

ed from sheet stock on properly contoured male dies. The 8-foot diameter one-piece
dynamic face was formed on a male mold by splicing together radial segments under
vacuum pressure. The radial segments, consisting of .001 inch-thick aluminum-foil
skins bonded on each side of a .032 inch-thick styrofoam core, were formed on the
same mold.

Measurement of Physical Properties

Certain physical properties of the model components were measured as they were
fabricated. The mass properties of all model components were determined by con-
ventional experimental methods. None of the model components were mass-balanced
either at this time or at the later time when the vibration tests were added to the model i
program, since the actual mass properties of the model components, as constructed,
werc sufficiently accurate for all three test objectives. The actual axial stiffness of
each size diagonal tension member was determined experimentally and used as an in- ,
put to the analytical program. The average measured wall thickness of each size %
tubular segment was also used as an input to the analytical program. The bending
stiffness efficiency of the dynamic parabolic reflector face was experimentally deter- ;,•.•
mined with a sample specimen.

Rigging Demonstration

The feasibility demonstration of the proposed rigging procedure for the full-scale
antenna was started as soon as all of the necessary parts had been constructed. The
main rigging tasks were maintaining and measuring joint alignment while preloading
the inter-ring and inter-cap diagonal tension members and assembling the parabolic
reflector panels to the backup structure so that the reflector assumed its proper
curvature and maintained complete interaction with the backup structure.

The assembly procedure in the rigging demonstration was more difficult than in
the construction phase. The heavy, positive alignment jigwork which was used for as-
sembly in the construction phase could not be used for the rigging operation, since the c'i
rigging alignment fixtures had to functionally simulate those proposed or the antenna
rigging operation.
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The model rigging demonstration was completed satisfactorily, and the results in-
dicated that the proposed rigging procedure for the full-scale antenna was feasible and
would produce a stable structure, with all structural joints and reflector points con-
verging to their theoretical positions. The completely rigged model is shown in
Figures 8 and 9. Figure 10 shows the model with the dynamic shell mounted on the
backup structure.

Influence Coefficient Tests

The influence coefficient tests followed the rigging demonstration. These tests
were conducted in four parts, with a different model configuration for each part. The
four model configurations are described as follows:

1. Reflector system in the face-up position with no shell on the
backup structure;

2. Reflector system in the face-side position with no shell on the
backup structure;

3. Reflector system in the face-up position with the dynamic shell
mounted on the backup structure, and

4. Reflector system in the face-side position with the dynamic shell
mounted on the backup structure.

For all model configurations, deflections were measured and loads were applied
at the upper ring cap joints in the backup structure. All deflections were measured
in a direction parallel to the RF axis of the reflector system. All loads were applied
in a vertically downward direction. The layout of the load and deflection points is
shown in Figure 1.

Since the analytical program took advantage of the symmetrical backup structure,
most of the deflection points were concentrated in one quadrant. Three other deflec-
tion reference points are shown on ring No. 3. The deflection check points in the
other three quadrants are not shown. For each point in the main quadrant, symmetri-
cal points in the other three quadrants were also used for load applications. Thus,
four symmetrical loads were applied to the backup structure to rroduce each deflec-
tion. Therefore, the dimensional unit for the influence coefficients was microincheos/
pound load/quadrant.

Linearity and repeatability were checked for each influence coefficient. At least
three magnitudes of loads were applied for each influence coefficient measurement to
ensure that the deflection at that particular point was linear. If the magnitude of the
applied load had been sufficient to u.load the adjacent diagonal tension members, the
deflection at a particular point couid have btoome nonlinear. The entire loading
sequence was repeated for each influence coefficient measurement until the deflection
at that particulkr point was repeatable. This procedure minimized drifting of the
transducer outp,-t signal due to thermal gradients and extraneous electrical noise
sources. It also mininized the hysteresis effects of the model structure.

The displacement transducers used for the deflection measurements were Schae-
vitz linear variable differential transformers. Figure 11 shows these transducers
mounted on a wooden fixture over the model reflector. Figure 2 is a circuit diagram
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of the transducers, power input equipment, and signal read-out equipment. Since the
transducer sensitivity was dependent on the input voltage and the load impedance of the
output circuit, the same equipment and circuitry was used for calibrating the trans-
ducers and monitoring displacements of the model. Output signals from the transducers
were read on an rms voltmeter and manually recorded on tabulation sheets.

The experimental and theoretical influence coefficients generally showed good
agreement, with the best correlation occurring in the diagonal and near-diagonal terms
of the matrices. For illustrative purposes, some data in the infll,,ence coefficient
matrices have been plotted to show comparative deflections of points on rings No. 4 I
and No. 5 due to a unit load being applied at a given point. ,%

Figure 3 is a comparative plot of experimental and theoretical model deflections ell
of rings No. 4 and No. 5 with a unit load being applied at Point 5.1. The deflection
node points are in the main quadrant, and the reflector system is in the face-up posi-
tion with no shell attached to the backup structure. This plot shows that the experi-
mental deflections are less than the theoretical deflections. The experimental de-
flection curves also show less warpage in both rings. These results are to be expect- if
ed, since the analytical program which computed these theoretical model deflections
did not include the bending stiffnesses of the tubular members. A recent modification
of the analytical program to include bending stiffness has produced theoretical model
deflections which are slightly less than those shown in Figure 3.

Figure 4 is al so a comparative plot of experimental and theoretical model deflec-

tions of rings No. 4 and No. 5 with a unit load now being applied at Point 5.9. Again,
the experimental deflections are less than the theoretical deflections, and the experi-
mental deflection curves show less warpage in both rings.

Figure 5 shows the effect of the dynamic shell on the experimental model deflec-
tions of rings No. 4 and No. 5 with a unit load applied at Point 4.1. The reflector sys-
teia is still in the face-up position. This plot shows that the shell has stiffened the
backup structure, with a resulting reduction in deflection and warpage. No analytical
program with the combined stiffness inputs of the model backup structure and shell
has been run for comparison with the experimental model influence coefficients which

were obtained with the shell mounted on the backup structure.

Figure 6 also shows the effect of the dynamic shell on the experimental model de-(
flections of rings No. 4 and No. 5 with a unit load now applied at Point 4.9. The re
sults are the same as with the previous load point.

In general, the same deflection characteristics were produced by load applications
at other points on the Ibckup structure. Therefore, it may bW concluded that the
model influence coefficient test results have provided a high degree of assurance for * ,t
the accuracy of the analytical program which has been used to cnmpute deadweight
deflections of the full-scale antenna. Naturally, a higher degree of assurance would
haive been provided if scaled experimenLal model deadweight deflections could have
been compared directly with the full-scale deadweight deflections of the final full-
scale antenna configuration (shell included) as computed from the analytical program.
However, further substantiation of the analytical program will be provided by static " '-
tests on tUp- full-scale antenna.
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Vibration Tests

The vibration tests, which constituted the final phase of the model test program,
were conducted in conjunction with the closed loop dynamic-analysts of the full-scale
antenna system. Three model configurations were utilize. for the vibration tests and
are described as follows:

1. Reflector system in the face-up position and mounted orn an un-
restrained elevation-azimuth mount and pedestal,

2. Reflector system in the face-up position and mounted on a braced
elevation-azimuth mount and pedestal, and

3. Refleoior system in the face-up position with tho trunnion beam bull gears A

braced as shown in Figure 12. 'd

The dynamic parabolic reflector was mounted on the backup structure for all three
configurations.

The model was excited in both its symmetrical and antisymxnetrical modes with
electromagnetic shakers and the dynamic response was measured with the normal
types of vibration transducers and read-out equipment.

The vibration test resWts provided qualitative information -.oncerning the types of
vibration modes which could be excited, the order of magnitude" of the 3tructural
damping, the ease or difficulty in exciting the various modes, and optimum shaker -

locationc. ITus, the objectives of the vibration test program, as well as the objectives K-

oi the overall model program, were accomplished satisfactorily.

Additional Model Program Information

Since a complete description of all facets of the 1/15-scale Haystack Antenna
model program could not be included in this paper, the final reports of the model pro-
gram are listed in the reference section for those seeking further information on any
specific details. Reference 1 contaiwq a detailed description of the procedures for
the model rigging demonstration and i•fluence coefficient te.•.1. o unrence 2 contains
a complete account of the model program, with the exception of the vibration tests and
the previ.-As!y mentioned detailed test procedures. haference 3 contains a complete
account ef tho model vibration test program.

References:

1. NASOH-748, 1/15-So-Wale Mol Program - 120-Foot Hiataytck Antemvw System,
latest revision dated 4-23-62. Columbus Dir- iAon, North Atmerican Aviation,

2. NA6211-IG. 1/1-,ical Model Prograni - Finald fepo-t -- 1204-oot Haystack
Antenna Siytum, '.ates1 revision dated 6-13-62. CoWumrnl Division. North
American Aviatloo, Inc.

3. NA621i-870, 1ii5-,.ale !!av•tack Antenna Model Ground Vibration Tst,
dated 11-6-02, Colwnbus Division, No•rth American Aviation, Inc.
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Figure 10. Completely Assembled 1/15 Scale Haystack~ Antenna Model with Dynamic
Shell Mounted on Backup Structure
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Figure 11. Influence Coefficient Test Set-up with Dynamic Shell Attached to Backup

Structure in Face-up Position
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SCIENTIFIC MODELLING FOR PHOTOMECHANICS

Herbert Becker
George Gerard

Allied Research Associates, Inc.

ABSTRACT

Three fields of photomechanics are discussed to show the effort
required to generate models for scientific exploration of these fields. The
approaches center about the fundamental principle that tae proper design of
an experiment requires scientific design of the model to be investigated.
Examples are chosen from photothermoelasticity (which is a relatively n(
field now well established), photoviscoelasticity (which is essentially a
brand new field requiring extensive research before it will be established),
and strobelasticity (which is a new form of an old, established field).

These three fields are applicable to investigations of structural,
thermal and dyndmic problems in rockets and re-entry vehicles. Therefore,
in addition to examples of basic problems, demonsLrations of practical
interest are included. These depict thermal stresses in a box beam, stresses
ia a case bonded viscoelastic rocket grain, and the effect of impact on a re-
entry vehicle.
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RTD-TDR-63-4197, PART I

SCIENTIFIC MODELING FOR PHOTOMECHANICS

Herbert Becker

George Gerard

Allied Research Associates, Inc.

INTRODUCTION

Many engineering structures being designed today must operate under
conditions in which time and temperature play an important role. In aero-
space craft, for example, re-entry conditions impose transient temperature
fields which could lead to severe thermal stresses. Or the structure of a
ballistic re-entry vehicle could be subjected to blast pressure loading of
such short time that impact and shock r iditions become major design con-
siderations.

Complex structural behavior under time dependent loading in a seveie
thermal environment can be examined effectively through the use of models.
The acquisition of accurate, useful data from experimental procedures fre-
quently involvcs application of scientific principles to the design of the model,
and the experiment in which the mod'el is employed. This process is deline-
ated through examination of several specific cases in which scientific model-
ing played a major role in achieving experimental results of high reliability.

, •Tht, experiments to be described herein involve the field of experimental
mechanics known as photomechanics, which relates to the optical effect
observed in the model as a result of the interaction of light with structural
behavior. Until recently, investigations in this fLeld w-re confined to the
special case of photoelasticity in wnich elastic behavior and polarized light in
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transparent models yield a series of interference lines commonly known as P
fringes. Furthermore, in photoelasticity, the level of stress in a structure
is directly proportional to the fringe order.

In photomechanics this generally, is not the case. Fringe order may V

be relatable to stress, to strain, possibly to some combination of these
quantities, or to time dependent derivatives of these quantities. In photo- V

elasticity, material behavior is usually considered independent of tempera-
ture. In photomechanics, however, temperature may be a physical quantity
of paramount importance controlling the behavior of the material from which
the model is made.

For the purpose of the present paper, it is possible to divide the sub-
ject into four specific categories: two related to time and two related to
temperature. For example, the photoelastic investigation of transient ther-
mal stresses would be termed photothermoelasticity (PTE) in an elastic
material. If the material is viscoelastic, then the investigation procedure
would be called photothermoviscoelasticity (PTVE).

This introductory discussion indicates the versatility and comprehen-
sive scope of modern photomechanics as compared to photoelasticity. The
mid 1950's essentially marked the end of what may be called "classical
photomechanics," a field which traces its origin to the early 1800's, the
history of which is comprehensively reported in the treatise by Coker and
Filon (Ref. 1). The current paper describes new techniques in photome-
mechanics which have been developed during the past decade primarily in
response to current technological requirements. These fields are being
explored by other investigators, however, it is the intent of this paper to
summarize only the developments by Allied Research Associates.

The organization of the paper consists of a brief background in classi-
cal photomechanics (that is, static photoelasticity). This is followed by a
descri-:.:ic .-)f time dependent photoelasticity illustrating the large range
of probler.i. which can be examined with ease and precision utilizing a
relatively new photomechanical technique known as strobelasticity.

Discussions are presented of the preparation of models and experi-
mental arrangements for examination of problems in thermoelasticity and
thermoviscoelasticity. In this latter case, the only similarity to classical
photoelacticity is the use of a polariscope to produce fringe patterns in the
model. All other facets of the procedures for this type of problem are
different from those in classical photomechanics.

PHOTOELASTIC MODELLING

An example of the advanced state-of-the-art in classical photome-
chanics may be seen in Figure 1, which depicts a 1/24 scale model of a
50, 000 ton forging press (Ref. 2). The model contains 144 parts, weighs
144 pounds, and required six months to fabricate and test. The experiment
was conducted utilizing the stress freezing process. The press was loaded
by pressure applied to the pistons located in the upper crosshead by feeding
nihrogen gas through the hollow tie rods, exactly as in the prototype.
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After the model had been stress frozen, slices were taken for photo-
elastic examination to determine the stresses throughout the press compo-
nents. By fabricating the entire press and applying; pressure as in the
prototype, there was no question of the distribution of loads to be applied.
The distribution of the proper load to each component occurred naturally
as a result of the press geometry. Consequently the state of stress in the
finished photoelastic model corresponded with that in the prototype.

This faithful reproduction of the geometry and loading of a complex
structure is a growing trend in modern photoelastic investigations (Ref. Z).
As another example, numerous detailed studies have been made of nuclear
power plants. This trend has been made possible by the recent arrival
(during the past decade) of a new type of modelling material, epoxy, which
is excellent for fabrication of large complex structures. Its high photo-
elastic sensitivity, good mechanical rigidity, and fabricability have
revolutionized photoelasticity and have played a major role in advancing to
their current state all of the fields of investigation to be described below.

STROBELASTICITY

One of the problems in analysis of ballistic re-entry vehicles is the
determination ot the structural response to dynamic loads such as produced
by blast loading for example. This involves analysis of the time dependent
stress distribution throughout the structure which is a relatively simple
procedure when utilizing a technique in which stroboscopic lighting and
repeated impact permit visualization of the propagating stress waves through-
out an elastic structure (Ref. 3). This photomechanics technique has been
termed "strobelasticity. "

The schematic arrangement of the experimental equipment is shown
in Figure 2. The model size is selected to ensure the decay of oscillations
in the structure within 1/60 second in order that 60 cycle electrical power
may be used to drive the bell coil. By flashing the strobe at the same rate,
one flash (duration = 1 microsecond in modern units) occurs during each
impact providing the appearance of stopped motion. By reducing the flash
frequency slightly, the impact event may be viewed repeatedly but at a
rate considerably less than the actual event. By careful control of strobe
frequency the visualization rate has been diminished to furnish a viewing
time for a single event of the order of hours.

A photograph of a typical experimental arrangement appears in
Figure 3. This equipment was used to provide the motion picture strip
shown in Figure 4, which depicts the propagation of a diametral impact stress
wave on a composite system consisting of a rubber ring surrounding a gelatin
core with an aluminum plug at the center. The system is representative of
a re-entry vehicle structure with shock insulated internal equipment.

The control available with this type of arrangement may be seen in
the relatively small change in fringe pattern from frame to frame in Figure
4. Furthermore, by removing the polaroids, the motions of the model are
clearly revealed. The high resolution of monochromatic fringe orders
(10 fringes or more with no difficulty), may be seen in the photograph of the
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area of impact on the edge of a plate (Figure 5). This precision, coupled Nwith the precise data available on structural motions, provides the basic

information for accurate analysis of dynamic behavior. In the limiting case,
locking the strobe into the line frequency and imparting a phase shift to the
flash permits examination of the model behavior in essentially the same
manner as in static photoelasticity.

PHOTOTHERMOELAS TICITY

Photothermoelasticity (PTE) is the application of photomechanics to
problems in time dependent and temperature dependent loading on elastic
structures. This procedure, which has been developed into a precise
scientific tool for the analysis of problems in two and three dimensionalN thermogelasticity (Refs. 4 through 9, for example) has been used success-
fully to test the reliability of theoretical solutions.

Plate Problem

The first illustration of the use of PTE involves the determination of
thermal stresses in a rectangular plate subjected to a parabolic temperature
gradient across one edge and constant along the other. Three theoretical
solutions to this problem are shown in Figure 6. It is evident that precise
experimental techniques would be required in order to identify the most
accurate of the three solutions (Ref. 7).

One of the major facets of the experimental investigation in this
problem was the proper selection of thermocouple locations to provide
accurate data during the experiment on the mean inplane temperature
distributions throughout each plate model. A typical thermocouple layout
is shown in Figure 7. One important feature, revealed in the bottom
sketch, shows thermocouples located at depths from each surface at which
the temperature would read the mean value in the plate at a given location
under a parabolic distribution through the thickness which was detected in
early stages of the experiment. This method of compensating for the
variation was found to be necessary in order to obtain precise, reliable data.

The model and experimental arrangement (including insulation, thermo-
couples, and assembly of components) are revealed in Figure 8. Temper-
ature was applied through heat flux induced by application of dry ice to the
model edges. Accurately reproducible parabolic temperature gradients
were obtained only when the surfaces of the model plates were insulated
with thick styrafoam blocks. In order to observe the fringe patterns at the
centers of the plate edges, it was necessary to pierce the styrFfoam
insulating blocks and insert: plastic pipes as shown in Figure 8. Rubber
strips were placed along the chilled edges to provide temperature control.

As a result of these precautions, accurately parabolic temperature
distributions were consistently obtained approximately 20 minutes -.:fter
application of dry ice to the model edges. A typical normalized temperature
"distribution may be seen in Figure 9, which reveals close adherence to the
required parabolic distribution of temperature in order to obtain close
correlation of temperature data with stress data and good reproducibility of
experimental results.
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Photoelastic fringe patterns of models with two different a/b ratios
are shown in Figure 10. Fringe orders were measured consistently to a
precision of the order of 1 percent (better, in many cases) throughout
the program.

Correlation of theory and experiment in Figure 11 (Ref. 7) indicate
close agreement with the Ross theory. Because of the fact that the Ross
solution in the range of a/b greater than 1 may be obtained by a simple
transformation of data for a/b less than 1, there was no need fer experi-
mental data beyond a/b = 1.

Wing Investigation

The analysis of thermal stresses in a multiweb structure under surface
heat input furnishes another example of the accuracy afforded by photothermo-
elasticity. In this case, the experimental data provided such a high degree
of reliability that it was possible to attribute differences between theory and
experiment to errors in the theoretical assumptions (Ref. 8).

A preliminary study was conducted on a simple I-beam. The photo-
elastic fringe pattern is shown in Figure IZ. Fabrication of the model, which
actually involved channel shaped webs connected to top and bottom cover
plates, is shown schematically in Figure 13. One of the influences upon
temperature distribution throughout the model was the presence of convective
airflow in the bays between the webs of the box beam. For this reason it
was necessary to construct baffles and place them in the bays between the
webs so as to eliminate convective heat transfer. Only after this was done
was it possible to obtain essentially conductive heat transfer down the web.
The reason for this modification was to permit a reliable check of the
theoretical temperature distribution in the box beam structure. The theory
did not account for convection in the bays.

Figure 13 also reveals the presence of thermocouples at the top and
bottom of the plates which cover the box beam. This was necessary since
the two dimensional heat flow through the plate thickness also was found to
play an important role in the overall temperature distribution throughout
the system.

