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NOTICE

When Government drawings, specifications, or other data are
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related Government procurement operation, the United States Govern-
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licensing the holder or any other person or corporation, or conveying

any rights or permission to manufacture, use, or sell any patented

invention that may in any way be related thereto.

DISTRIBUTION. All papers have been approved for public release, with
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All papers were reviewed for release in accordance with AFR 190-12
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Initial distribution of this document, to the List of Attendees, accom-

plished by the Air Force Armament Laboratory (DLJC), Eglin AFB, FL
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FOREWORD

This publication contains the proceedings of and technical papers

presented at the Fourth JTCG/MD Aircraft/Stores Compatibility Symposium,

held at the Civic Auditorium, Fort Walton Beach, Florida, USA on

12-14 October 1977.

The purpose of the symposium was to bring together the technical

expertise within Government and industry throughout the world to review

and discuss compatibility developments and experiences. Exchanging

methods and ideas is essential in present and future systems development.

No one organization holds all the answers to aircraft/stores compati-

bility problems. Solutions to these problems depend upon coordinated

efforts by both aircraft and store designers who are aware of the other's

requirements.

The symposium comittee wishes to express its appreciation to those

persons responding to the call for papers, the authors and the presenters,

the session chairmen, and the attendees for their contributions in making

the symposium highly successful. Special appreciation is extended to

Major General Howard M. Lane, USAF, Commander, Armament Development and

Test Center, Air Force Systems Command, for his welcoming remarks in open-

ing the symposium. Ac .f
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Acknowledgement is made to all those people from Eglin AFB who

worked long hours so diligently, cheerfully and efficiently to give

us such a pleasant, professional success.

Suggestions are welcomed for making our next conference (late

1979) even more productive. Comments may be forwarded to

Mr. C. S. Epstein, Air Force Armament Laboratory (DLJCE), Eglin AFB,

FL, USA, 32542.

Publication of this report does not constitute Air Force approval

of the technical papers' findings or conclusions. It is published

only for the exchange and stimulation of ideas.

CHARLES S. EPSTEIN
Chairman, Working Party 12
JTCG/MD
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THE JOINT TECHNICAL COORDINATING GROUP (JTCG)
ITS MISSION, ORGANIZATION, AND PRODUCTS

THE MISSION

The JTCG was formed in 1964 as an attempt to better coordinate the
identification and solution of various technical problems known to be
common among the three major service organizations. It is a mechanism
to exchange information and jointly study identified common problems.
Solutions are thus provided that are acceptable to the three services,
reduce duplication of effort, and enhance interservice operability.

THE ORGANIZATION

The JTCG (Fig 1) is chartered by the office of the Secretary of
Defense and operates under the direction of the Joint Logistics
Commanders (JLC). The JLC, which consists of the commanders of AFSC,
AFLC, NMC and DARCOM, meet quarterly and agree on the fundamental
courses of action to be jointly pursued.

Subordinate to the JLC are various working groups and panels. It
is in these groups and panels where specific technical matters are
actually resolved using the broader guidelines provided by the JLC.
There are currently nine Technical Coordinating Groups (Fig 2) of which
the relevant one to this technical area is the second one - Munitions
Development (MD). Under this Coordinating Group there are fifteen Working
Parties (Fig 3). This symposium is sponsored by Working Party 12, Aircraft/
Stores Compatibility. The structure of Working Party 12 is shown in
Figure 4.

THE PRODUCTS

The only practical way that a tri-service committee such as WP12 (and
its predecessor organizations) can exert any lasting influence is to
generate useful, timely, relevant documents addressing various aspects
of their broad problem area. Achievement of this goal is manifest in the
following sampling of WP12 efforts:

MIL-HDBK-244, Guide to Aircraft/Stores Compatibility.
Addresses broad compatibility considerations and provides specific guid-
ance on selection of design and qualification standards, specifications
and criteria. (Published)

MIL-STD-1289, Ground Fit and Compatibility Tests of Airborne
Stores. Provides procedures and criteria for evaluating the physical
compatibility of stores with aircraft in a ground environment. (Published)

xi

.,I*



Aircraft/Stores Interface Manual (ASIM). Provides authorita-
tive physical information on aircraft and suspension equipment needed to
make preliminary evaluations of physical aircraft/store compatibility
(Published). A second volume of this document is currently in prepara-
tion which will provide store mass properties and scaled drawings to be
used with Volume I for aircraft/store compatibility studies.

MIL-STD-XXX, Aircraft/Stores Certification Procedures. Provides
recommended procedures and criteria for conducting aircraft/stores compati-
bility ground and flight tests. Addresses preliminary tests such as wind
tunnel and structural tests as well as final flight tests. (To be published
about 3rd Quarter CY78)

MIL-STD-YYY, Bomb Rack Design. Provides geometric and structural
design criteria, similar to that provided in MIL-A-8591E, for bomb racks.
(In work, publication schedule not established)

Aircraft/Stores Compatibility Symposium. Held every other year
since 1969 to exchange problems and ideas throughout the internation
military, industrial and academic community. Proceedings are published
after each symposium.

Joint Development Plans. JDP's are drafted for various products
to be developed for joint service use. These plans, when finalized, pro-
vide the basic guidance for design and qualification of the hardware
desired. A recent example of this is the Multiple Stores Ejector Rack
(MSER).

xii
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TRE INFLUENCE OF AERODYUAMIC DESIGN OF

EXTERNAL STORES ON

EFFETIVENESS/COST RATIO OF AN AIR FORCE

(U)

(Article UNCLASSIFIED)

by

Clifford L. Bore

Hawker Siddeley Aviation, Kingston, Surrey, U.K.

ABSTRACT (U) The aerodynamic effects of external stores are
manifest by various changes to