In addition to the fabrication of the model in a manner which would
permit proper modelling of the temperature distribution, it was necessary
to construct a special polariscope arrangement which permitted viewing
of the fringe patterns in the webs which were located in the interior of the
model. This was achieved utilizing the configuration shown in Figure 14.
Photographs of the model in various stages of completion are shown in
Figure 15.

iOne additional factor which entered into the analysis of the photoelastic
model was the effect of temperature upon the heat transfer characteristics
of the model material. When this factor was taken into account, the final
experimental arrangement yielded a model on which accurate agreement was
obtained (Ref. 8), as may be seen both in the theoretical analysis and in the
exreriments (Figure 16).
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THE BONDED POLARISCOPE

The previous section described applications of a new field of photo-
mechar::cs. This section discusses a new technique for three-dimensional
photomechanics which has been used successfully in studies of elastic
problems (Ref. 6), and is now being developed for viscoelastic investigations.
The application of this technique to problems in viscoelasticity will be
discussed in the final section of this report.

The bonded polariscope involves the selection of a region of interest
within a three-dimensional model, and cementing into that region a thin
slice of model material sandwiched between plastic polarizing sheets. This
technique has been applied successfully to problems in both mechanical andthermal stress analysis.

A typical calibration curve for the bonded slice is derivable by em-
ploying a beam loaded in pure bending and by plotting the ratio of the fringe
order at a given distance from the neutral axis to the fringe order at the
extreme fiber against the ratio of the neutral axis distance to extreme fiber
distance. A calibration curve was obtained as shown in Figure 17. Com-
parison of this curve with that obtained for a beam without the polarizing
sheets cemented to the faces reveals no significant difference between the
two results.

Since the elastic modulus of the photoelastic epoxy is essentially the
same as that of the polarizing sheets, there was no competing structural
interaction between the model and the polariscope. Furthermore, the
epoxy monomer cement which was used to join the polarizing sheets to the
beam hardened to essentially the same stiffness as the beam material. As
a result, the three components (beam, cement, and polarizing sheets)
formed a mechanically continuous structure.

One successful application of the cemented polariscope is revealed
in Figure 18 which depicts the fringe order distribution at the center slice
of a long thick-walled cylinder subjected to a temperature chill in the
bore. This result was compared both to the theoretical prediction of
stress as a function of the temperature field, and to the experimental
result for a thin, flat plate of cross section identical to the cylinder. The
comparison shown in Figure 18 indicates good agreement of theory and
experiment (Ref. 6).

The following discussion of photothermoviscoelasticity indicates
another area in which the cemented polariscope is expected to have ue'eful
application.

PHOTOTHERMOVISCOELASTICITY

The essential problem in PTVE is the optical determination of thb
mechanical behavior of a viscoelastic structure subjected to temInperature
loading (Ref. 10). For this purpose it is necessary to devise an 4expe:-i-
mental procedure for determining the structural behavior since none exists
at present. A major problem in use of the bonded polariscope for this
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purpose is revealed in Figure 19 which demonstrates (on the left side of
each figure) the growth with time of the fringe order in a beam under pure
bending fabricated from a photoviscoelastic epoxy. The right side of each
photograph reveals the optical behavior of the same beam with polaroid
cemented to each face.

The difference between the fringes in the bonded polariscope and
unbonded polariscope areas of each beam are immediately apparent upon
progressing from the top to the bottom of the photograph. The lower fringe
orders observed in the cemented polariscope presumably are due to the
fact that the polaroid sheets maintain their elasticity while the beam
continues to creep under dead weight loading. This stiffens the beam and
results in lower fringe orders.

In an attempt to circumvent this difficulty, polarizing sheet was em-
ployed to which no plistic support sheets (as found in standard polaroid)
were added. These polarizers were cemented to the faces of a photovisco-
elastic strip as shown in Figure 20. After the cement hardened, each
bonded sheet was machined into a series of squares of gradually diminishing
size. The three different sets of grids are shown in this figure.

After gridding the polarizers the beam was subjected to dead weight
bending moment. A typical result is shown in Figure Zl which reveals the
extreme stiffening action on the far right where the bonded polarizing sheets
were not sliced. With the relatively coarse grid in the next bay to the left
a significant increase in fringe order is observed. The continued reduction
in grid size led to relatively little further increase in fringe order.

The left side of the figure (in the dark shaded area) is the region of
the beam to which the polariscope was not bonded. This is the region in
which uninhibited viscoelastic behavior occurred. It may be seen, by
comparison of the fringe orders in this area with those in the beam region
to which polarizing sheet was cemented. that the agreement of fringe order
with approximately the same value as the unrestrained viscoelastic be-
havior was obtained with either the largest, or next to largest, grid
spacing after which no significant beneficial effect was obtained.

The largest gr.d spacing was 0. 050 of an inch. Consequently, for
investigatIon of photoviscoelastic behavior (such as in a solid propellant
rocket grain) the slicing of the grid work into 0. 050 inch squares should
yield essentially uninhibited structural action of the model.

As an additional sidelight, the cement utilized in this investigation
was also fabricated in a viscoelastic form by the addition of plasticizers to
the standard epoxy cementing material utilized in the elastic bonded polari-
scope procedure.

As an example of the difference in behavior between elastic and
viscoelastic structures, Figures 22 and -13 reveal the rcsult obtained with
a two dimensional four-pointed star rocket grain model supported in a rigid
case. In these two studies Qne gzain model was manufactured from an
elastic plate and one from a viscoelastic plate. They were fabricated to
yield perfect fit at 40 degrees Fahrenheit. Both models were slipped into
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the supporting rings at a slightly lower temperature after which the
assemnblies were removed from the refrigerator and placed in a circular I
polariscope. Figuze 22 reveals the result obtained with the elastic model
in which the growing interference fit between the model and the steel ring
led to significantly high concentrations of stress at the roots of the stars.
In the case of the viscoelastic model, a significant reduction in fringe order
at the star roots, and throughout the entire star, may be observed in
Figure 23.

Because oi the dependence of fringe order upon the viscoelastic
character of the material (that is to strain as well as stress) there is no
immediate, simple way for evaluating stress in terms of fringe order for a
viscoelastic material. A much more complex relationship usually exists
(Ref. 10). Consequently, the analysis of a photoviscoelastic fringe patterns
may involve procedures almost as complex as the theoretical analysis of
the structure itself. This aspect of photomechanics has yet to be developed.

Work in PTVE is now continuing in an effort to improve model fabri-
cation and diminish the difficulty of interpretation of fringe pattern data.
One promising result, recently obtained, is the discovery of a material in
which fringe order appears to be directly proportional to the stress although
the material itself exhibits extremely high viscosity while behaving basically
as a solid at room temperature. This material may provide an important
property both in modelling viscoelastic structural behavior and simplifying
the analysis of viscoelastic structural behavior through photomechanics.
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THE USE OF MODELS FOR CONTROL OF SONICALLY INDUCED VIBRATION

M. Bernstein

R. Gross

Grumman Aircraft Engineering Corporation
Dynamic Aralysis Section

Bethpage, New York

"ABSTRACT

A half-scale dynamically-similar model of a non-uniformly-stiffened fuselage
structure of slightly varying cross section was designed, constructed, and tested to
obtain data on the response of the full-scale structure to propeller-noise excitation.
This approach was chosen as the logical compromise between the cost of a full-scale
accuracy of practicable analytical methods. The model was used to determine how the
natural frequencies of the structure might be varied, if necessary, and to investigate
means for reducing internal noise and vibration levels. As an indication of the accuracy
of practicable analytical methods when applied to relatively complex, realistic structures,
a comparison was made between the experimental vibration characteristics and the mode
shapes and frequencies computed for an "equivalent" uniform cylinder and for a ring
cross-section with stiffners included.
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RTD-TDR-63-4197, PART I

THE USE OF MODELS FOR CONTROL OF SONICALLY INDUCED VIBRATION

By: M. Bernstein and R. Goss

Grumman Aircraft Engineering Corporation
Dynamic Analysis Section

Bethpage, New York

SUMMARY

The parameters required for modeling sonic pressure fields,
structural damping, and appropriate elastic properties are re-
viewed. The difficulties in modeling damping and fatigue effects
for small scale structures are discussed. Dividing the modeling
process into a small scale rigid model to evaluate pressure fields
and a larger scale dynamic model to evaluate the response or even
fatigue life appears appropriate. Experimental work on determining
the response of a half scale model of a fuselage section to a sonic
pressure field is described in detail. The section consisted of a
non-uniformly stiffened almost circular fuselage constructed of
skin, frames, and heavy widely spaced longerons. Experimentally
determined modes and frequencies are compared for various internal
arrangements of partial bulkheads and simulated equipment weight.
Comparison with full scale aircraft fuselage response is shown.

INTRODUCT ION

Design of present and future flight vehicles, powered by pro-
pulsion plants having mechanical forces ranging from several thou-
sand pounds of thrust for today's "smaller" turbojet, turbofan and
i:ocket engines to the planned rocket engines of the future
get.erating several million pounds of thrust, requires continued
development of techniques, both analy:ial and experimental, for
investigating their acoustical and related structural effects. One
of the answers towards treating the problem lies in the use of
scaled models. The magnitude and size of full scale power plants
and structures, and aspects of cost, time, availability and com-
plexity point towards utilization of scaled models.

Elastic models of structures, for most applications, are
limited to valid representations only of thp lower modes. Re-
sponses to some of the excitation, however, also result in higher
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frequency shell modes, and modeling to simulate this phenomena re-
quires much finer structural fidelity. When the applied forces are
broad band and random in content the responses are primarily reso-
nant, and since the resonant response is determined principally by
damping, it is necessary that the damping be adequately simulated
in the model. Furthermore, if fatigue testing of the models is to
be simulated, microscopic effects such as stress distribution and
residual stresses become important and impose a practical limit on
size reduction.

This paper will discuss aspects concerning acoustic source and
structural scale modeling, and explain in detail the results of a
scale model test conducted at Grumman. It is divided into two
major sections. The first discusses some modeling considerations
required for reliable model testing including Modeling, Sonic
Sources, Damping, Fatigue Considerations and Structural Modeling.
Section II, Model Testing, describes work done on a 1/2 scale
center section fuselage model.
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SECTION I - CONSIDERATIONS IN SCALE MODEL TESTING

A. - Modeling Sonic Sources

In modeling sonic pressure fields for controlling sonically
induced vibration, the region of concern is generally very close
to the source of excitation, and the important attributes are the
spatial and temporal distribution of the pressure spectrum, since
these are the pressure parameters which determine the generalized
force.

Reference (1) presents an extensive study of the use of
acoustical scale models for jet and rocket engine near field noise.
A suitable scaling relationship proposed for jet exhaust noise is
given as:

c C.1(1- G, o-rC, G

where:

61 Ko is the sound pressure level as a function of
radial distance r. from the source and angle e.

•, Vi c. is the density, velocity, and speed of sound in

the jet at a reference location.

'C. is the density and speed of sound for ambient gas.

is the characteristic diameter of flow.

is the solid angle of radiation.

Ci.q • is the Directivity factor, a function of jet Mach- / number, speed of sound ratio, and .

G.(K, is the near field factor as a function of K and ri.
K is the wave number, ().

C.,
The first three ratios on the right side of the inequality

refer to the nozzle exit conditions. To insure repeatibility and
reliable comparisons for separate tests, these conditions were de-
termined (in reference 1) at the exit plane of a fully expanded
nozzle. The use of full scale flow parameters together with simi-
larity relationships resulted in essentially equal sound pressure
levels at distances scaled by the nozzle dimensions. Generally,
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gas identical to full scale was used, and temperature and pressure
in the plenum upstream of the nozzle were maintained at full scale
values. Total acoustical power scaled inversely as the square of
the nozzle dimension, while frequency scaled in accordance with
the dimensionless Strouhal number:

where f is the frequency.
d is a linear dimension, usually the nozzle exit

diameter
v. is the jet velocity.

J

The two functions G and G are important in determining the

characteristics of the near field. They depend on the proper dis-
tribution of the effective sources of noise in the jet exhaust.
Profiles of the jet exit velocity and temperature, which can be
altered by small differences in nozzle geometries, may effect the
distribution of noise sources, as described in reference (2), and
consequently the scaling of G and G2 . Near field model dimen-

sions and flow parameters therefore, should be carefully con-
trolled, particularly for very small scale models.

Model relationships for scaling jet noise have been summarized
on Table I. Results of applying scaling techniques to J-57 and
YJ-85-1 turbojet engines, and a Jupiter liquid rocket engine are
shown on Figures 1, 2, 3 and 4; taken from references (1) and (3),
where other examples are also shown. Agreement with full scale
ranged from good for a J-57 to poor for a J-79 with a more com-
plicated nozzle shape. The small model of the Jupiter engive gave
good agreement at low frequencies, but was 5 decibels too high at
high frequencies, possibly due to poor placement of the bucket ex-
haust deflector. Correlation coefficients for this model, as a
function of frequency, were compared with full scale at two posi-
tions and were in reasonable agreement up to the first zero
crossing.

These techniques bave been extended to the modeling of sonic
sources in the presence of reflecting barriers such as a B-52 wing
installation and a Minuteman Silo installation. Reasonable agree-
ment was obtained at lower frequencies, with deviations increasing
as freouency increased.

The use of substitute gases was also satisfactorily demon-strated under certain conditions, when full scale flow parameters

614

XV*



are maintained and a high degree of control utilized. Helium
proved particularly suitable.

It seems apparent therefore, that modeling jet and rocket
engine exhaust near noise fields is feasible under most circum-
stances, when full scale flow parameters are utilized and a high
degree of control maintained.

Another sonic source of great interest in model testing at
Grumman was the aircraft propeller. In this case the fundamental
blade passage pressure component in the near field at locations
about a fuselage were required. The difficulty arose in trying to
reproduce the time history of the traveling source as the propeller
blade swept past. A time history of the pressure anticipated
during one cycle over 110c of a fuselage is shown on Figure 5.
This was calculated graphically, assuming the source of near field
noise as concentrated near the propeller tip. The pressure field
from a single speaker during a test is also plotted on the same
scale for comparison. During portions of the cycle, it is apparent
that the speaker is out of phase with the applied force. Repro-
ducing the distributed source appeared to be a formidable problem,
hence, an alternate method was utilized. The generalized force in
the first experimentally determined mode was calculated for two
different sources, the propeller and speaker induced acoustic test
field, and the ratio was used to modify the measured structural
response. This technique was considered feasible because there
was no requirement to reproduce the full scale values of sound

-4 pressure. The intent in these model tests was to scale the meas-
ured response of the model linearly for the difference between
model and full scale sonic pressures.

B. - Damping

Damping in structures generally results from material hys-
teresis under stress, radiation damping,and friction
damping at joints and interfaces.

The largest amount of structural damping is attributed to
energy loss in riveted joints. The advent of wide band sources
"of excitation has focused attention on the datoping mechanism since
most structural response occurs at resonant frequencies. Measure-
ments reported in reference (4) indicated that damping may not be
due to the design and number of connectors but to the relative
motion at the interface some distance from the connectors. Rivet
spacing may have little effect once sufficient rivets have been
added so that the maximum clamped area has been achieved. The
conclusions of the study indicated that damping of joints appears
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to be linear up to high amplitudesi is not primarily associated
with connectors or structure in the immediate vicinity of con-
nectors, is higher for lowei clamping forces or more lubrication,
and is relatively independent of bending stiffness.

In the past, most aircraft panel testing for fatigue has
utilized full scale sections so that representative fastener tech-
niques were used. Fastener spacing and size is generally deter-
mined by -hear and bearing loads, and by spacing required to
prevent sheet edge buckling. Tension loads in fasteners, which are
important in damping, is not generally considered during design.

Scaling for joint damping might be accomplished by scaling
the joint areas, the numnber and spacing of rivets, and the rivet
diameter and length, provided the clamping force could be dupli-
cated. On- approach might be to design tightly clamped joints
and assume that this would be a conservative procedure. Separate
joint tests might be considered during model development to
evaluate this factor.

The pract'c.il difficulties in scaling joint damping are a
detriment to the wider use of small scale structures for vibra-
tion response and fatigue tests.

Radiation damping can also contribute significantly to the
overall damping mechanism under some conditions, particularly when
the frequency is h.igh. Maximum damping occurs at coincidence,
when the speed of flexural waves in. the structure are equal to the
speed of acoustical waves in the surrounding medium. This fre-
quency is generally above the region of interest in fatigue for
most practical aircraft structures. Radiation damping of a lesser
amount occurs below this frequency but above the frequency F= C
C0 is the speed oi sound and a is the longer plate or beam dimen-

sion. Relationships applicable for radiation damping are shown in
references (4) and (5).

In most cases, the damping values at coincidence include the
ratio of surface area to the product of mass and frequency, which
should make them non-dimensional, if size were scaled uniformly.
This would not be true however, if different scale factors were to
be used for skin thickness, since in this case the mass would in-
crease relative to the surface area and the effective damping would
decrease. In order to demonstrate the orders of magnitude involved,
calculations were performed as shown on Table II. It may be noted
that the plate coincidence frequencies were all very high.
Generally this frequency range is considerably above that of concern
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in structural design. The values below coincidence, but above
the lower boundary, would be more important and it may be noted
that the actual damping values are low.

It can be concluded then that radiation damping in small
model panels could be significantly higher than full scale if
models are not scaled uniformly for size.

Material damping, as discuosed in reference (6), is a direct
function of stress, and is not expected to be important, or to
differ significantly in most model applications where standard
metals are used and where stress levels are well below the fatigue
strength. If uniform scaling for size is applied, then the stress
distribution in the model would be the same as in the full scale
structure except at stress concentration areas. In these areas
stresses in models might be higher than in full scale structure,
but if such concentrations are limited to a small portion of the
total stressed volume, then they should not appreciably increase
the total material damping. Material damping therefore, can be
substantially scaled directly with size, but is not expected to
be imrortant.

C. - Fatigue Considerations

Scaling the fatigue factor is one of the least certain as-
pects of modeling. Size effects have been reported by Weibull in
reference (7). He noted that stable crack propagation rates were
proportional to the size of geometrically similar specimens.
Peterson in reference (8) reported that on a series of fatigue
tests of geometrically similar tensile specimens with holes, the
notch sensitivity decreased rapidly as the hole diameter decreased
below 1/4 inch. Stress gradients are also important in decreasing
notch sensitivity and thereby increasing fatigue life. Other
factors such as frequency effects are also not amenable to scaling.
A discussion of these factors by C. Gray, in a generally sym-
pathetic study of modeling for sonic fatigue presented in refer-
ence (3), concluded that experimental verification would be
required to obtain a size scaling factor. In view of the scat-
tered nature of full scale test data and the development still
required to establish random fatigue design procedures, it would
appear difficult to demonstrate adequate fatigue life in small
scale models with high confidence.

D. - Structural Modeling

Elastic models of structures for most applications are limited
to representing the lower modes with validity. This has been
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generally the case on aeroelastic models, and on models designed
to determine the elastic body effects on control systems. Re-
sponse to sonic excitation, however, generally occurs in higher
frequency shell modes of structures, and modeling to represent
this phenomena requires much finer structural fidelity. When the
"applied pressures are broad band random, the response is primarily
resonant, and since the resonant response is determined princi-
pally by damping it is necessary that the damping be adequately
represented in the model. Furthermore, if fatigue is also to be
modeled, microscopic effects such as stress distribution and resi-
dual stresses become important and impose a practical limit on
reduction in size.

When considering scaling relationships applicable to repro-
ducing mode shapes of frequencies, techniques commonly applied
for modeling lower elastic modes are used as shown in reference
(9). The equations of motion are transformed into dimensionless
variables and dimensionless ratios of elastic and inertial para-
meters at reference locations. Applications of this technique
have been worked out to illustrate the procedure for determining
scaling relations for typical sonically excited structures.

Two types of structures in which sonic excitation are impor-
tant are contained in rocket launch vehicles and stiffened skin
panels. Scaling factors have been set up for a simple example of
each type of structure to demonstrate the approach.

D-1. - Launch Vehicle

Consider a launch vehicle to be represented by a long beam in
bending including shear and rotary inertia effects. The equation
of motion for such a beam, using the notation of page 69 of refer-
ence (9) is:
{j. (,})L• '' { -1( " " ""(?P "-.. _" ' _("' '' -

where:

is the lateral deflection due to bending and
shearing strains.

,. (,•) is the mass per unit length.

is the mass moment of inertia per unit length.

LI.,y, is the bending stiffness.
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r ,is the shearing stiffness.

FJ (•.%) is the intensity of the applied transverse load.

The first term represents the contribution due to the rotary in-
ertia of the beam element, the second is due to bending, the third
is the inertia load, the fourth is obtained from the shear contri-
bution and since shear is coupled with both rotary inertia and
bending, the terms are somewhat complex. The variable describing
motion is displacement due to bending which appeared to be the
most convenient one to use.

Values of the parameters used to describe the ratios at
reference locations were as follows:

when these values are substituted into the equation and the coef-
ficients are made non-dimensionalized the equation becomes:

ii !,-•--: , ,) 'N,-,(W~/f{.U,,,.•f.•_¾...1' d(-) - F,,•.•- FN(4

Si Utilizing these relationships, then, a model which is conven-
ient in size and frequency can be set up. For example, if it is

desired to construct a model of a cylindrical cross section launch

vehicle with 1/20 the length of the original, 10 times the fre-
quency, and made of the same material but with a skin thickness of
1/5 of the original (instead of 1/20, which would furnish construc-
rural difficulties), the following relations between full scale and
model would applyl

EI oLh- OM,0 " (i)7- Ft/.u/0,
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This model would have the same frequency ratio and modes as the
full scale unit. The ratio of displacement to force would be four
times as high on the prototype as on the model so that with the
force scaled properly, and with damping at resonance adequately
scaled, as discussed previously, the full scale stresses would be
reproduced.

The reader is referred to reference (13) for an extensive
discussion of launch vehicle models and their application in the
Saturn program.

D-2. - Panels Reinforced By Orthogonal Stiffness

A large class of sonically induced vibration problems occur
on crthogonally stiffened skin sections of aircraft and missiles.
As a simple representative of such a structure consider a flat
anisotropic plate of dimensions "a" long and "b" wide subjected to
pure bending as shown on page 84 of reference (10). The equation
of motion would be:

D xi _Y±L+Z(D.±+.D x~).Pr±hW -~T~~

The flexural rigidities, D, could be represented by combined
plate and beam-theory. Here the "m" is the average mass per unit
surface area. This relation applies to stiffener elements which
are relatively closely spaced compared to the overall dimensions
of the plate.

Values of the parameters used to describe the ratios at refer-
e:'ce locations were the flexural rigidities and the applied load,
q, and inertia load, iiw*. In order to make the equations dimension-
less all terms were multiplied by the plate area squared, after
non-dimensionalizing the deflection w. With these substitutions,
the non-dimensionalized equation can be expressed as:

b' D~ X~
Ibx • ×U --. 6 .Y<,w D:£N ... x• • •
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Here the ratios of flexural rigidities in the two directions
and the cross and twisting rigidity ratios would have to be main-
tained. Flexural rigidity estimates using combined plate and beam-
theory as described in reference (11) are:

DX EL' ( L-~I +

A = DxD

where:

CLI) are plate width and lengths in the coordinate
directions.

EL* E F are the Moduli of Elasticity of the skin and
frames.

S I is the Moment of Inertia of the frames.

-IL, is the Moment of Inertia of the longerons.

-I. is the Moment of Inertia of the portion of the
skin active in bending in the ý direction.

ISX is the Mom.nt of Inertia of the portion of the
skin active in bending in the ) direction.

Cl, is the applied pressure load per unit area.

is the displacement normal to the plate surface.

Reduction in size for scaling would be done by changing the moments
of inertia of the stiffeners and skins by different amounts, where
convenient, provided that the proper ratio is maintained. Scaling
for frequency can also be different than scaling for size, if
desired, provided the mass per unit area is properly adjusted.
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SECTION II - MODEL TESTING

The discussion heretofore has been concerned wiL' some general
aspects of modeling to determine the response of structures to
sonic excitation. A specific application of the technique will now
be described.

In the early planning stages for a new aircraft at Grumman,
the E-2A, predictions of the vibratory response at the fuselage
area near the propeller plane were required. A view of the air-
craft is shown on Figure 6. The fuselage was to be irregularly
shaped and stiffened by 6 major longerons and some intercostals.
Other aircraft already constructed using the same propeller and
engines had required some redesign to avoid skin fatigue cracks
in the propeller plane area. Since carrier stowage requirements
restricted the propeller tip clearance to 14 1/4 inches, noise
levels at 141 db at a discrete frequency were predicted. It was
decided, therefore, to conduct a combined analytical and model
testing program with the following objectives:

A. Avoid fuselage resonances near propeller blade passage
frequency.

B. Determine the effect of possible design changes on the
natural frequencies, and on the response at resonance.
This was particularly important in this case because
the propeller rotated at a constant speed.

C. Compare results from available analysis of orthogonally
stiffened regular fuselage shell with model tests, and
adjust parameters so that the effect of changes in some
variable could be studied analytically.

D. Predict the variation in vibratory response over a fre-
quency range near propeller blade passage to investigate
the possibilities of vibration reduction by designing
the fuselage for a specific frequency, and of applying
some phasing control to the applied force.

E. Utilize the model to evaluate vibration and acoustical
control measures such as damping and acoustical insula-
tion.

Scaling considerations were reviewed. In view of the require-
ment for predicting response it was decided that joints with
fasteners would have to be carefully controlled, thus limiting the
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size and manufacturing procedures. The full scale skin was .040",
and full scale radius 40". The model was to be made from hand
formed elements and interior and boundary bulkheads were to be
representative. The model length was determined by locations of
a stiff cabin bulkhead forward and a partial bulkhead tying into
the forward wing beam aft. After reviewing alternate costs for
design, manufacture, and assembiy of various scale models, it was
decided that a 1/2 scale representation would be used. This had
the advantage of allowing work to proceed from regular drawings
marked up to show short cuts desired.

The model shown in Figure 7 was tested first as an empty cyl-
inder with and without the rear end restraint. These tests were
conducted to allow comparison with an available analytical program
(reference 11) for calculating modes and frequencies of a uniform
orthogonally stiffened cylinder. Mode shapes and frequencies were
measured, as well as the frequency response to a constant acous-
tical pressure level. The shell was then modified by the instal-
lation of partial bulkheads intended for use as equipment supports,
at actual locations. The effects of variation in radial restraint
at the rear end of the test section was determined by testing in
turn with three different possible partial bulkhead configurations
installed. When these tests were complete, a series of weights
totaling 128 lbs was installed on rubber to simulate the resil-
iently mounted equipment planned for the aircraft. The original
weight of the fuselage section was 42 1/2 lbs so that this repre-
sented a three fold increase in total weight. Testing was repeated
once again. Finally the cylinder was tested with tie rods across
the center to simulate the effect of a severe radial restriction on
the center of the shell.

Results of the mode shape tests for the basic shell with and
without bulkheads are shown on Figure 8. It is apparent that the
forward bulkhead is relatively rigid while the rear is free. The
effect of restraining the end by a bulkhead is shown by the three-
fold increase in frequency for almost the same circumferential mode
shape. One interesting phenomena is the tendency for the symmetric
and antisyminetric modes to alternate as the frequency is increased,
as summarized:

6Z3
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Summary of Mode Shapes for

Basic Shell with Rigid End Bulkhead

Frequency Number of Axial Number of Circum- Description

Half Waves ferential Waves

f, cps m n

142 1 2 symmetric

156 1 3 antisymmetric

172 1 3 symmetric

248 1 4 antisymmetric

261 1 4 symmetric

306 2 4 antisymmetric

332 2 4 symmetric

It was not possible to excite an antisyrmnetric mode for ý=.. Using
one or two shakers in or out of phase, or one or two acoustical
sources did not significantly change the mode shapes obtained.

Partial bulkheads were installed, as shown on Figure 9, and
simulated end bulkheads were added as radial restraiihs at the
rear end of the cylinder. A tabulated summary of the change in
peak response frequencies and amplitudes is shown on Table III.
The excitation was controlled by monitoring the acoustical levels
near the two sources. The addition of the intermediate bulkheads
significantly increased the frequencies of peak response for the
lowest three modes by 22%, 48% and 17%, respectively. The reduc-
tion on frequency due to the use of a light partial end bulkhead
was also obtained from these test results. Masses simulating the
equipment to be used in the interior were mounted in the shell on
foam rubber simulating a low frequency (15 cps) mounting system,
and the effect was evaluated. Variation of response to acoustic
excitation with frequency is shown on Figure 10. The peak levels
decreased because of the added damping but the frequencies were
not reduced a large amount because the resilient mounting of the
equipment isolated much of the mass at the fuselage resonance.
Damping values for the fuselage, as estimated from the frequency
response curves, varied from .02 to .05, the latter after the
masses were installed in the system. The modes in which this
damping occurred were below cutoff frequency and therefore not
attributable to radiation damping. Subsequent measurements of
damping on a full scale airplane were all less than .01. Higher
damping values in the model seem reasonable because the tests had
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to be conducted before the model had been completed, so some
* rivets were not in place, possibly causing higher energy dissipa-

tion in the joints.

One of the objectives of the model test program was to es-
tablish a basis for analytical comparisons. The analyses avail-
able treated a uniform cylindrical shell and the absolute values
of the frequencies computed for the model were much higher than
the measured values. However, the relative shifts in frequencies
for corresponding modes were considered sufficiently valid to
study some of the structural variables. The results were non-
dimensionalized so that they could then be applied to the model.
Results of analytically increasing the skin thickness, increasing
the cylinder length, and changing the stiffness of the frames
using the analysis in reference (11) are all shown in Figure 11.
It may be noted that changing the frame stiffness had a relatively
moderate effect on the frequency, since an increase by a factor of
4 resulted in a 20% increase in frequency. Doubling the skin
thickness actually decreased the natural frequency by a small
amount, an interesting and unexpected result.

In order to determine the difference between a uniform shell
and the actual model the kinetic energy in the shell for the low
frequency mode was calculated using the experimentally determined
mode shapes and the actual mass distribution. The value obtained
was within 5% of energy calculated by assuming regular sinusoidal
circumferential mode shapes on an equivalent shell with the mass
uniformly distributed. Since the frequency calculated for the
uniform cylinder was 40% higher than the measured model, it was
assumed that the potential energy had been considerably over-
estimated in the analysis.

The response of the model to frequencies near propeller blade
passage was of primary interest. Response as a function of fre-
quency is shown on Figure 10. It should be noted that large varia-
tions are possible for small frequency shifts near blade passage
frequency because the damping is light and the shell resonances are
well separated. The blade passage frequency and its harmonics are
shown by arrows at the bottom of the figure. These experimental
results, principally the effect of radial straps shown on Table
III, prompted a design change to include a stiffer ring frame at
the center of this fuselage section near the propeller.

A comparison of model and full scale mode shapes at the fun-
damental frequency is shown on Figure 12. There are two full scale
patterns shown for two different aircraft. Aircraft #2 was loaded
with ballast plates on the floor in place of a large quantity of
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electronic equipment so that the mass distribution differed consi-
derably from the model. The #3 aircraft mode shape was more
regular and did not differ materially from the model. The longi-
tudinal mode shape on aircraft #2 shows that the rear partial
bulkhead end condition was not as stiff as the model, and this is
believed responsible for part of the difference in frequency be-
tween model and full scale. The frequency in #3 aircraft was not
that of the peak response which probably occurred at a lower value.
This 75 cps frequency was chosen to determine the deformation
pattern anticipated near blade passage frequency of 75 cps.

Peak vibration levels at blade passage frequency were esti-
mated from the model measurement. The measured response was
corrected for the difference in sound pressure level between the
model and anticipated full scale pressures, and also for the esti-
mated difference in generalized force between the acoustical
sources used in the test and an actual propeller. The estimated
peak value of vibration was .001 inches DA. The actual measured
value was .005 inches DA. However, the aircraft configuration
differed in several important aspects from the model, that is the
restraint at the rear of the cylinder was lower in the aircraft,
a stiffened ring was added to the fuselage near the propeller, and
the full scale damping was considerably lower. A comparison be-
tween model and full scale amplitudes, therefore, cannot be consi-
dered valid.

Another investigation employing a smaller 1/4 scale model in
a sonic field was reported by Roberts, Eldred, and White recently
in reference (12). The results of this test also showed good
agreement in some respects with full scale, and poor in others.
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CONCLUSIONS

A model noise source, such as produced by jet or rocket en-
gine exhausts, will scale the near field noise to a reasonable
degree of accuracy provided the flow parameters are nearly iden-
tical to the full scale source. The degree of control of the
dimensions and flow parameters becomes more important as the
model scale factor becomes smaller.

Three types of structural damping mechanisms are considered,
namely: joint damping, radiation damping and material hysteresis
under stress. Only joint damping contributes significantly to the
overall damping mechanism throughout the entire frequency range.
Although joint damping simulation might be accomplished by scaling
joint areas, number and spacing of rivets, and rivet diameter and
length, providing damping forces can be duplicated, practical dif-
ficulties occur which tend to minimize simulation effectiveness.

Demonstration (with a high degree of confidence) of fatigue
life in small scale structural models appears difficult because of
the scattered nature of the full scale test data.

Several pertinent observations from the model tests on the
half scale fuselage section are as follows:

1. Simplified shell analysis overestimated the potential
energy and resulted in high calculated resonant fre-
quencies.

2. Adding sufficient radial stiffness to the cylindrical
fuselage to provide simple support end conditions was
the most effective step in increasing the resonant
frequencies.

3. The model providec data by which the effects of struc-
tural modifications on the resonant frequencies, such
as partial bulkheads, varying end restraints, and
added masses could be effectively evaluated.
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TABLE i

ACOUSTIC MODEL SCALING LAWS
FOR

JET AND ROCKET ENGINE NOISE

Parameter Scale Factor

Dimensions n

Acoustic power n

Frequency 
1

Time 1n

Sound pressure level same as full scale - at
scaled location and scaled
frequency

Spatial correlation same as full scale - at
scaled location and scaled
frequency

Directivity same as full scale

Jet exit velocity same as full scale

Jet total temperature same as full scale

Effux density same as full scale

Mach Number same as full scale

Thrust 
n2

Total mass n 3

where: n Model
Full Scale

% %
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"TABLE II

RADIATION DANPING VALUES

A. Simply Supported Square Plates

Calculated Values
Applicable for Panels

Formula 48"x48" 12"x12" 4"x4"

_x. 04" x.01" x.01"

4
Fundamental 19.2 x 10 3 13 120
Resonance, a 2

cps

Low Fre- W 90 360 1,070
quency Limit Tr a
for Effec-
tive Radia-
tion, cps

Radiation 14.8xi06p • ---PA (L) .00086 .00086 .00148

Damping 
f . 0 A f6 _

Ratio Near
Lower Limit-
ing Fre-
quency (Both
Sides)

Coincidence 12,100 51,000 51,000
Frequency, R 0 L

cps

Radiation ._ A P- G._ .0076 .0076 .0076
Damping Ratic 2, T .G1

Above Coin-
cidence Fre-
quency (Both
Sides)
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TABLE II (continued)

B. Simply Supported Beams

Calculated Values for Beams
Simply Supported

Simply Supported = .04 in 4

Applicable I "= .04 in 4  A .15 in2'
Formula A = .15 in 2  With .040" Sheet

Attached as a
___Radiation Surface

Fundamental 3l.73xlO 4  R 16.4 x 104
Resonance 3 x L2

Beam Coin- C. 285 cps 285 cps
dence Fre- R CL
quency

Radiation a.hUr .X00074
Damping A L(
Ratio Above
Beam Coinci-
dence Fre-
quency ()

4 ---- .0095

NOTE: The reader is cautioned to consult reference (4) for the
assumptions and limitationt,, in the formulas shown.
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TABLE II (continued)

Symbols:

A is the cross sectional area of the be.m~in 2

a, is the plate sidein.
-1

C, is the speed of sound in air,in. sec.

CL is the speed of longitudinal waves in metal, in.-sec.

Sh is the plate thickness, in.

L is the beam length, in.
-1 2

SYis the generalized mass, lbs.-in. - sec.

P is the Panel Periphery, in.

R is the beam radius of gyration,in.

LAY is the width of the beam radiating surface, in.
-4 2

is the density of air, lbs.-in. -sec.
10is the density of aluminum, lbs.-in.-4sec.
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Figure 10

Effect of Adding Simulated Equipment

to Model
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Fi&ure II

Analytical Results

Showing

Effect of Structural Changes on Fundamental Frequencv
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"VIBRATION TESTING DURING HIGH HEAT RATES

K. L. McIntyre

General Dynamics/ Pomona
A Division of General Dynamics Corporation

Pomona

ABSTRACT

Test facilities, techniques, and results are presented for vibration model tests
of a thin, very low aspect ratio wing subjected to transient heating. The two inde-
pendent closed control loops are described that are used to track and excite the modes,
and to obtain the desired temperature time history. Time history data are presented
for frequency and shape of five wing vibration modes subjected to heat rates as high as
300 0F/second, maximum temperatures of 6500 F, and geometric temperature gradients
as high as 1100F/ inch. Some comparisons of theoretical to test results are made.
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RTD-TDR-63-4197, PART I

VIBRATION TESTING DURING HIGH HEAT RATES

K. L. McIntyre

General Dynamics/Pomona
A Division of General Dynamics Corporation

Pomona

INTRODUCTION

The high velocities and accelerations characteristic of todays
interceptor missiles result in a severe, rapidly varying thermal environ-
ment for their lifting surfaces. This thermal environment and the
accompanying high dynamic pressures require evaluation of the aerothermo-
elastic stability of the interceptor lifting surfaces. Accomplishing
this evaluation by wind tunnel testing is often very expensive or it
may be impractical due to deleterious compromises required by scaling
and tunnel capabilities. One approach to this problem which has proved
to be successful has been to utilize vibration modes from a transiently
heated structural model in a conventional supersonic flutter analysis.
This paper presents some of the test techniques used for this approach
and results obtained during a recent transiently heated vibration test
of the very low aspect ratio solid plate wing of an experimental
missile. This work was sponsored by the Army.

STRUCTURAL MODEL

The structural model that was tested consisted of a full scale thin
extruded aluminum wing attached to a thin walled steel rocket motor case.
Both ends of the motor case were closed by solid bulkheads. The wing,
Figure 1, had a trapezoidal planform, a single panel aspect ratio of
approximately 0.2, and a linear spanwise variation of thickness. The
thickness at the tip was one-half of the root thickness.

The first seven room temperature vibration modes of the free-free
wing-shell combination had the following frequencies:

Mode No. Frequencies (cps)

1 282
2 324
3 388
4 490
5 567

6 656
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Figures 2 and 3 show plots of the mode deflections along a chord at
70/ of the span. The lowest mode is associated with a shell resonance
where the cross section of the shell deforms in an elliptical shape and the
wing undergoes a flapping motion. The second mode has a combined pitching.
spanwise bending motion. Other than the first two, the modes can be classf
as chordwise bending modes of the wing.

TWERATURE TEST CONDITIONS

The general type of temperature distribution that was considered is
illustrated in Figure 4. The wing tip has a much higher temperature than
the root, while the leading edge temperature is only slightly higher than
that of the trailing edge. This type of distribution is in direct contrast
to much of the test work that previously has been done and is now available
in reports. In most cases, such as in References (1), (2) and (3), the
temperature varied along the chord and remained almost constant along the
span. This latter distribution is characteristic of surfaces whose thick-
neases vary in the chordwise, rather than the spanwise, direction.

Three temperature histories were used in the tests. They were typical
of temperature conditions that can be achieved on the lifting surfaces of
small interceptor missiles. The history with the highest temperature,
650°F at the tip of the wing, results in maximum temperature gradients of
approximately 100OF/inch and 300°F/second. Figures 5 and 6 show the three
histories for two wing locations, one near the tip of the wing and one near
the root. These two locations were used as temperature control points
during the tests.

TEST EQUIPMENT AND PROCEDURE

The heat input to the wing and rocket motor case was supplied by an
oven of quartz tube lamps. The oven, in a position near the test specimen,
can be seen in Figures 7 and 8. During the testing the oven was 1.5 inches
from the wing. The oven contained two banks of lamps, and each bank was
controlled by a separate channel of a Research Incorporated Temperature
Programmer. The programmer closely matched the temperature of the control
points with the desired temperature histories. The two thermocouples seen
in Figure 8 were used to provide the temperature feedback for the programme

The vibration excitation was supplied by an induction shaker, Figure ?
which provides a force without making physical contact with the test specin
This type of excitation avoids exciter mass loading effects. The wing
displacement was monitored by small bending beam probes. Some of the probe
were instrumented with strain gages at the root, others applied force to a
case loaded accelerometer. The probes can be seen extending from their
cylindrical heat shields in Figures 7 and 8.

Three methods were used in obtaining the variation of mode frequencies
with time. The first can be described as a constant amplitude-constant
phase shift feedback system, Figure 9. This system is based on the
assumption that if resonance is maintained, the phase anRle between the
shaker input signal and the wing deflection signal will remain constant.
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An oscillator was used initially to establish vibration at resonance. The
signal from one of the deflection probes was connected to the feedback
circuit and the circuit was adjusted so that the amplitude and phase of the
system output signal matched that of the oscillator. This signal was then
substituted for the oscillator. For each individual mode, proper settings
of gains in the feedback circuit gave a nearly constant phase shift over the
frequency range of interest. The feedback system also gave a constant
amplitude cutput for a wide range of input amplitudes.

The second feedback system, Figure 10, was similar to a system outlined in
Reference (4). It compared the phase between the wing displacement signal and
the shaker current. Any deviation of this phase generated an error signal
which was fed to a voltage controlled oscillator. The frequency of the oscil-
lator then changed to maintain the original phasing between the signals.

The third method can be described as a "frequency cut" procedure. The
oscillator that drove the shaker was set at a frequency below the room
temperature resonance of interest. The wing was then subjected to a heat
cycle. When the wing resonance passed throu~h the oscillator setting, the
amplitude of the wing vitration peaked, as is shown in Figure 11. Time
correlation of the peaks from different oscillator frequency settings provided
the histories of the modal frequencies. This method required repeatability
of heat inputs as well as no permanent damage to the specimens.

The data from the runs were recorded on an oscillograph. The data
recorded for all three methods were:

1. A timing trace.
2. The temperature at six locations.
3. A trace proportional to frequency.
4. The signals from five deflection probes.

TEST RESULTS

The vibration data for the lowest temperature history were obtained
using the feedback system of Figure 9. The frequency histories of the first
six modes are presented in Figure 12. To within the accuracy of the recorded
data, the mode shapes were invariant with temperature.

For the next highest temperature history (Condition 2, Figures 5 and 6) both
of the previously described feedback systems were tried and were found to be un-
satisfactory. For the modes whose frequencies changed rapidly, both systems
followed the frequencies for only a short time. Both of the systems were checked
by non-heated tests and were found to be capable of handling frequency changes of
the magnitude of interest. It is believed that the systems were incapable of
handling the rate of change of frequency which was as high as 75 cps per second.

When the feedback systems were found to be inadequate, the "frequency cut"
method was used to define the frequency histories. The frequency transients
for the first seven vibration modes resulting from the Condition 2 heat rate
are shown in Figure 13. Although the frequency data had very little scatter,
the relative amplitudes moasured by the five probes varied widely and are
believed to be of no value in defining mode shape changes.
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The highest temperature history was found to cause permanent buckling
of the wing. Since only a limited number of test specimens were available,
frequency histories were not obtained for this heating rate.

DISCUSSION AND CONCLUSIONS

As noted previously, the three temperature histories simulated are
typical of those attained by small interceptor missiles. The frequency
transients in Figures 12 and 13 show that even the lower two of the three
heat rate conditions have large effects on the dynamic characteristics of
"the wings tested. The largest changes occurred in the chordwise bending
modes where some of the frequencies dropped more than 30%. This effect was
to be expected since the type of temperature distribution used resulted in
chordwise compression in the wing. Some DC changes in the wing displacement
signals were encountered for both heat rate conditions 2 and 3. The wings
always recovered their initial shape after cooling from these heat inputs
and results were repeatable. However, as indicated previously, with the
highest heat input, permanent buckling occurred and frequency histories
were not obtained.

Experience with wings of this planform has shown that the chordwise
modes play an important role in the wing's flutter characteristics. To
illustrate the possible magnitude of the effect of thermal stresses upon
the flutter boundary of such a wing, six mode piston theory flutter analyses
were carried out using the frequencies of Figure 13 in place of the room
temperature values. It was assumed that the mode shapes did not vary from
their room temperature values. Figure 14 shows the ratio of predicted
flutter Mach number to the flutter Mach number for the room temperature
wing. Although the maximum drop in frequency was only 30%, the flutter
speed dropped 60%. This large reduction points out the importance of
accounting for aerodynamic heating effects in flutter analyses of low
aspect ratio wings. Similar effects were encountered in the heated flutter
tests of thin wings reported in Reference (5).

This same test-analysis approach has been applied using temperature
distributions for actual missile trajectories. The laboratory frequency
data and the predicted wing stability which incorporates this data have
been found to agree very closely with the flight results. These results
indicate that rigorous definition of modal data for thin lifting surfaces
during high heat rate applications would appear to be a fruitful area
for further development.
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ABSTRACT

IMPLICATIONS OF RACTICAL RE-EINRY STUCTUR•S
FOR DYNAMIC MODEL SIMULATION

S. A. LaFavor, C. E. Lemley, and P. B. Tucker

System Technology Division, McDonnell Aircraft Corporation

The unique considerations associated with the application of aero-
thermoelastic scaling laws in the design, construction, and testing of
flutter models for re-entry glide vehicles are discussed. A brief review
of the scaling laws is presented in order to re-emphasize the point that
they cannot be completely satisfied for other than the case of full scale
testing of flight type hardware. This is followed by a discussion of four
structural concepts that have been devised to provide acceptable structures
for use in the re-entry environment. These concepts are reviewed with respect
to predicting the mechanism of potential aerothermoelastic problems, and
establishing the possibility of relaxing some of the restrictions of the
aerothernoelastic scaling laws. It is concluded that the aerothermoelastic
problem can generally be reduced to separate thermoelastic and aeroelastic
problems for these structural concepts and that the testing of small scale
"artificially reduced stiffness" aeroelastic models, in conjunction with
"restricted purpose" heat transfer models, will yield meaningful and useful
flutter data for re-entry vehicle structural approaches that presently appear
feasible. The use of this type of approach in performing wind tunnel tests
on a scaled model of the AhS re-entry glide vehicle is described.

The ASiST program is sponsored by the Aeronautical Systems Division of
the Air Force Systems Command under Contract Number AF33(616)-8106, Project
and Task Number 1466. The major part of the effort described in this paper
was accomplished under this sponsorship.
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IMPLICATIONS OF PRACTICAL RE-ENTRY STRUC71RES
FOR DYNAMIC MODEL SLMULATION

S. A. LaFavor C. E. Lemley, and P. B. Tucker

System Technology Division, McDonnell Aircraft Corpor-ation

INTRODUCTION

The problems associated v-th testing dynamically scaled models of
vehicles subjected to significant aerodynamic heating have been pointed out
by several investigators, and it is generally concluded that complete aero-
thermoelastic similarity can only be attained for the case where the model
and prototype are identical in every respect, including size. This paper
presents a diccussion of some of the present structural desigr concepts
that have been devised to provide acceptable structures for re-entry glide
vehicles. These design concepts are reviewed with respect to predicting
the mechanism of potential aerothermoelastic problems, and establishing
the possibility of relaxing som." -he restrictions of the n.erothermo-
elastic scaling laws. It is coi ed that the aerothermoelastic problem
can generally be reduced to separate thermoelast.o and aeroelastic problems
for these structural concepts and that the testiiu' if small scale "artifi-
cially reduced stiffness" a,,roelastic models, in ._nj-.iction witb "rostricted
purpose" heat irarsfer models, will yield meaningful and useftl flutter data
for re-entry vehicle structural approaches that presently appear feasible.
The use of this type of approach in performing wind tunnel tests on a
scaled model of the ASSET re-entry glide vehicle is described.

The general laws for aerothermoelastic similarity have been developed
by Dugundji (reference 1), Calligeros and Dugundji (refereaces 2 and 3),
and Molyneux (references 4 and 5), and in all cases it is ooserved that
complete aerother.oelastic similarity is not possible for small scale models.
Dtugundji (reference 1) suggests several practical mean'ý for circumventing the
restrictions of the scaling laws; they are

(a) using cold artifically reduced stifftess models,

(b) adding additional external forces to the structure,

(c) relaxing the similarity requirements for Reynolds number or
other similarity conditions,

(d) using different materials and temperatures, and

(e) al',ering the st.uctural geometry to conform with more
specialized groverning equations.

The approach c ,osen for a particular model, of course, is dependent on the
type of aerot.rnrmoelastic problem, or problems to 'e investigated as well
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as the structural configuration and flight environment of the full scale
vehicle.

The type of model that has been most widely used by the aeroelastician
in the past is one designed primarily for the investigation of flutter
problems. This paper deals with the problems of designing such models for
winged re-entry glide vehicles. It is assumed that flutter problems invol-
ving aerodynamic surfaces and/or overall vehicle deformations will be a
consideration for these vehicles in the re-entry flight regime due to
significant thermally induced reductions in stiffness and operation at
relatively high angle of attack even though the free stream dynamic pressures
involved will, in general, be relatively low. An indication of the relative
importance of flutter during re-entry as compared to the generally critical
boost phase of flight is obtained from the analysis presented in the following
paragraphs for a representative re-entry flight profile.

RE-ENTRY VERSUS BOOST FLUTTER STABILITY

The flight corridor presented by Garrick (reference 6) for winged re-
entry vehicles is shown in Figure 1 as a plot of dynamic pressure versus
Mach number. Nominal radiation equiliorium temperature contours from
Reference 6 are also shown in the figure. It is observed that the maximum
dynamic pressure capability of these vehicles essentially parallels the
"2000OF equilibrium temperature contour. Figure 2 is a plot of the slope
of the pressure coefficient curve versus Mach number for a 700 delta wing
at zero and 30° angle of attack. This data was ol ained from wind tunnel
tests of models of the ASSET vehicle and the data was taken on the center
line of the lower surface at approximately 52 percent of the chord. Figure
3 presents a plot of static and dynamic modulus of elasticity versus temper-
ature for the refractory metal Columbiuw.

Consider a lifting vehicle whose primary load carrying members are
constructed of Columbium having a temperature- iodulus behavior corresponding
to that shown in Figure 3, having a flight profile that follows the maximum
dynamic pressure (low altitude.) side of the flight corridor shown in Figure
1, and whose lifting properties are similar to those shown in Figure 2. It
is possible to relate the boost phase and re-entry phase flutter stabilities
of such a vehicle by using the relationship:

-- • ECS% r = CP

which states that flutter dynamic pressure is directly proportional to elastic
stiffness (E) and inversely proportional to the strength of the unsteady aero-
dynamic forcing Ifunction (i.e., the slope of the pressure coefficient curve,
-Cp) where C is a constant term. Consider now the case where the vehicle is
neutrally stable flutterwise at Mach number 15, this Mach number corresponding
to the approximate maximum point for the combination of dynamic pressure (195
lbs. per square foot) and temperature (2000 degree Fahrenheit), and is re-
entering at 30 degrees angle of attack. Using the data presented in Figures
2 and 3, the constant in the previous flutter equation is then evaluated as
follows:

C = qcr CpJ/E = (195)(.O35)/5.7 x 106 = 1.2 x I0"6
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Now it is desirable to determine the dynamic pressure for boost that corres-
ponds to this same degree of flutter stability during re-entry. It is
assumed for this case that the most severe flutter condition occurs when the
product of dynamic pressure and slope of the pressure coefficient curve for
zero angle of attack is a maximum (i.e., near the transonic region) since
angle of attack and structural temperature will generally be near zero and
room temperature, respectively throughout the high dynamic pressure portion
of the boost trajectory. The data presented in Figure 2 shows that this
critical Mach number is approximately 1.1(i.e., zero angle of attack Cp% a
maximum) for the configuration being investigated, and again using the data
presented in Figures 2 and 3 and the above calculated value of C for re-entry:

qcrBoost -Cp (14 =16)(.2 10-6) 990 PSF
p (.017)

This value of the critical boost dynamic pressure is plotted in Figure 1 for
comparison with the re-entry dynamic pressures. Thus, it is established for
the configuration treated herein, that for flight boost dynamic pressures
less than approximately 1000 pounds per square foot, the re-entry flight
regime would be flutter critical, whereas for boost dynamic pressures greater
than approximately 1000 the boost flight regime would be flutter critical.

Maximum boost dynamic pressures of less than 1000 pounds per square
foot may occur for large liquid fuel boosters of the type that might be
used for launching manned winged vehicles. Consequently, it appears that
the re-entry flight regime may, in some cases, be the flutter critical
region for winged re-entry vehicles. However, it should be recognized
that the always troublesome transonic region r-ust also be traversed after
re-entry and this flight regime may be flutter critical for some configura-
tions. This could be especially true for cases where the internal
structural temperatures are still relatively high after re-entry.

STU'r,:'IRAL DESIGN CONCEPTS FOR RE-ENTRY VEHICLES

To logically assess the degree of dynamic simulation required in a
flutter model of an advanced re-entry vehicle, it is well to first consider
the type of vehicles and structural approaches that are presently available
for this flight regime. The following sections briefly describe the various
missions, vehicle configurations, and structural approaches of interest for
this flight regime and indicate what are considered to be the important
aerothermoelastic parameters in each case.

Vehicle Concepts - In general, three broad concepts exist which may
be used in the design of re-entry bodies. They are: ballistic, aero-
ballistic, and aerodynamic classes. Figure 4 shows the approximate flight
corridors for these three types of vehicles as given by Garrick (reference
6) as a plot of altitude versus velocity.

(a) Ballistic - The ballistic vehicle is characterized by a relatively
narrow flight corridor, short time high flux heat pulse and a rather blunt
body shape. The body shape is primarily dictated by heating and static
aerodynamic stability considerations. The ballistic flight path results in
nearly symmetric heating 'which ninimizes .3tatic aerothermoelastic deforma-
tions and allows a relatively simple theriial-structural design.
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(b) Aeroballistic - The aeroballistic vehicle has limited re-entry
maneuver capability and is characterized by a wider flight corridor than
the ballistic vehicle. It has a longer time lower peak heat pulse and a
long slender body shape such as a conical body of revolution. The body
shape is primarily dictated by the requirement for achieving high lift to
drag ratios to use body lift to modify a ballistic trajectory to gain
longer range. The aeroballistic vehicle may have aerodynamic control
surfaces and be subjected to either symmetric or unsymmetric heating
depending upon the particular design concept chosen. Both static and
dynamic aerothermoelastic problems would appear to be considerations in
the design of this type of vehicle.

(c) Winged Vehicles - The winged aerodynamic vehicle has a relatively
wide flight corridor and is characterized by probably the most complex time
heat pulse history. Heating is generally the most uniform of the three
vehicle classes and in comparison of equal weight, equal mission, the least
extreme environment. The body shape emphasizes a lifting surface, probably
polyplanar, with surfaces or body planes shaped for static aerodynamic
stability and aerodynamic surfaces for trim and control. As a class the
aerodynamic or winged vehicle is most maneuverable and thus offers the
greatest versatility in flight path, heating history, and structural design
concept. Consequently, it also offers the most potential for encountering
aerothermoelastic problems.

Even from the brief description of vehicle classes it can be seen that
considerable overlap can exist between the classes, the choice of concept
for a particular application being based on overall mission objectives as
well as re-entry performance.

Structural Approaches - The structural approaches utilized for the
above described vehicles are generally different. For the ballistic
vehicle, pressures and inertial forces probably predominate whereas with
the aeroballistic and aerodynamic approaches body bending moments and
thermal gradients generally predominate. However, the primary requirements
are to (a) establish the structural approaches that will survive the
environment and (b) establish the most applicable structural approach to
the vehicle mission requirements. The structural approaches may be
generalized into four distinct types although in actual applicationa, over-
lap of types almost always exist. These types are characterized by their
action in controlling and surviving temperatures and are as follows:

(a) Heat Sink Approach - Passive or active concepts may be employed
where a sufficient mass of material of high specific heat is provided to
absorb the heat input and limit structural or internal component tempera-
tures to acceptable values. In active systems the system may become quite
complex involving circulation systems, heat exchangers, pumps, valves, etc.

(b) Heat Block Approach - The heat block approach includes both
ablative approaches, illustrated in Figure 5, and those involving tvans-
piration cooling. In this type the vehicle is protected from high tempera-
tures by blockage utilizing the heat absorbing capability of a physical or
chemical change of the material and by injection of "cool" gases into the
boundary layer thus blocking boundary layer heat transmission to the surface.
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The under structure is thus kept relatively cool even under extreme re-entry
conditions.

(c) Heat Shielded and Insulated Approach - This approach, as illustrated
in Figure 6, depends entirely on re-radiation to limit heat shield tempera-
tures to acceptable material and structural limits and employs insulation
compatible with mission duration to limit sub-structural temperatures to
acceptable values.

(d) Hot Structural Approach - This approach, as illustrated in Figure 7,
also depends entirely on re-radiation to limit temreratures but in this case
the primary structure is designed using high temperature materials to survive
the environments while maintaining structural integrity for mission require-
ments.

As with the vehicle configuration concepts, the structural concepts
each may have application dependent on specific mission requirements.
The selection of a structural approach is almost entirely a function of
weight and peak temperature capability of available materials.

Applications of Structural Approaches - The first re-entry systems flown
were ballistic vehicles and employed heat sink and heat blockage approaches
to limit structural temperatures. The Mercury ablative heat shield is cited
as one example of this concept. Here the peak heat pulse is of short duration
and the ablative approach appears particularly efficient for this mission.
The USAF ASSET vehicle employs a number of structural approaches of the heat
shielded and insulated and hot structural types. Although it is hazardous to
generalize, a current view of application of thermo-structural concepts would
be as follows:

(a) Short time (perhaps 5 minutes) high peak heat pulses make applica-
tion of ablative approaches quite attractive.

(b) Re-radiative systems appear quite efficient where longer time heat

environments are involved especially when peak temperatures can be limited
to below 3000°F.

(c) Transpiration coo.ing approaches for large areas of a vehicle are
currently lacking in development making it hazardous to seriously commit a
weapon system program to a design dependent on this concept.

Considering again the prime area of concern, i.e. aerothermoelastic
effects on re-entry vehicles, probable re-entry designs can be envisioned
as one of three typical approaches as are shown in Figures 5, 6, and 7.
The dynamic problem of the ablative vehicle (heat block concept) resolves
itself to one not unlike the more familiar aircraft airframe since the
ablative approach provides cool structural temperatures thereby minimizing
thermal effects and in many cases the amount of ablative material employed
will essentially eliminate any local dynamic response due to its thickness
and material behavior. However, with the heat shielded or hot structural
approaches, the effects on vehicle dynamic behavior, both local and overall,
of thermal aerodynamic environment may be significant. It is in this area
that consideration should be given to the heating effects on dynamic model
simulation.

679



Thermal Effects on Stiffness - Ignoring chemical changes of structural
materials which might affect either stiffness or structural capability, there
are three ways in which temperature may influence stiffness.

The first and most obvious effect is a change in modulus of elasticity
with temperature. Figure 3 illustrates such a change. Although there is ques-
tion at present as to the relationship of static and dynamic modulus,
especially with coated refractory materials, this is a function of the material
itself and can be evaluated separate from a configuration.

The second effect is that of experiencing thermally induced deformations
which change the stiffness of a structural component. Figure 8 illustrates
this effect for a single face corrugated panel where the direction of flow

*• is normal to the axis of the corrugations and the panel edges parallel to
the direction of flow are free. This corresponds to the panel configuration

* used for the ASSET flutter panel experiment where the important stiffness
parameter is the area moment of inertia of the skin and contribution of the
corrugation about an axis normal to the flow direction. The stiffness inertia
term is essentially the simple relation

I wt3

B 12

where t is the effective thickness of the face skin and corrugation. However,
when a thermal gradient is present through the thickness of the panel, the
panel deforms along the corrugation axis increasing the significant panel
inertia by a displacement term Ad 2 . As can be seen from Figure 8 the stiff-
ness increases quite dramatically with relatively modest gradients. For
dynamic analyses, the effect of such geometric changes on stiffness must be
taken into account if the analyses are to be valid.

The third thermal effect is the effect on stiffness of thermally induced
stresses which produce a change in the basic load paths of the structure
either by non-linear effects of thermal stresses and load stresses (for instance
"a beam column) or by a destabilizing effect such as buckling or crippling of
"a structural component. While such effects may have a significant influence
on stiffness, they also influence structural integrity and good design practice
would minimize or preclude such occurrances. It would be difficult here to
outline a structural design criterion for present and future re-entry vehicles
that would mitigate thermal stresses significant to both dynamic and struc-
tural considerations. For the case of the maneuverable-winged re-entry glide
vehicle the relatively wide flight corridor capability and the resultant
multi-thermal histories that can be experienced can produce countless combina-
tions of thermal stress patterns which would complicate the stiffness
evaluation of the vehicle. If a generalization of a design criterion could
be made it would be that the structural design should incorporate provisions
to limit thermal stresses such that their effect on load distribution in the
vehicle structure is negligible. The implementation of this approach, in
terms of detail structural design, requires the use of unique and/or ingenious
design approaches, as mentioned by Garrick (reference 6), that eliminate
:redundancies and isolate load paths to minimize or eliminate thermally induced
stresses in the primary load carrying members. It may also be necessary to
alter the flight path or vehicle attitude to accomplish the design goal. It
is recognized that implementing this design philosophy is neither obvious nor
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simple but probably essential to maintain structural integrity. Adequate
elevated temperature ground tests of a flight vehicle would be required to
establish that these design approaches met the desired objective of mini-
mizing thermal stresses.

Such an approach would allow the establishment of a rational design
criterion based on air load, inertia load, temperatures, and material tempera-
ture limitations. It should then be possible to maneuver a vehicle so designed
within a relatively wide flight corrisor while monitoring only key structural
temperatures and inertial loads.

The result, then, is that for the hot structural approach, strength
design considerations alone will dictate an approach which will inherently
minimize the build up of thermally induced stresses thus reducing the possi-
bility of strong coupling of such thermal effects on structural stiffness.
This has th6 effect of limiting the thermal influence on stiffness to the
two previously mentioned:

(a) modulus reductions due to temperature, and

(b) changes in structural geometry, or configuration, due to thermal
gradients.

DYNAMIC SIMULATION FOR RE-ENTRY VEHICLES

The minimization of thermal stresses in practical re-entry structures,
and the attendent reduction of their influence on stiffness, simplifies the
problem of achieving dynamic similarity in scaled models of vehicles of
this type. Such a model then need only simulate modulus reductions and
changes in structural geometry encountered in the prototype vehicle due to
the flight thermal environment. In essence, the aerothermoelastic problem
is then reduced to two separate problems; a thermoelastic problem and an
aeroelastic problem. It becomes possible to design special purpose models
to investigate the aeroelastic and thermoelastic problems separately. A
"reduced stiffness" dynamic model of a vehicle that utilizes one of these
structural approaches can be designed to obtain useful and meaningful flutter
data for the re-entry flight regime. This model would be designed according
to the flutter model scaling laws used in the past where thermal effects
were neglected and the three parameters Mach number, mass ratio, and reduced
frequency are equated for model and prototype vehicle.

The degree of stiffness reduction required in such a model would be
based on two considerations. They are:

(a) the stiffness reduction in the prototype vehicle due to thermal
effects in flight, and

(b) additional changes in stiffness in the model due to the wind tunnel
"thermal environment.

Item (a) abov could best be established through testing "special purpose"
heat transfer models designed to measure either the basic heat flux input
to the structure, or the local structural temperatures within the vehicle.
The former case would require an analytical bridge to predict internal
structural temperatures whereas the latter case would require a rather
sophisticated, and expensive model. In either case, it would then be necessary
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to either analytically, or through additional tests, define the resultant
stiffness of the vehicle due to these internal temperatures. The effects
of both modulus reductions and changes in structural geometry must be
accounted for in establishing this stiffness.

The wind tunnel thermal environment will, in general, also influence
the design of the reduced stiffness model. Wind tunnels suitable for flutter
testing at the higher re-entry Mach numbers (i.e. Mach numbers greater than
approximately ten) are not genexally available at present. However, it is
possible to test the reduced stiffness model at Mach numbers less than the
critical flight values if it is assumed that the aerodynamic forces acting
on the vehicle and model are essentially independent of Mach number in the
high Mach number range (i.e. for Mach numbers greater than three or four).
This appears to be a generally accepted assumption at present, and allows
for the testing of this type of model in existing facilities.

Figure 9 presents a plot of stagnation temperature versus Mach number
for several high Mach number wind tunnels suitable for flutter testing. The
plot indicates that wind tunnel stagnation temperatures for the Mach number
range of three to twelve vary from approximately 200 to 2300 degrees Fahren-
heit. Model temperatures would be expected to be on this same order at
stagnation points with decreasing temperatures on the other surfaces depen-
dent on the model geometry, angle of attack, construction, and radiation
effects. It can be seen that, in general, these temperatures can have a
significant effect on model stiffness characteristics.

The fact that the wind tunnel thermal environment will, in most cases,

affect the stiffness characteristics of the reduced stiffness model has two
implications with respect to its design:

(a) it must be designed to be thermally resistant in a manner similar
to the flight vehicle (i.e. it also should be structurally designed to
minimize thermally induced stresses), and

(b) the influence of the tunnel environment on model stiffness
must be accounted for in establishing the net difference between prototype
and model stiffness.

It is necessary to design the model in a similar manner to the flight vehicle
in the sense that it also should not be subject to significant thermal
stresses. This requirement stems from the following considerations:

(a) the stiffness characteristics of the model should be well behaved
and predlictable in the wind tunnel thermal environment to allow for an
accurate accounting of the net differences between prototype and model stiffness,
and

(b) thermal stresses must be minimized in the model to preclude the
possibility of introduzing aerothermoelastic problems in the model that are
not representative of the flight vehicle.

The model need not be designed using the exact structural concept used for the
flight vehicle (i.e. it need not be an exact scale replica of the prototype
structure), but it must be designed for the same criteria of eliminating
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significant thermal stresses in the primary load carrying members. The
effects of the tunnel environment on model stiffness can then be accounted
for by either analytically estimating these effects prior to the tunnel test
and adjusting the model stiffness to account for the net difference between
the flight and wind tunnel stiffness reductions, or by designing the model
to account for only the flight stiffness reductions and correct the data
obtained for the wind tunnel effects subsequent to testing. For either
case it would be highly desirable to perform an elevated temperature ground
vibration test of the model to verify predicted effects of temperature on
model stiffness.

ASSET FLUTTER MODEL TEST PFOGRAM

An early configuration of the ASSET glide vehicle was designed to
obtain basic data relating aeraelastic and thermal effects in the re-entry
glide environment. A wind tunnel model that simulated the important
dynamic characteristics of the flight configuration was designed, fabricated
and tested to obtain design data for the flight vehicle and to obtain
data for correlation with corresponding flight test rLJults.

The ASSET configuration is shown in Figure 10. The lifting surface
consists of the flat under portions of the vehicle, the forward and aft
parts being separated by a 10 mold line break. To acquire an aeroelastic
system capable of fluttering in the high temperature, low dynamic pressure
environment posed basic nroblems relating static load carrying capability,
low vibration frequencies, and the use of major aerodynamic surfaces to
obtain sufficiently large unsteady aerodynamic forces. It was not feasible
to consider elastic deformation of the main fuselage because of the short
stubby nature of the vehicle. Therefore, it was necessary to design
elastic members attached to the main fuselage in such a manner as to
allow flexural motion independent of the fuselage. The configuration
which was chosen to be tested in the re-entry environment was obtained by
sectioning the vehicle as shown in Figure 11. The three basic parts thus
obtained were designated as the upper body. the wing, and the control
surface assembly. The wing was attached to the upper body by pins and
links which allowed a oeam-like flexurel motion of the wing. The flap
assembly was attached to the wing by bearineg and was restrained in rotation
by a rmot torsion spring (not bhown on Figure). The vibration modes that
were to couple to produce flutter were first symmetric wing bending and
control surface rotation. The wing and control surfcti deflections in
these modes are symmetric about a vertica. plane passing through the center-
line of the vehicle.

The structural approach used in the design cf thc. prototype wing was
dictated by the requirements that (I) th*. wing be suffficientl.N Strong to
carry static aerodynamic loads at elevated flight temperatures ;And (2) that
it be soft enough to allow flutter at some -oint alcr." the re-entry
traectory. Based on these requiremetitf, a ;hermil design piilosophy
was used which involved a combination of (a" the Heak, jink, (b) the Heat
Shield and Inslation and (c) the Hot Strvcture approaches. The Heat
Sink Approach was used for the nose cap (stagnation point) design, and
the Heat Shield and Insulation Ap.roach was used to isolate the upper
body from the high temperatures attained by the wing. The Hot Structure
approach was used for the design (,f the wine spar ia w..tch the elevated
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temperature was used to lower the wing bending stiffness (through modulus
reduction) and thus allow the wing-control surface system to flutter.

The scope of the wind tunnel test program was in large part dictated
by the Mach number range (12 down to 2) encompassed in the re-entry
trajectory. Tunnels A (M = 2-6), B (M = 8) and C (M = 10) of the AEDC
v n Karman facility were selected for the tests. A prototype-to-model
geometric scale factor of 0.25 provided a model size suitable for testing
in all three tunnels.

The model design philosophy was based on the assumption (as dis-
cussed earlier in this paper) that no coupling would exist in the prototype
configuration between aeroelastic and thermoelastic effects. On this
basis, the model design scale factors were specified by the following
relaticnships:

Lm = 0.25 Lp (Length)

Mm = M p (Compressibility)

S- lip (Mass)

km = kp (Time)

where L denotes length, M is Mach number, V is the ratio of vehicle
density to air density, k is the reduced frequency, and the subscripts
m and p denote model and prototype respectively. These relationships,
together with values for pm/Pp and Vm/Vp, allow the physical charac-
teristics of the model to be completely defined. The latter ratios
(stream density and stream velocity) were determined by flight trajectory
and wind tunnel stream characteristics at the scaling design points.
Design points at Mach 4 and Mach 9 were chosen which defined two distinct
model configurations. An interesting feature of model scaling for the
ASSET re,-entry trajectory was that for the tunnels chosen, the stream
density ratio am/Pp (and hence the ratio of model mass density to
prototype mass density) was greater than 1. A scaling value of pm/op 4
was used for both ASSET design points. Because the compact ASSLV proto-
type vehicle itself has a high mass density, model wing design required
the use of heavy metal (Mallory 1000) ballast in conjunction with basic
stainless steel construction. Figure 12 is a photograph showing detail
of che model construction. Wing stiffness was determined by the wing
spar design, i.e., EI about span lines. Wing inertia characteristics
were determined by the mass segments. These mass sogants followed
closely a lumped ei m:s idealization.

In the following discussion, refereni:e is made only to the static
thermoelustic properties of the wing, but the conclusions app>-" to any
elastic member which would influence aerodynamic stability bou..caries.
The therimia effects which had to be considered in model wing aesign were
due to (I) the eff'ect of aerodynamic heating in reducing the bending
stiffness of the prototype wing, and (2) the beating effects of high
wind tunnel stagnation temperature in reducing the bending stiffness of
the model ving. The data required to finalize the modei wing design were:
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(a) the value of prototype (thermally reduced) wing-bending stiffness
for which the vehicle would flutter at trajectory dynamic pressure and angle
of attack,

(b) the scale factors, and L

(c) predictions of the model wing spar temperature at wind tunnel
test conditions.

With these data stiffness scaling from prototype to model wing were
based on thermally reduced values. The room temperature value of wing
bending stiffness was then determined from a curve of Young's modulus
versus temperature for tL spar material. Values of bending stiffness
at room and elevated temperatures for prototype and model wings are
presented iu the following table:

Prototype Model

Test Temperature 1600oF 550*F

Spar Material Inconel X 321 Stainless Steel

El (Test Temperature) 2.38 x 106 lb-in2  7390 2b-in2

BI (Room Temperature) 4.17 x 106 lb-in2  8200 lb-in2

Figure 13 shows the measured temperature distribution along the model
wind spar for a soak condition in tunnel C. It is noted that the temper-
atures are considerably higher than the 550" shown in the previous table.
This value was taken as an approximate average of the spar temperatures
anticipated for all the tunnels.

The high wind tunnel stagnation temperatures also necessitated other
special design features of the model. These features, which allowed sus-
tained operation at model temperatures up to 12000 F, are summarized as
follows:

(a) Specinl sliding attachments between skin cover and upper body
to allov differentia! thermal growth,

(b) High temperature structural parts, including bolts, made of the
same material so as to have the same thermal coefficient of expansion,

(c) Entire model covered with high emissivity coating so es to radiate
to the cooled tunnel walls,

(d) Separation between stand-off wing mass segments sized to allow
flexural motion and thermal gro•th,

(e) A portion of the dynamic instrumentation (strain gages) specially
chosen for highi temperature operation, and

(f) Water cooling jackets provided for electromechanmcal components.
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Prior to the wind tunnel tests, extensive ground tests at room and
elevated temperatures were performed on the model. These tests were used
to determine the model dynamics over a wide temperature range and to verify
the operational integrity at elevated temperature. The wind tunnel tests
were performed between 2 February 1962 and 20 March 1962. Wing bending-
control surface rotation flutter data were obtained in the Mach number range
4 to 10 for model angles of attack between 60 and 310. A detailed report
presenting the results of the test program will be released as an ASD
Technical Documentary Report in 1963.

CONCLUSIONS

Presented herein is a discussion of the implications of practical
structural design concepts on the problems of achieving dynamic similarity
in scaled models of winged flight vehicles that experience significant
aerodynamic heating. It is concluded that the primary thermal effects on
stiffness to be accounted for are (a) modulus of elasticity changes due to
temperature, and (b) changes in structural configuration due to thermal
gradients, and that the effects of thermally induced stresses on stiffness
will generally not be a significant consideration. This conclusion is
based on the assumption that the evolution of a rational structural design
criterion for aerodynamically heated vehicles that have the capability of
operating within a relatively wide flight corridor will preclude the allowance
of significant thermally induced stresses in primary load carrying structural
members. Their minimization will be accomplished through the use of unique
and/or ingenious design approaches that eliminate redundancies and isolate
structural load paths.

The elimination of thermal stresses from consideration in the aero-
thermoelastic scaling problem reduces this problem to the two simpler
thermoelastic and aeroelastic scaling problems. This in turn allows one
to design special purpose models to evaluate the th'ýrmoelastic and aero-
elastic problems separately. A small scale "reduced stiffness" aeroelastic
model can then be tested to obtain flutter data where its stiffness
characteriutics are established on the basie of

(a) The predicted infllot stiffness of the prototype vehicle, and

(b) The predicted effects of the wind tunnel thermal environment on
model otiffness.

Various cobilnations of zinalyrtical-testing ste!• can then be u%.' L,
define the thermal environmont experienced by the prototype structural
members and the resultant elfect on the vehicle stiffness characteristics.
This approach allows the aerothermoelastic problem to be broken up into
several simpler problems that can be logically separated and assigned to the
separate thermal, structural, and dynamic technical areas where the various
analytical snd model test teanniqucs developed in the past I1 these areas
can be applied. A flutter tode.l progrn tQAt wa:s conducted an a part of
the AkSET glide re-entry research prograun is described as an example of
the above described test techaique.
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In summary then, it appears that the testing of small dynamically
scaled models of winged re-entry vehicles is feasible and that useful
flutter data tan be obtained from such models. However, additional
special pArpose model tests as well as analytical studies in various
combinations are also required to obtain a full knowledge of the flutter
characteristics of the flight vehicle.
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DESIGN AND CONSTRUCTION CONSIDERATIONS OF A
TRANSONIC-SUPERSONIC AEROELASTIC FLUTTER MODEL OF X-20A

Verner P. Diehl

Aero-Space Division-The Boeing Company

ABSTRACT

The application of existing and available techniques and materials to the design
of a flutter model of a Dyna-Soar (X-ZOA) configuration is discussed. Solutions tv the
specific problems of simulating the structure scale weight, stiffness and aerodynamic
characteristics are presented. The model was subsequently tested in the Transonic
and Supersonic lees of the Arnold Engineering Development Center 16-foot Propulsion
Wind Tunnel.

Preceding page blank
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RTD-TDR-63..4197, PART I

DESIGN AND CONSTRUCTION CONSIDERATIONS OF A

TRANSONIC-SUPERSONIC AEROELASTIC FLUTTER MODEL OF X-20A

"Verner P. Diehl

Senior Group Engineer

Aero-Space Division-The Boeing Company

INTRODUCTION

The Space age is being introduced by a process of engineering develop-
ment and pushing forward of the frontiers of the state-of-the-art by time
comsuming •'blood, sweat, and tears" engineering rather than by spectacular
technical "reak-throughs". This has been a characteristic of space programs
including the Dyns-Soar, also known as the X-20. Dyna-Soar is a typical space
ze7o•icle requi .ng a highly efficient structure with the following character-
istics:

1. Light ennu~h to be inserted into orbit by a contemporary booster,
2. '1roug enough to witistand boost, abort, re-entry, maneuvering, and

landing loads,
3. "Loose. jointed" to minimize stress and distortions due to re-entry

heating,
4. Free of flutter of compiete vehicle or of components during high "q"

In this discumeicn we will conc-rn ourselves with one of the flutter
models constructed to prove the fourth requirement. It was built during
the Fall of 1960 Pzn tested at t..e Arnold Rosearceh Center 16 Foot Transonic
and Supersonic Proruliion Wind Tunnels.

When the model design was initiated, the Dyna-Soar structural d&sign
"corncepta and general confi-urarions were astaolished but the details were
only iu prelimina..-y form. Sinc. the proposed structure was a departure from
recent maircm.t practice, a flutter modol was requiied at this point to con-
firm methods of analysis. It also checked out the transonic speed range where
unsteady rloc zonditions cloud analyticai methods.

CONFIGUR•'ION

A picture of the Dyna-Soar configuration and structure will be briefly
considered first. It should be remembered that the form shown in Figure I
ia not neceaarwly up to date but rather was t%a proposed configurat 4 on from
which too model was scaled.

The structure itself resembles a World War I fighter more than a modern
day airplane. It consists of an intj&ral wing-body truss with pinned-joint-
connected force members. It is non-redundant. The skin is a heat resistant
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aerodynamic fairing attached to the truss thru links and flexures. The con-
trol surfaces are each mounted on two hinges with actuators located at one
hinge. The tricycle landing gear would not be required in this model. The
glider is mounted to the booster by the aft end of the truss and generally
tapers in strength in the forward direction. The instrumentation environmen-
tal container provides torsional stiffness but is otherwise non structural.

As the full scale design progressed changes were made consistent with
the latest developments in materials, manufacturing techniques, and aero-
dynamic developments. A point was picked in time where the configuration
for the model had to be frozen. Actually changes were incorporated to the
fins and elevons after this date which were major updatings. The final
result was a model of close enough approximation to be a valid aeroelastic
analog to prove the methods of analysis.

DESIGN FACTORS

The design of a flutter model must swart with a set of requirements,
some of which may have to be compromised as the design progress brings to
light conflicts in the requirements, and budgetary or flow time problems.
The requestor must determine the scope of the information he needs includ-
ing speed and altitude envelope, significant parameters to be simulated,
the variable parameters and their range of variation, and the dollar value
of the data. The scaling factors are set by available wind tunnel size and
operating characteristics and by model construction limitations including
weight, component sizes and mounting system.

With the limited number of large transonic wiud tunnels available the
16 foot propulsion tunnel at Arnold Center was chosen as most advantageous.
The large test section allowed a quarter scale complete model with a tunnel
blockage of one per cent. While one half of one per cent blockage is gen-
erally considered desirable for force or pressure testing, the greater block-
age is not felt to seriously compromise the flutter data. The available dy.-
namic pressure at high transonic Mach numbers, however, imposes an upper
limit on the weight and stiffness scale factors.

The supersonic leg of the 16 foot propulsion tunnel posed the problem
of temperature, as, in fact, does any supersonic facility. In order to get
proper velocity scale (1:1) which appears in the frequency and stiffness
scale factors, each Mach number requires a particular temperature. This
requires that model and instrumentation be designed of materials that will
be stable in the test temperature range. The initial requirements for the
model specified 4000F. capability which was later reduced to 2250 as the
Mach number requirement was held to low supersonic. This would allow opti-
mum temperature for starting flow in the supersonic leg for the Mach 2.25 to
3.0 range. At this temperature, common aluminum alloys are practical and
suitable bonding materials, laminating resins, and even balsa wood may be
used. Table 1 shows the effects of temperature on pertinent properties of
some materials for this application.

It might be noted at this point that where plastics such as fiberglas
laminates are-T-0-be used, the testing may have to be carried out at some
particular pro-calibrated temperature. The variation of Young's modulus
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with temperature is great enough on many resins that a ten or fifteen degree
temperature change will place the model out of stiffness tolerance. This
temperature limitation is usually not serious for subsonic or low transonic
testing where variation between scaled Mach numbers and velocity are prob-
ably small. The transonic tunnels are normally run at a temperature high
enough to avoid fogging or in a temperature range that requires little (or
no) effort to achieve, and over heating may be the operators' only concern
regarding temperature. We have found that a fixed temperature requirement
poses some burden on the tunnel operators by loading them with an additional
fixed parameter. In supersonic testing temperature becomes an important and
necessary requirement.

The remainder of the scaling factors are shown on Table 2. The only
out-of-the-ordinary factor is that for truss member area whose derivation
is the same as that for the bending stiffness!.

DETAIL DESIGN

The successful flutter model is the result of a delicate optimizing of
a large number of factors. The model itself is an assembly in which atten-
tion must be paid to each minute detail. Each member in the structure and
each part in assemblies must be considered from the standpoints:

a) Contribution to model stiffness must satisfy the desired degree
of duplication of full scale structure;

b) Contribution to model weight must satisfy the scaled mass and
inertia requirements;

c) Contribution to model damping should be a minimum, in general, for
conservative data, and because damping is much easier to increase
than to decrease if so required;

d) Contributions to stiffness and damping should not be compromised
by the effect of fatigue, wear, humidity, temperature or other
environmental or use factors;

e) Strength of the individual members must be enough to sustain aero-
dynamic loads on model components at the high transonic dynamic
pressures and under supersonic starting loads;

f) Initial cost and the loss of available testing time for mainte-
nance, repair, change of parameters should be minimized by design;

g) Determination of spares required for parts whose life properties of
fatigue or wear are limited to avoid deterioration of required scal-
ing parameters;

h) Over-all design consistent with wind tunnel safety requirements or
minimizing of damage to test facilitj in the event of model struc-
tural failure or shedding of parts.

The various materials used in the model were 6elected with the fore-
going considerations in mind. The Dyna-Soar structure is largely made of
exotic materials to meet re-entry temperature requirements. The model used
normalized 4130 alloy steel for the truss structure. This has little change
in properties through the test range. It is easily welded (Figures 4 & 5)
with close to ninety per cent joint efficiency. Other materials and the
reasons for their selection will be covered as they occur in the structure
discussion. The use of existing materials and techniques was essential to
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meet scheduling requirements and to avoid developmental costs.

Another critical item in the early considerations is the type of mount
to use to hold the model in the wind tunnel. Each system has its own advan-
tages and drawbacks. The Dyna-Soar configuration does not lend itself well
to component testing, except possibly for the fin-rudder. The wing and body
are an intimate three-dimensional truss. The influence of either on the
other would be extremely difficult to determine or simulate. This eliminated
half models and wall mounted models. The use of sting mount for flutter
models can have serious drawbacks. Rotary freedoms are easy to achieve but
the translation freedoms are difficult. In this case preliminary analysis
indicated a location forward of the center of pressure where the lower vibra-
tion modes had common node line. If the model were pivoted at this point
the mode shapes should be little affected by the lack of translation. This
proved to be the case. The model therefore was mounted with freedom in pitch
and spring restrained freedom in roll, but without yaw or translation free-
doms. The pitch point had a range of location to accommodate for differences
in various stiffness models.

Confirmation that the model could be flown was arrived at in the follow-
ing manner. We had at our disposal a 61" x 12" low speed wind tunnel (Figure
2) driven by a vacuum cleaner motor. In this we placed a lightweight balsa
model about 1/100 scale of the Dyna-Soar with movable control surfaces and
variable center of gravity. It was mounted on a simulation of the proposeu
support system. From it we determined that the model would fly stably (at
least subsonically) with scale c.g., within a range of pivot locations, and
that more than scale elevon area would be required. With normal progress in
configurations the model was begun with oversize elevons but by the test time,
they were replaced by latest scale elevons which were even larger.

Restraint in pitch was provided by sting clearance in the model and by
a hydraulic snubber system. This consisted of a standard automotive brake
master cylinder operated by the pilot by a long lever arm (Figure 8). Steel
plates at the aft end of the body were gripped or released by lightplane
hydraulic brake "pucks" similar to their use in light aircraft. This was
more of a damper than a lock for the model could still move under high loads.
Rubber bumpers on the 3ting cut down the impact when the model bottomed out.

In consideration of wind tunnel safety requirements, this sting had an
extension forward into the nose of the model. In the remote event of truss
failure this sting would retain the forward parts of the model preventing
their loss downstream. In general the model parts were designed so that
their loss from the model would not damage the wind tunnel. Parts that might
be shed were of sheetmetal, fiberglas, or similar materials where possible.
Any masses such as gearboxes were safety wired to firm structure. Weights
required for mass balance were of lead wool or were made large enough to
ascertain falling to the tunnel floor nearby downstream.

Aerodynamic loading on the various model components was of major con-
cern. The model was to fly at a "l g" load factor. This is arrived at by
summation of loadings on all the surfaces when the model is at trim. At the
low angle of attack resulting from mass being scaled by a cube term and area
by a square term, the droop of the nose yielded a large downward force for-
ward of the pitch point. This combined with the inertia loads of the large
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forward mass weights to cause high stresses in the truss when the model bot-
tomed out on the sting in pitch. The pitching moment caused by this nose
force was balanced by deflecting the elevons for trim. The elevons were
designed for this load and the elevon rotational springs and trim drive had
to take the resultant hinge moment. The major flying surfaces support the
down loads of the nose and the elevons plus the weight of the model. It was
found that traversing the transonic range required full deflection of the
elevens in both directions due to trim change.

The cant angle of the fins placed them under high aerodynamic loading
in all conditions. Their structure wra inherently heavy to take this load.
A period of pitching instability in the model co=:Aed with this aerodynamic
and inertia loading and resulted in the only major model damage. Both fins
were lost when the outboard wing truss failed inboard of the fin connection.

Concern over this fin load under starting conditions in the supersonic
wind tunnel led us to design a sting mount for a fin only configuration.
This was used for the first runs in the supersonic tunnel to get a feel for
tunnel operation characteristics, starting load and fin supersonic loading.

While scaling of structure is the most costly approach to flutter model
construction, the respective slopes and deflections of a three-dimensional
truss can only be so simulated. This presents problems in detail design.
The problem of preventing large variations in damping due to friction and
wear and consideration of construction cost made the elimination of pin
joints desirable in the model. Computer analysis indicated that rigid joints
would not affect the major modes as long as the individual members were re-
latively flexible in bending. Since almost all the members are 2 force mem-
bers, only their E x A (that is, Young's Modulus times area) and not their
El (that is, Young's Modulus times Section Modulus) need be scaled. The full
scale members are thin-wall tubes, such as two inches outside diameter by
.020 wall thickness. These, we were able to simulate by solid rods or stand-
ard size, small diameter, thick wall tubes of property scaled EA (Figures 3
& 5). This resulted in the proper low bending stiffness required by the
model's rigid joints.

Some of the scaled members had so little area as to be impossible to
make tubes. Their length then made them slender columns with length to
radius of gyration ratio as high as (50). A way to stabilize these columns
to prevent buckling was imperative. The solution took the form of an outer
sheath or "overcoat" consisting of a thin-wall aluminum tube of relatively
large diameter with a suitable filler material. The filler used was an epoxy
resin filled with phenolic micro-balloons. This was injection molded in
place with silicone parting agent on the member so that the overcoat could
not bond to the member and therefore would not add to the E.A. of the member
while still preventing buckling. The filler mixture was chosen for lightness
(approximately 25 pounds per cubic foot) and hardness (or resistance to crush-
ing or distortion) over the test temperature range. Failures such as occurred
in the balsa overcoated low speed model which will be briefly described later
never occurred.

The skin of the Dyna-Soar is a heat resistant aerodynamic fairing mounted
so as to be free to expand and does not contribute to structure strength or
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stiffness. It is made up of a large number of fairly heavy panel assemblies
laid on in armadillo fashion to provide aerodynamic seal. These are attached
by a system of skin beams, pin joints, sliding sleeves, flexures and expan-
sion joints. Preserving these properties in the model was an evident require-
ment but a gross simplification compatible with model test environment was
necessary to make fabrication and assembly costs reasonable. Two approaches
were used in various portions of the model. Since the wing skin was to be
beam supported it was practical to make it of brake formed aluminum strips
which were flexure tied to sleeves sliding on the su,'port beams (Figure 6).
These parts were joined by soft soldering. The beams in general were pin
jointed on one end with a sleeve type expansion joint on the other end. To
facilitate assembly and removal the joints were aligned along the spars so
a length of piano wire would serve as pins for the joints along one side of
the spar. This was the function of the large wing spar fittings. The alJumi-
num strips were separated by cast-in-place silicone rubber foam to provide
aerodynamic seal and allow for lateral expansion with minimum damping. This
froth type foam weighs about twenty pounds per cubic foot. It may be cast
in place or preformed. Its properties remain constant to at least 3000F.

On the body, a slightly different approach was taken. As previously
mentioned the forward portion was rigid. The bottom of the body was covered
by the lower wing skin. The upper body skin was a "covered wagon" type. The
ribs were formed by a laid up fiberglas shell with a high temperature poly-
ester resin for temperature consideration (Figure 7). It was slotted almost
to the wing level to form ribs and each rib was bolted to a clip, in turn
welded to the upper body longeron. The slots opened and closed accordian
fashion as the body flexed. Aerodynamic fairing for this was provided by a
one-sixteenth inch skin of the same silicone foam used in the wings. This
foam did not bulge or depress at the slots in the fiberglas as the body
flexed. On test, it was observed that low base pressure inside the wing and
body caused the large unsupported areas to suck in. This was remedied by
bracing the upper wing skin support beams against the lower ones by balsa
posts and by running a stiffener along the body side to bear against blocks
on the wing skin. The fins also were covered by this slotted fiberglas and
silicone foam skin. Here because of flat areas the inboard and outboard
skins were forced to react against each other by endgrain balsa spacers.

The presence of the pilot compartment, the instrumentation capsule and
the auxiliary power capsule preclude the use of diagonals in the body for
torsional stiffness. These compartments are so attached to the truss that
they provide body torsional stiffness but are jointed so they do not add to
the longitudinal bending stiffness and offer no restraint to temperature
expansion or contraction. In the model these parts were simulated by flexure
mounted rigid steel tubes or "cans" stiffened with external flanges (Figure
11). They were heavy enough to meet the contents mass requirement and still
allowed space for the sting to run thru the body.

INSTRUMENTATION

Instrumentation in the model to record its response included both strain
gages and accelerometers. Strain gages were installed on the upper and lower
body longerons and the major wing spar members. These were used only for moni-
toring model stresses. Sub-miniature accelerometers were used as the primary
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data source. They were located to measure model pitch and roll, vertical
translation at mid-body, fin vertical translation and rudder and elevon rota-
tion. Significant parameters were monitored on oscilloscopes and all the
data channels were recorded on a self developing oscillograph for rapid vis-
ual analysis. All data channels were continuously recorded on magnetic tape
whenever there was wind on in the tunnel.

In order to assume valid data it is necessary to know that the modeJ is
not being restricted in motion by pitch limits or elevon or rudder stops.
System* were designed to inform the model pilot wher. these rraditions existed.
A standard automotive, pressure operated hydraulic Drake light switch turned
on a red indicator light on the console (Figure 8' when pressure was present
"in the snubber system. Along with this was a pitch indicatoi to show mode].
attitude relative to the sting. It consisted of a ten inch Ilnn by .025 'rich
thick flat steel spring mounted to the sting so that the free end wou1d ruo
inside the aft instrumentation compartment can through the entire pitch range.
A strain gage bridge on the spring was read out on a milliammeter. This was
calibrated simply by pitching the model to its extremes and setting the range
on the console indicator, the milliammeter.

The rudders, though set for approximate trailing angle were subject to
considerable variation in loading over the test speed range. The range of the
rudder stops was limited by overstressing of the hinge spring. These stops
consisted of a heavy yoke with a bolt in the end of each arm acting as &

variable stop and bearing on the rudder hinge fitting. The arms of the yoke
were strain gaged, each with two arms of a four arm bridge. Readout of this
bridge was on an oscilloscope for high sensitivity and to determine if the
rudder was hitting the stops intermittently or "grounded solid". Striking
inboard and outboard stops deflected the trace on the oscilloscope in oppo-
site directions so the pilot could know the direction of rudder loading.

Elevon position indication was also read out on a milliammeter. Signal
was provided from a forty turn, continuous rotation miniature trimming poten-
tiometer driven by the elevon leadscrew at the outboard drive gearbox. The
elevon spring stops were similar to the rudder stops, i.e. a strain gaged
yoke, and were read out on an oscilloscope. It was in fact the second beam
of a dual trace instrument with the rudder stops on the first trace.

In order to assure zero lift of the model on the sting, that is, model
flying at one "g" load, the sting was strain gaged just aft of the model.
This was read out on the digital millivoltmeter and was the basic reference
used by the pilot for trimming the model. This particular gage installation
was unfortunately temperature sensitive and was really dependable only after
temperatures in the test section were stabilized. Also this was the only
one of the indicating systems that could nut easily be cross chtcked during
testing. It was therefore check calibrated at every tunnel entry.

For additional information thermocouples were installed at five stations
in the model for the supersonic test. They gave the temperature distribution
for the nose, lower body, aft upper body, wing spar and wing leading edge
structure.

We have now a completed model. Calibration of the model included shake
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test surveys of the model to determine response peaks and node lines with
the model first suspended on soft bungee for free-free condition (Figure 9),
and then cantilevered from a fifteen ton floating bedplate (Figure 10). This
was followed by an influence coefficient deflection calibration of the basic
structure of the model mounted in the cantilever configuration (Figure 11).
The skin was partially removed since it does not contribute to the model
stiffness and the damping contribution was undesirable for static deflections.
In addition the arplying of calibration weights was made simpler.

CONCLUSION

Immediately preceding and concurrent with the early design stages of
this transonic-supersonic model we constructed a 1/5 scale low speed model
and tested it in the University of Washington Aeronautical Laboratory 8 x 12
foot low speed Wind Tunnel. It served to prove out many of the construction
techniques, as well as the over-all simulation and the flying characteristics
of the model in test. Typical low speed scaling factors resulted in a low
stiffness requirement as well as a low scale weight. The EA stiffness was
met by using magnesium rods for the structure. Initial attempts at welded
magnesium joints proved unsatisfactory so monel tubing joint assemblies were
brazed together and the magnesium members were epoxy-bonded into them. Col-
umn stiffness was provided by balsa overcoats with string wrapping. Actual
column failures occurred with the magnesium rods pushing out between the
wrappings. It did prove the technique, though. The skin of both the wing
and the body was made in relatively large flexure supported, balsa panels,
sealed by foam rubber strips. This skin provided attachment for mass balance
weights as well as aerodynamic fairing. Models of thrae stiffnesses were
tested, two-thirds nominal, nominal, and twice nominal. It was tested suc-
"cessfully at the University of Washington Aeronautical Laboratory 8 x 12 foot
subsonic tunnel on the Boeing flutter model rod support. This test served
to confirm the handling characteristics of the configuration in the tunnel.

Models with three levels of longitudinal bending stiffness were con-
structed for transonic and supersonic testing in an effort to bracket the
potential scale stiffness. They were constructed using current materials
and techniques. Their calibration indicated successful simulation of the
proposed structures and agreed with analytical results. The testing in the
transonic and supersonic legs of the Arnold Center Sixteen Foot Propulsion
Wind Tunnel (Figure 12) covered Mach numbers to M = 2.25 and high dynamic
pressures. The models demonstrated the ability to perform under these con-
ditions and to withstand the supersonic starting shock. This test performed
early in the Dyna-Soar program established the analyses for handling param-
eter changes analytically and eliminated time consuming uncertainties. Fur-
ther component and vehicle flutter testing on the Dyna-Soar can probably be
limited to checkout of the final design configuration.
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TABLE I

Reduction in Mterial Properties at 723% and 400OF from Roan Temperature Values

T =225OF T =400OF
MATERIAL YOUNGS STRENGTH YOUNGS STRENGTH

MODULUS ULTIMATE MODULUS ULTIMATE

ALUMINUM ALWY 3 2% 10% 36%
2024-T3

ALLOY STEEL 0% 3%1% 2%
413o (125 KSI)

FIBERLAS LAMINATE 25% 36% Above Service Range

POLYMSER RESIN

BALSA Shrinks and Splits Chars

SMTELLOYN 901

-B2 Catalyst 1( Above Service Range

-B3 Catalyst 0% 80%

713



TABLE 2
scaling Factors

SCALE FACTORS

Lenth .25

Density -1.0

Velocity m = 1.0

Temperature 1.0 for = 1.0

Weight .. =( 2 = .0153

-- +-
(Fen r.o •. Pot .Voo4.0

Stiffness .0039063

Truss IMembe~r Area (0A625~W

Mass Inerti-A .000o97657
,RJL
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DYNAMIC MODEL TESTING OF THE XC-142A AIRCRAFT

A. L. Head, Jr.

W. D. Smith

Chance Vought Corporation

ABSTRACT

This paper presents some of the results of the dynamic model tests of the XC-142A
aircraft. Of particular interest are the testing techniques associated with propeller
whirl flutter. The model incorporates simulation of the engine mount dynamics, of the
propeller dynamics, and of the shafting dynamics in addition to the regular structural
dynamics. The model is used to check mount failure conditions with respect to flutter
and to check dynamic loads with respect to propeller unbalance. The model will also
be used in further tests to measure total aerodynamic coefficients through the zero
angle of attack range.
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RTD-TDR-63-4197, PART I

])== = viL in OF M =.2a AIRAFT

A. L. Head, Jr. * and W. D. Smith"4

1.0 IonRODUCTION

The XC-I42A Aircraft is a tilt wing VTOL vehicle designed to demonstrate
the all-weather operational suitabilit-y of VTOL transport aircraft. The
airplane has superior STOL as well as VTOL capabilities. It features a large
cargo compartment to transport a payload of 8,000 pounds for VTOL missions
while cruising at 250 knots. The limit velocity is 400 knots.

The airplane is powered by four T64-GE-6 wing mounted engines driving
four propellers and a tail rotor through an interconnected shafting system.
The wing is of moderately high aspect ratio mounted high on the fuselage, and
can be tilted through an angle of 100 degrees for the hovering and transition
mode. The wing incorporates full-span double-slotted flaps. Leading edge
slats for stall suppression are incorporated on the outboard side of each
engine nacelle to compensate for the angle-of-attack induced by the propeller
slipstream in these areas. The vertical tail is a conventional fin and rudder
arrangement centrally located on the fuselage that supports the all-moving
horizontal tail assembly.

Figures 1 and 2 show the airplane in the conventional flight mode and the
hover mode, respectively.

Inherent in the design of this type of aircraft are many formidable
dynamic, aproelastic, and acoustic challenges. Consequently, considerable
effort has been expended during the design phase of this aircraft to dtfine
clearly the major dynamic, aeroelastic, and acoustic design requirements. A
general review of the design program conducted in the above technical areas
is given in reference (1). Thia paper will discuss the details associated %ith
the dynamically similar model program for the XC-1 142 Aircraft.

* Supervisor, Structureo-Dynamics Group, Chance Vought Corp., A Division of Ling-

Temco-Vought, Inc., Dallas, Texas
Lead Engineer, Structures-Dynamcs Group, Chance Vought Corp., A Division

of Ling-Temco-Vought, Inc., Dallas, Texas
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2.0 PHILU OPHY AM OBJECTIVES

The dynamically similar model program for the XC-142A Aircraft is part
of the more general flutter program. The philosophy of design for flutter
employed in the flutter program is essentially the same as that enounced in
reference (2) and restated in reference (I); namely, the structural design
must be optimized to produce the required flutter margin for the least weight.
The required flutter margin can be stated briefly as follows: At any flight
condition within the flight envelope, flutter must not occur within a 15
percent margin on either equivalent airspeed or Mach number. The attainment
of the minimum-weight design required by the above philosophy necessitates
the establishment of well coordinated analytical and experimental programs.

The dynamically similar model program is one of the experimental programs
established to implement the philosophy of design for flutter. The objectives
of this model program for conventional flight configurations are as follows:

a. To determine experimentally the flutter characteristics of a healthy
XC-142A Aircraft within the required flutter margin boundary.

b. To determine experimentally the effect on flutter of important
parametric variations; for example, rotational stiffness variation
about hinge axes of control surfaces and rotational free-play
variation about hinge axes of control surfaces.

c. To determine experimentally the effect on flutter of various failures
consistent with the failure philosophy.

d. To determine experimentally the steady-state response of the structure
to propeller unbalance.

e. To determine experimentally the static aerodynamic derivatives of the
flexible model by using the dynamically similar model as a force model.

The objectives of this program do not include the investigation of any
hover or transition configurations. During hover and transition the velocities
are relatively low and no flutter-type instabilities are anticipated.

3.0 MCDEL DESIGN AND FABRICATION

To acco&plish the objectives set forth above and to facilitate the
coearison of analytical and experimental results, the model program is
divided into three distinct phases as follows:

a. Phase I - Wing Test

b. Phase II - Eapennage Tests

c. Phase III - Couplete Aircraft Tests

A healthy aircraft is one that has no failed members; that is, all primary

structural coaonents are as designed.
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The wing, empennage, and fuselage are designed as components that can be
assembled into the complete aircraft model. Consequently, in the Phase I
tests the wing is mounted on a constrained, tailless fuselage that has the
rigid body inertial characteristic of the empennage simulated. In the Phase II
tests the empennae is mounted on a constrained fuselage with or without the
wing. Finally, in the Phase ZIf tests the completely assembled airplane
model is constrained only in drag,side translation, and roll.

3.1 Design Criteria

The model is designed for testing in the Chance Vought Low-Speed-Wind-
Tunnel. A derivation and discussion of the dynamic similitude factors used
in the design is presented in the Appendix. As shown therein, the geometrical
scale factor is 0.100. The model design criteria are listed below:

a. Inertial and stiffness distributions of the model components must
be within 10 percent of their required values.

b. Important frequencies must be within 5 percent of their required
values.

c. Node lines associated with the important frequencies must accurately
simulate their full-scale counterparts.

d. The model must be able to withstand the static loads associated with
an angle-of-attack change of 4 degrees at 100 knots equivalent air-
speed on the model (316 knots on the airplane).

e. The model must fly at the correct lift coefficient for a given angle-
of-attack. This implies that the elastt: deformations due to the
static aerodynamic loading resulting from an angle-of-attack change
must be equal to those obtained on the aircraft multiplied by the
geometrical scale factor.

3.2 Model Construction

The construction of the model fuselage and surfaces is conventional. In
each, a structural spar made of magnesium is featured to provide all the
required stiffness and strength characterstics. Segments made of balsa wood,
silk, and tissue are attached to the spars to provide proper aerodynamic con-
tours. No structural ties exist between adjoining segments except through
the spar, rendering the segments nonstructural with regard to spanwise stiff-
ness distributions.

All primary controls for conventional flight are incorporated on the
model. Since neither hover nor transition flight configurations are to be
investigated, the leading edge slats and trailing edge flaps are not in-
corporated on the model. Provisions are made in the design of the wing pivot,
aileron, rudder, and horizontal tail rotational constraints to facilitate the
variation of theze constraints. This variation includes the ability to intro-
duce rotational free-play.

The propellers are joined by a shafting system similar to the airplane
system. A small electric motor located in the fi-selage powers the propellers
to provide incremental adjustwent of propeller rotational velocity.
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The propeller blade angles are manually adjustable. The electric motor is
not intended to supply power to the propellers to simulate various thrust
conditions. The propellers are essentially windmilling propellers connected
via the shafting system to insure that each propeller turns at the same

rotational velocity. The basic variation of rotational velocity is obtaiued
by varying the propeller blade angles.

The construction of the engine-gearbox-propeller mounting system follows
the actual aircraft design in detail.

The all-moving horizontal tail is controllable about its pitch axis.
A small electric motor within the fuselage provides the actuation power
necessary to slowly vary the angle-of-attack of the horizontal tail. This
feature is built into the model to provide trim power during the complete
"airplane tests.

As examples of the general construction techniques, Figures 3, 4, 5) and
6 show skeletal details of the wing, engine-gearbox-propeller mounting
system, empennage, and fuselage, respectively.

3.3 Simulation

A very high degree of dynamic simulation is achieved in the model and its
components. Modes and frequencies of each component are checked prior to the
assembly of the complete model. In general the first four modes and frequencies
of each surface are accurately simulated. In the case of the wing, the first
twelve coupled modes are simulated. As indicated previously, aileron, rudder,
and horizontal tail degrees of freedom are accurately simulated. However,
certain aspects of the detail simulation deserve special mention.

The propeller blades are constructed of a twisted magnesium spar formed
to contour with balsa wood and silk. The inertial properties and the
fundamental bending frequency of each blade are simulated.

The model shafting system does not simulate the airplane shafting
dynamics. However, the model design presented some detail design problems.
Shafting critical speeds are high enough to avoid problems with model
operation; however, the design of flexible couplings did present problems.
Flexible disc couplings first employed in the design exhibited poor fatigue
characteristics. Presently, a universal joint-spline design is givinag
satisfactory service.

The dynamic simulation of the wing presented a tvo-dimansional vioration
problem requiring that normal bending, torsion, and in-plane bending dynamic
characteristics all be accurately simulated.

.ropeller whirl flutter considerations dictated that the simulation of
the engine-gearbox-propeller system be very accurate. This presented perhaps
the most difficult modcl design problem. The support system is a multi-
redundant strut arrangement as- shown in Figure 4. The engine and gearbox
each has six rigid body degrees of freedom. The flexible connection between
the engine and gearbox an~i tbe flexibility of each strut are all accurately
simulated. The model support system has a strut where the airplane has one.
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Each strut on the model is removable to permit the simulation of failure
conditios. To quality the final model design, measured influence coefficients
in terms of the twelve degrees of freedom previously mentioned are compared
with calculated values in Table 1. Also, the first six modes and frequencies
"of the engine-gearbox-propeller system mounted on a rigid wing are used for
the final check. A frequency comparison of model and aircraft frequencies
is given in Table 2.

As illustrations of the simulation achieved, comparisons of wing
inertial distribution, wing stiffness distribution, and wing frequencies are
shown in Figure 7, Figure 8, and Table 3, respectively.

4 xMDEL TEs' AND usULEs

At the time of this writing the Phase I Wing 71-sts are complete and
the Phase nf Empennage tests are in process. The Phase III Complete Aircraft
Tests are scheduled after the presentation date of this paper.

4.1 PHASE I - WING

As previously described in the Phase I tests, the wing is mounted on a
constrained fuselage. During these tests the empennage is inertially
simulated only. The fuselage is constrained in vertical translation and roll
at the two nodal points of the fundamental free-free symetric mode of the
fuselage. Struts housing the nodal point attachments are connected to the
wind tunnel aerodynamic balance system. Trimming of thc. model in pitch
is a•ecoplished by tunnel controls that vertically translate the aft strut.
The Phase I configuration mounted in the tunnel at a high angle-of-attack
is shown in Figure 9.

The instrumentation consists of twelve strain gage bridges, a propeller
tachometer, the wind tunnel balance system, two high intensity strobolights,
and two high-speed motion picture cameras. The st:rain gage
bridges are positionec1 to mea~ure the following: normal-plane bending,
in-plane bending, and torsion of both sides of the wing near the ving-fuselaW
attachments; torsion near the right outboard nacelle; wing pitch about the
pivot axis relative to the fuselage; and vertical and lateral motions of both
of the left gearboxes relative to the ad.oining wing. The strain ge and
tachoeter output signls are recorded on a 26-channel oscillograph during
the tests. The wind tunnel balance system is used to record the usual six-
coeponent force data durinE the tests. The high-speed motion pictures are
taken as needed.

CoMlete static calibration tests of the instru=cntation are perfor-d
on the model ez installed in the tunnel prior to actual vind tunnel tooting.

The testipg procedure consists of flying the model in the tunnel and
monitoring contiruously the model strain gage Instrumtntation and the
aerodyn=c balance data. The =Ael instrumentation provides the aeans of
preventing the overloading of the model. The &ero4Td_-1 oalance dat-a
shows the grcss model loads. E.sentially the model is flown at a 1 Ug"

flight condition by monitoring the flight loe~s on the model.
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'Me objectives of the Phase I - Wing Test are as follows: clear the
- healthy wing to the required flutter margin boundary; evaluate the effect

on flutter of aileron rotational free-play and stiffness variations; evaluate
the effect on flutter of various failure conditions; evaluate the effect. on
flutter of a feathered propeller; and determine the static aerodynamic
derivatives of the flexible wing over as wide a range of angle-of-attack and
velocity as possible.

Prior to the discussion of the results obtained, a brief summary of

the calculated flutter characteristics of the XC-142 is required. In the
analyses, both whirl flutter and classical flutter considerations are included.
Due to the large number of generalized coordinates required to adequately
define both the whirl flutter modes and the classical flutter modes simultaneously,
the analyses are done by components. For instance. to define preliminary
classical flutter characteristics, the wing is analyzed considering the engine-
gearbox-propeller system as a rigid inertial system. Then, considering the
wing rigid, the engine-gearbox-propeller system is analyzed for propeller
whirl characteristics. In each of these component analyses, extensive
parametric studies are done. Finally, using the most promising design from
each analysis, the whole system is coupled together to determine if any
adverse dynamic coupling effects exist. Figure 10 is a conventional damping
versus valocity plot for the completely coupled wing-ergine-gearbor-propeller
system including root degrees of freedom. This is the result of a flutter
analyses using 27 degrees of freedom. As shown, no critical flutter condition
exists for the healthy system. Figure 11 is included to show the effect of
aileron rotational stiffness on flutter. This is a plot of flutter velocity
versus aileron rotational stiffness showing flutter boundaries for various
amounts of structural dam•ping coefficient.

The engine-gearbox-propeller system of the model is shown in Figure 4.
A schematic of this system identifying the various structural members is
shown in Figure 12. Component whirl flutter analyses are conducted on this
system to determine the effect of various failure conditions. The failure

.philosophy involved is one that states that no catastrophic failure of the
airplane can resultifrom the failure of any one structural member. Figure
13 showi the results of the flutter analyses. These analyses indicate that
strut failures significantly affect the whirl flutter velocity; howevar, no
critical w'hirl flutter conditions are indicated. These results provide the
basis for the selection of the failure conditions to be investigated on the
dynamic model. Since the completion of the Phase I tests, additional analyses
"for the completely coupled wing-engine-gearbox-propeller system including the
"effect of strut failures show that coupling the engine-gearbox-propeller
system with the wing virtually eliminates any whirl-flutter conditions. This
is shown in Figure 14. It is suspected that the aerodynamic damping provided
by the wing is a very strong contributing factor to these results.

The results achieved during the Phase I tests completely substantiate
the analytical results presented above. Absolutely no indication of flutter
exists for the healthy wing, as predicted. Numerous runs to investigate
various aileron stiffness variations show that the analytical results pre-
sented in Figure 11 are conservative. Limit-amplitude instabilities for zero
aileron rotational stiffness and for a 25 percent-of-design-value rotational
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stiffness &di occur and these points are superimposed on Figure 11. The effect
of rotational free-play introduced about the inboard aileron hinge axis is
shown on Figure 15. The rotational free-play is set on the model by conduct-
Ing lo•-displacement tests on the aileron. A typical load displacement
result is shown as Figure 16. It must be emphasized that the boundary shown
in Figure 15 is a boundary of limit-amplitude instability. As shown thereon,
this boundarl is penetrated to the required flutter margin with no destructive
flutter. The analyses inply that very small amounts of damping about the
hinge axls will completely eliminate this type of instability. Output
impedance tests of the actual aileron actuation system show that sufficient
damping about the hinge axis is available to constrain this type of instability.

The results of four strut failure conditions taken one at a time on one
nacelle at a time show nothing resembling flutter. One run inadvertently
violated the failure philosophy by having the simultaneous failure of three
of the aft engine mounts. No flutter occurred to the maximum flutter margin
boundary. The results of these tests demonstrate that no flutter condition
exists on the wing.

The model is then used as an aerodynamic force model to determine the
various aerodynamic derivative data. Figure 16 shows a plot of the lift
coefficient versus angle-of-attack for various velocities. Data for both the
propellers on and off conditions are provided to show the effect of propellers
on lift coefficient.

4.2 PEASE II - SUPNAGE TEST&

In the Phase II test, the empennage is mountcd on the fuselage con-
st)ained in exactly the same manner for these tests as it was for the
•hmase I tests. During these tests the wing can either be on or off the
fuselage. Most of the tests are planned for the wing-on condition. The
Phase II configure •ion mounted in the tunnel is shown as Figure 18. The
instrumentation for these tests consists of tvelve strain gage bridges,
propeller tachometer, wind tunnel balance sys ,, two strobolights, and
twu high-speed cameras. Six of the strain Ma bridges are positioned in
the empennage to measure root torsion and bending on each side of the
horizontal tail and on the fin. The other six itrain gage bridges are
located in the wing. As described previously, the wing instrumentation
consists of twelve strain gage bridges. Six of these are selected for
the Phase II tests. The wind tunnel balance system is used in the same
manner as before.

Complete statiQ calibration tests of the instrumentation are performed
on the model as installed in the tunnel prior to the actual tunnel testing.
Tae testing procedure is exactly the same as for the Phase I tests.

The objectives of the Phase II - Empennage tests are as follows:
clear the healthy configuration to the required flutter margin boundary;
evaluate the effect on fluttcr of horizontal tail rotational stiffness
variation; evaluate the effect on empennage flutter of the wing on or off
the fuselage; evaluate the effect on flutter of rudder rotational stiff-
ness variation, extend the aileron rotational free-play investigation
started during the Ph&se I tests, and determine the static aerodynamic
derivatives of the flexible empennage over as wide a range of angle-of-
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attack and velocity as possible. These latter tests will be done with
and without the wing.

The Phase II tests are partially complete at the time of this
writing. Although the run data are not fully reduced, the following apropos
observation can be made:

The healthy empennage configuration with wing on and propellers off
is clear to the required flutter margin boundary. At 50 percent of the
design value of the horizontal tail rotational stiffness, an incipient
flutter condition is established very near the calculated flutter velocity.
This condition provides a confirmation of the analytical representation.
The rudder is clear with 80 percent of the design value of rudder rotational
stiffness.

The results of the aileron rotational free-play investigation recon-
firm the results established during Phase I testing displayed in Figure 15.
In addition various amounts of mass balance of the inboard aileron shows
that the free aileron can be restrained from the limit-amplitude instability
with about a 50 percent of' mass balance condition.

Interestingly, the analysis of failed conditions considering the
aft engine mount failed and the inboard aileron free shows that no
instability occurs. After running '.he aileron free condition on the

model, the aft engine mounts of the outboard engines are disconnected and
no instability is achievable, confirming the analytical result.

The aeroelastic tests to determine the aerodynamic derivatives for
the flexible model are completed. The model aircra±1L angle-of-attack is
varied for a pre-set incidence angle of the all-moving horizontal tail.
At each angle-of-attack setting the back-off of the horizontal tail is
recorded. Then, holding aircraft angie-of-aI'*ack constant the incidence
of the horizontal tail is varied over a range of -2 degrees to 8 degrees.
At each setting, the aerodynamic force data are recorded.

14.3 PHASE III - C(MPL7TE AIRCRAFT TEST

In the Phase IIl - Complete Aircraft Tests scheduled during October,
the primary objective is to demonstrate the required flutter margin with
the complete model. During this series of tests the model is to be
mounted on a vertical rod that passes through gimbals in the model. This
mounting arrangement constrains the model in dragside translation and roll
only. The roll constraint can be reduced tc zero. However, experience
during the Phase I and II tests indicates that a residual rolling moment
nearly always exists. Further, no means of trirmiing the model in roll
during flight exists. All of these considerations dictate the use of a
soft roll constraint during the Phase III tests. The model can be trimmed
in pitch with remote control of the horizontal tail. Pending complete
reduction of the Phase II data, the healthy configuration is the only
configuM-tion that is to be evaluated during Phase III testing.
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5.0 DISCUSSION .... SUARY

The XC-142A dynamically similar model program is an unqualified success
through the Phase I and II tests. The wing and empennage are both flutter
"free to the required margin. There are no known problem areas that can pre-
vent the Phase III tests from being a success also.

Fine quantitative data obtained during the Phase I and II tests make
the attainment of all but one of originally set forth objectives a reality.
The response of the aircraft and its components to propeller unbalance is
achieved in a qualitative sense only. The once-per-revolution (lP) response
is clearly detectable by all instrumentation. However, time and budgetary
limitations preclude the sophistication of instrumentation required to obtain
accurate quantitative data. The feasibility of obtaining steady-state re-
sponse measurements by use of this type of model is certainly demonstrated.

During this model program, the simulation achieved on the model; the
experimental determination of the effect of rotational free-play on aileron
limit-amplitude instability; the attainment of sufficient strength charac-
teristics in a dynamically similar model to permit static aeroelastic measure-
ments; and the testing technique each represents a state-of-the-art advance-

The degree simulation of primary structural parameters is excellent as
illustrated in Figures 7 and 8 and in Tables 1, 2, and 3. The two-
dimensional dynamic characteristics of tue wing and the engine-gearbox-
propeller system represent extremely complex systems for simulation. The
representation of blade dynamics and the inclusion of a model shafting
system present significant modeling problems. All of these simulation
factors taken together in one model present state-of-the-art model design
problems that are satisfactorily overcome in the XC-142A dynamically similar
model.

The measurement of the effect of aileron free-play on an aileron limit-
amplitude instability provides some very valuable experimental data regarding
the XC-142A aileron system. In addition, these data demonstrate the feasi-
bility of using a low-speed model to investigate this class of phenomenon.

The use of the dynamically similar m-2del as an aeroelastic force model
demonstrates the feasibility of combining these two types of models into
one dynamically similar model. The results obtained in the measurement of
the static aerodynamic derivatives of the flexible model indicate that this
concept can be carried further without much added complexity. Remote control
of the ailerons and rudder as well as of the horizontal tail will permit
the conduction of an entire spectrum of model flight testing similar to that
conducted on the actual aircraft. Stability characteristics of the flexible
model aircraft can rather easily be determined during wind-tunnel tests. This
aspect of modeling technology can be pursued further.

Associated with the aeroelastic tests is the use of the aerodynamic
force balance. The force data from the balance system provides the paramount
information that prevents the overloading of the model. The static aeroelastic
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behavior of the extremely fl~exible model exhibits some quite large changes
-of loadv ith increasing dynamic pressure. This requires the constant trim-
ming of the model in pitch to maintain tolerable loads. Consequently., any
test of a restrained flexible model of -the category of the XC-l142A can be
conducted much more safely if the model is mounted on an aerodynamic string
and if full use is made of' force balance data during the tests.
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APPENDIX
S~IILrIMJE REQUDDfN1S FOR THE XC-llf2A DYNAMIC MODEL

The design of a dynamically similar model can be adequately defined by
a suitable choice of three independent dimensionless ratios. The three
dimensionless ratios to be simulated for the model under consideration are:

(1) W - = reduced frequency ratio
S~W

(2) P PS- =Surface-to-air density ratio

(3) - vweight-to-aerodynamic force ratio

where .Ca -= frequency

S= representative semichord

V = true airspeed

W =weight

• = air density

$ = representative semispan

A =representative area

Two comnon dimensionless ratios, Mach number and Reynolds number, are not
simulated. Mach number is not simulated because compressibility effects are
assumed negligible for a low-speed model. The exact simulation of Reynolds
number would result in unattainable test section airspeeds. Fortunately, the
effect of variation of Reynolds number on flutter speed and frequency is
relatively insignificant for the large values of Reynolds number encountered
in most low-speed flutter models.

From consideration of the three primary scalable factors (length, mass, and
time) the following model to airplane ratios can be obtained:

(4) fl= = geometrical scale factor
.e,

wo(5) -= mass ratio

(6) =-V s speed ratio(6) T

where 2 = representative length
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Subscripts m and a indicate model and airplane quantities, respectively. The
gravitational constant, "g," has not been considered since it As identical for
both model and airplane.

The geometrical scale factor, n, is determined by the allowable model
size to airplane size. For the Vought Low-Speed-Wind Tunnel t x 10 feet test
section, a maximum model span of about 7 feet is feasible, allowing for wall
'effects and adequate working clearance. Considering the XC-1I2A span of
about 70 feet, the geometrical scaling factor is determinez! to be

(7) M =0.100

From the requirement (2) that/"A", =/4•,. the relation

(8)

is obtained. By comparing (8) with (5), an equivalent relation for the mass
ratio is obtained as

(9)

The Vought-Low-Speed-Wind Tunnel has a test section vented to the atmosphere

so that for sea level standard day conditions

(10)M X

Hence, the mass ratio must be set to

(11) m = 1.oo

Results from tests conducted at nonstandard conAitions or for airplane
altitudes other than sea level may be corrected to desired conditions by
means of trend curves of flutter speed versus a density dependent parameter.

By the requirement (1) that k. = k. (6) may be rewritten as

Hence, r is often termed the frequencj ratio as well as the speed ratio.

From (12), note that time scales as

(13) 7 = 8
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For a slender beam.. the bending and torsional frequencies can be shoim
to, be dependent upon

and

respectively. Here El is the flexural. rigidity and GWeff is the effective
torsional rigidity. Using (5)., (12)2 (14+), and (15) the speed or frequency
raito may be written as

(16) rf~~f nn- n

and

WGJ 4  __

The stiffness ratio,, f,, can now be defined as

f - Eli" G GJf,

so that (16) and (17') may be written as

(19)r

This equution,. (19), is the basic relation between the flutter model design
parameters.
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By the requirement (3), ?.- 2 , the weight-to-aerodynamic force ratio
may be written G-"

(ao'-:.' "-=

But by (2),

(21) P =M

Hence, for (20) to hold, the remaining relation must be

(22) -M--=1
V& A

Th-us, by (12)., the speed or frequency ratio must be set to

(23) r "" 0.316

and by (19) the resulting stiffness ratio is

(214) f = , = 0.1.00

Another method of arriving at the results (23) and (24) is to require
the model component to have the same static deflection shape, or "droop,"
under its ova weight as the airplane. Then at any point on the model conponent,
the static deflection, J must be

(25) = n

%he static deflection of a slender beam is proportional to

(6 (S.. W11'
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He-• e, (25) can be Vrittn

Ero
or

WM4-=w,,. M e. Ere,,

Using (5), (18), and (19), this relation can be expressed as

(2-7) M =

which is the same result as (23). Fortunately, with this design, the model willsupport its own weight and fly at the correct lift coefficient, This allowsfor a vertical translation degree of freedom without the use of a supplementary-
vertical force to support the model.

For the simulation of Propeller whirl flutter, it is important that the,propeller advance ratio, J, be simulated. Me advance ratio is dependent'=•= •-upon

(28) J
where now W is the propeller rotational frequency. By the requirement, (1),
it can be seen that the advance ratio is simulated so that

(29) j-j=
The flutter model design parameters obtained herein can be summarized

as follows:

n - 0.100 , geometrical scale factor

m w 1.00 a mass ratio

f a 0.100 a stiffness ratio

r = 0.316 a speed or frequency ratio

For a design maximum airspeed at sea level of 400 knots plus a 15 percentflutter margin, the required maximum tunnel airspeed to demonstrate the
flutter margin is

(30) V. =I. 5 rV, = i46 K .
-This in v.e3l witnin the operating range of the Vought lov-peed-Wind Tunnel.
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Table 1 XC-1J42A. Dynamically Similar Model., Influence Coefficients of
Engine-Gearbox-Propeller S~rtem Mounted on Rigid Base.,
Conqared vith Airplane Values

GE-ARB3OX PENGINE M M

P. P YIP xIM, M.pYI zI M P IM

DEFLECTION X 10-'

4. .48 -. 04 4.9 +.04 -. 26 - +.8 - 4.4 - -1

(*.5) (-.08) (+1.2) (4.04) (-.3) (+.03) (+.e) (+.02) 1(-.5) (+.009) (-.21) (4.01)

dv-.08 t43.6 - -. 4 -. 08 -. 32 +.08 -+.S +.24 -. 45 - .46
(-.08) (43.08) (-.17) (-.35) (+i.03) (-.28) (-.10) (+.99) (+.004) (-.57) (-t.03) (-.40)

x + 1.3 -. 1 +5.5 +.33 -1.0 - +2.2 - -1. 4.04 - 1. +.1

ox - -. 25 +.11 +1.78 -. 01 -. 05 - -t.9 - +2.13 -. 05 +.2
(+.04) (-.35) (4.22) 1'(+1.74) (-.053) (-.21) (-t.10) (-2.57) (-.05) (+2.11) (-.0.') (+.006)

9Y-25 - -. 25 - +.45 - -. 65 - 4.6 - .20 -

(-.3) (+.03) (-1.0) (-.053) (+.38) (-.009) (-.67) (4.04) (+.87) (-.05) (+.20) (-.005)

- -. 50 - .10 - 4.25 - -. 05 - . +35
ez(+.03) (-.28) (4.05) (-.21) (-.009) (+.18) (4.03) (4.63) (-.06) (-.41) (-.006) (4.07)

6x+7 -. 10 +2.26 +.10 -. 56 - + 1.56 4.18 -1.2 - -. 50 -

(.) (-.10) (+2.23) (4.10) (-.67) (4.03) (+1.53) (-.04) (-1.4) (1.08) (-.42) (+.02)

+.04 4.90 - -2.1 - +,30 +.08 +7.8 -. 20 -2.77 - +.72
(+.02) (4.99) (-.16) (-257) (-+.04) (+.63) (-.04) (+9.75) (-+.04) (-3.58) (+.04) 4±,86)

-2 -. 3 -. 4 -. 65 +.5 - -2. -4.12 +6.7 4. +1. -0

e x - -. 45 +.05 +2.15 -. 07 -. 05 - 2-.1 -. 2 +4.97 -. 15 +.25
w (4.009) (-.57) (4.19) (+2.11) (-.05) (-.40 ) (Z.08) (-3.58) Ill09 (-+4.65) (-.04) (+.14)

-. 20 - -. 35 - +118 - -. 45 - +1.0 - *.5 -

(-.21 (4.03) - .75 (-.05) (+.20) (-.006) (-.42) (4.04) (+1t.22) (-.04) (*.52) (-.00.4)

8 - 52- 4.050 +,62 - .425 - I~0

INDICATES SCALED CALCULATED AIRPLANE VALUE
INDICATES DEFLECTION WAS NEGLIGIBLE

NOTE: ELEMENTS OF THIS MATRIX ARE DEFL.ECTIONS AT THE ENGINE OR GEARDOX
CG DUE TO UNIT LOADS AT THE ENGINE OR GEARBOX AND HAVE UNITS OF
IN./LB. IN./IN.-LB,. RADtANS/LB, OR RADIANS/iN.-LB. DEPENDING UP'ON
LOCATION IN THE MATRIX.

EXAMPLE' e, (FIRST ROW, SEVENTH COLUMN)= 4.0008 IN/LB

=X DEFLECTION AT GEARaOX CG DUE TO UNIT
X LOAD AT ENGINE CG

742



0

Z <Z
Ix 0n X- (nx

z I wIx U

0~~ t -z<

< ZZZ zz
a, ZZ -a XZX

0 J9 LiJW hw 8

0 x <

U) 0 0

_j

0 z-0 z z

'A 63 a



Z a O -oz
w

Ci z Wf Z 13 w~
CL 1 mazw

IA LLI n i.]-- -I

-0 w LZ j _

i 0 > w- >- N - - - -

a- N z w ) Wf U W 13<

a:0 - -

74x4 1



r24

ý4

Ifl.to-C"tflto

w U a
z

I*J 0

oi w

z -w 0L

0 -S w> (70

'745

-X 
L



-. ri

., z,

wo..

746.



Figure 3. X-142A Dynamioul.. Similar godol, Skeletal Detail
of~ WLing
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AIRFRAME STRUCTURAL TESTING - "WHERE DO WE GO FROM FULL SCALE?"

H. B. Lowndes, Jr.

R. L. Cavanagh

Structures Division
AF Flight Dynamics Laboratory

Research and Technology Division
Air Force Systems Command

ABSTRACT

Current airframe structural integrity test requirements are reviewed and the
necessity for full-scae rather than component testing is briefly discussed. Trends in
test complexity and cost are presented which show that as environmental simulation
parameters become more demanding, large aerospace vehicle full scale testing be-
comes economically prohibitive. The application of component testing or modeling
techniques as a solution to this problem is discussed and suggestions for needed re-
search are presented.
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"AIRFRAME STRUCTURAL TESTING -"WHERE DO WE GO FROM FULL SCALE?'

H. B. Lowndes, Jr. R. L. Cavanagh

Structures Division
AF Flight Dynamics Laboratory
Research and Technology Division
Air Force Systems Command

The Air Force and its predecessor organizations have more
or less traditionally relied on full-scale structural tests of
a complete vehicle airframe as the prime means for proving the
structural integrity of their weapon systems. This strong
reliance on structural tests has not been arbitrary. It has
been based upon considered, engineering judgement and the sta-
tistics over the years have borne out the validity of this
Judgement.

A reference to figure 1 will illustrate this point. This
shows structural test failure information on 78 aircraft
which were tested at Wright-Patterson. The data on the first
71 aircraft were compiled in 1946 and cover the majority of
World War II type aircraft. The 7 aircraft referred to in the
1963 compilation represent the jet age - from the F-86D and
F-84F through the century series fighters (F-102, F-104, F-105
and the B-58). As may be seen from the chart the same trends
exist today as did almost 20 years ago. In general, although
exact data are not readily available, the series of jet air-
craft failed at higher percentages of ultimate load than did
their World War II predecessors. This indicates an improvement
in analytical techniques and these improvements should not be
minimized. There has been, and continues to be, a large amount
of work done in this area. With the advent of large size, high
speed computers and their general availability, much more
rigorous mathematical techniques can be applied and an almost
endless number of variables can be considered in performing
these analyses. However, at least today, such techniques pro-
vide only a sophisticated estimate of the structural capabili-
ties of the vehicle and this estimate must be validated by
test. Reliance upon purely analytical techniques will not
assure the requisite structural integrity of the weapon system.

This being the state-of-the-.art, the Air Force still
requires full-scale, complete vehicle structural test programs
for final structural verification of its weapons systems. A
very large effort has gone into the development of techniques
and special facilities needed to perform these advanced vehicle
structural tests. Reasonable success has been achieved in
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simulating the critical structural environments that our
advanced aerospace vehicles encounter; notably those of
extreme temperatures (both high and low) and the real-time load
environment. In achieving these simulation capabilities,
trends are becoming apparent that are worthy of attention.

The most apparent is the rapidly increasing cost of per-
forming these advanced structural tests. Table I presents a
compilation of facility costs based around today's requirements
and includes some forecasts for the future. The basic facility
indicated in the first column provides the building and equip-
ment required to conduct full-scale tests with no environmental
simulation other than that of external loads; in other words,
room temperature structural tests. The second column repre-
sents the dollar costs that must be added to the basic facility
cost in order to provide a large scale elevated temperature
test capability. These dollars provide 40,000 KW of program
controlled electrical power, programmed load equipment, and a
large size data acquisition and analysis system. For this
expenditure one has a large scale test facility with a broad
range of test capabilities; a facility that can provide full
scale test simulation on many different types of vehicles, up
to and including lifting re-entry vehicles of the class and
size of the Dyna Soar Glider. At this point, approximately
8,000,000 additional dollars have been invested. However, even
with this elaborate and costly installation, to conduct a full
scale test on a B-70 class air vehicle requires even more in
the way of equipment; approximately 1,680,000 dollars worth.
This money primarily provides the additional electrical power
control loops needed for the proper thermal distribution and
simulation over an entire vehicle of this size.

Let us now extend the facility requirements one step
further. Consider what would be required to provide a full
scale structural test capability for a hypervelocity and
re-entry vehicle having self-contained propulsion systems. One
comes up with some startling numbers!

First of all, the 40,000 KW of electrical power and con-
trol equipment already existing must be increased by a factor
of at least ten (more probably, twenty). This will cost con-
servatively, 40,000,000 dollars and does not include the added
power generation and distribution system that will be required.
The data system channels must be increasel due to the large
size of the vehicle and its more demanding data requirements.
This can be accomplished at an estimated cost of 3,000,000
dollars. The number of loops of programmed loading equipment
will have to be increased at a estimated cost of 2,500,000
dollars. A new capability will have to be incorporated to
provide a suitable simulant, probably liquid nitrogen, for
the vehiclets cryogenic fuel. This capability will include
the storage, transfer, and control of large volumes of the
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simulant. In addition, provisions will have to be made to
accommodate any large volume spillage of the simulant in case
of test article rupture. This cryogenic fuel simulant facility
will cost, conservatively, 5,000,000 dollars. The total
facility investment now runs approximately 61,000,000 dollars -
a large cost for one small phase of an overall system develop-
ment program!

The cost of such a test facility is only a part of the
story, for it provides merely the non-expendable, or capital
investment equipment. Let us now examine the cost of expend-
able supplies and materials. In general, and this is quite
understandable, the same trend exists here as in the facility
costs. There is one cost, however, that is rising at an ex-
tremely high rate. This is the cost c* providing the very high
surface temperatures required for supersonic and hypersonic
flight simulation.

Figure 2 presents a representative plot of this cost as a
function of test temperature. The series of curves for various
A T heating rates represent, in dollars per square foot of

test area, the cost of infrared heating lamps, reflectors, con-
trol thermocouples and strain gage instrumentation. As may be
seen the increased costs incurred in going from room tempera-
ture tests to those requiring 500OF surface temperatures are
significant. The cost tends to level off in the 500°F to
2000OF surface temperatures regime but increases severely when
2000OF to 3000OF temperatures are required. The curve again
becomes quite level from 3000°F to 35000 F.

The curves stop at 3500°F since this represents the
present upper state-of-the-art limit when radiant energy lamps
are used for thermal simulation. This temperature is approxi-
mately the maximum that can be attained with this type heater;
at least until some significant break through in lamp design
occurs. Whether the curve will take another sharp up turn as
progress is made to the 5000OF temperatures required for super-
orbital re-entry condition remains to be seen.

Wi'h the cost of weapon system programs becoming higher
and higher, test requirements of all types are one of the first
items that are rigidly scrutinized when the budget squeeze
comes. And structural testing is no exception. It seems quite
apparent that, one of these days, economics are going to
require some means other than complete full-scale structural
testing for structural verification purposes.

Before discussing possible alternatives to complete full-
scale structural testing it is in order to list the advantages
obtained by conducting tests on full-scale structures. These
advantages fall in three broad categories:
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Category I - Determination of Manufacturing Methods
Effects. The structural effects of the manufacturing methods
by which the materials are required to conform to the desired
geometry can be assessed. These effects are, generally, either
inadequately or totally unaccounted for in the structural
analysis. In this category are the effects caused by the use
of dissimilar or anistropic materials, built in stresses and
"stress raisers introduced by fabrication processes, variation
in colunn fixity, etc.

Category TI - Determination of Analytical Deficien-
cies. The effects of structural behaviour which are either
difficult or impossible to treat analytically are accounted
for. Included in this category are effects of plastic flow,
elastoplastic behaviour, creep deformation, stress relaxation,
material degradation with time and/or temperature, etc.

Category III - Determination of Human Errors. The
effects of errors on the part of the designer, analyst or
fabricator can be discovered and corrected.

Any alternative testing method, therefore, should include
as many of the advantages accruing from full-scale testing as
possible without imposing significant, detrimental inaccura-
cies. If alternative methods had to be selected today, based
upon the present state-of-the-art, they would be as follows.
The methods are listed in descending order of preference.

Alternative Method A - Loading the entire full-scale
structure but heating only portions of it. Since a full-scale
structure is being used, all the above listed advantages are
present with this method. Great care must be exercised, how-
ever, in establishing the proper force and thermal conditions
along the boundaries of the test section. Because limits are
placed upon the area of the structure that is to be heated at
"any one time, this method requires the repeated applications
of ultimate load to the structure in order to cover all criti-
cal areas. As a result, an unrealistic premature failure may
occur. This method has been used successfully when electrical
power or equipment limitations have precluded heating the
entire airframe. For example, one entire wing and a carry-over
portion of the opposite wing-body intersection were selected as
a representative test area during the B-53 structural integrity
program.

Alternative Method B - Separating the full-scale
stv'ucture into major component items and heating and loading
each component separately. This method can be used where test
space or electrical power limitations preclude utilizing
Alternative Method A. This method accrues most of the full-
scale testing advantages but even greater care must be
exercised in applying the correct boundary conditions to the
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components. Particular attention must be given to the mechani-
cal and thermal restraints imposed by the supporting jig work.
Jig induced perturbations on stress distributions at the inter-
faces of the divided components are the greatest objection to
this method. Again, this method has been used successfully
during the structural development phases of vehicle design.
However, the boundary condition problem has cast sufficient
doubt on the cverall confidence level that it is used as an
adjunct to, but not in lieu of methods A or B.

Alternative Method C - The full-scale test article is
subjected to temperatures reduced from the maximum flight tem-
peratures and the effects of the reduced temperatures are
accounted for by increasing the applied loads. Very careful
assessment of the structural effects caused by the use of
dissimilar materials, creep deformation, stress relaxation, and
material degradation with temperature are required before this
method can be successfully used. To the authors, knowledge
this method has not been attempted to any great degree. North
American Aviation (Columbus) has recently completed a feasi-
bility study of this method under Navy Contract NOw 61-0963-d
(BuWeps). However, much more effort is required before this
method becomes widely accepted.

Alternative Method r - It would be most desirable if a
model of the full-scale vehicle could be built, tested to pro-
perly scaled environments and all the advantages of full-scale
testing realized. The many different types of heat transfer
involved, structural similarity requirements and fabrication
processes limitations so severely compromise such a program
that it must be listed as a last choice under present condi-
tions.

For future hypervelocity vehicles, however, the require-
ments for higher structural efficiencies, possible changes
toward more rational factor of safety criteria, the reduced
number of production vehicles, the need for more extensive
developmental testing, and economic factors indicate that the
state-of-the-art in thermal structural testing can assume
greater importance in structural integrity verification pro-
grams. Advanced scaling techniques will be necessary. The
determination, evaluation and correlation of the temperature
and structural similarity characteristics of subscale models
with full-scale structures by computer analytical techniques
would be a significant advancement.

It is believed that the presented facts and figures,
although general in nature, forceably point out the problem
being faced. The title of the paper asks, "where do we go
from full-scale?" A general answer cannot be given since the
facts and circumstances connected with each vehicle differ.
However, the effort of those engaged in modeling techniques
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will determine whether, and to what extent, departures are
made from traditional full-scale structural verification
testing.
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CLOSING REMARKS

by

Colonel William C. Nielsen

Director, AF Flight Dynamics Laboratory

Ladies and Gentlemen:

We of the Research and Technology Division ard the Aerospace
Industries Associatiou have been most pleased to have this distin-
guished group of scicntists and dngineers as our guest in Dayton.
We wish to give special recognition to the Dynamics and Aeroelas-
ticity Research Panel of AIA who were full partners in bringing this
meeting together. This partnership is a fraitful one because it
insures a particularly efficient means of communication between
Government and the Aerospace Industry. Mr. Lutz remarked, in the
keynote address on Monday, the importance of communication between
our profession and the public arnd I am sure that he was also refer-
ring to the necessity of maintaining communication within the many
divisions of science and engineering which is a mark of today's
technologies. This symposium has established such communications
and I hope that they will continue in the future.

I want to thanzk everyone who has worked so hard to bring this
symposium about. We are grateful for the encouragement expressed
by Mr. Petor Murray in the welcome address and by 1r. Robert Lutz
in the keynote address. The efforts Gf the Technical Co'ii•ittee
under our Chairmen Eigene Baird and Walter ?ykytvw were mainly
responsible for the excellence of the technical aapects of the
symposium.. Special thanks are due to our Session Chairmen who in
many cases traveled long distances and shared their time with us.
These are Dr. !Lym~ond Bisplinghoff of NA5A, Dr. Irving St.tlor of
the Cornell Aeronautical Laboratories, tbr. Mtart: Goland of South-
west Rosearch Lns titutRo, ix.rd A.g-at h of t-he Flight Wzwaics
1.bo atory, Dr. William 1aidlaw of N"rth American Aviation and
Professor Holt Ashley of MIT. Omr gratitude and ippreciation iire
als. %lue Mr. AT Ca-Lon, Mr. J:tck Ke!ly and particularly to our young
coller~trus Mr. Michael Shirk, Jac5k lod and B3ill Williaml for zu~poT-
Lng arrangeients.

We have already •xpressed our axA, sincre appreci.1tion to our
distiguJTihned guest speaker at the ;ymp-ium banjuet. We owe hin
special commendation for an cutst:,nd~ng pre:,entitian of the problc"tc,
econoics and policies of the n3tioa Liup-rsonic Transpor procram.
With such men as Mr. Bain at the .e'm (or ghould 1 5ay the flight
controls?) we h-ve eve"r reason to give ý.hU. proraa our con'ident
support.
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Tr:9 symposium itself has highlighted the problems pr3sented to
-us, the scientific and technical people involved in the Aerosoace
Industry. Our future progress will rely heavily on the modeling
technologies we have discussed. The rapidly changing configurations
of flight vehicles, the new environments largely un3ubstantiated to
date, will require the application of the skills of the aeroelastician
together with the skills of the flight control people, the aero-
dynamicists and structural designers.

It is hoped that you ha'7e acquired some new information from the
symposium which will not oily be of help in the near fubuare but also
be a base for that future progress which is expected of us.

We again express appreciation of your attendance and attention
these last three days. I have enjoyed this symposium and I hope you
have found it to be a profitable ekperience.

Gentlemen, the symposium is now adjourned.
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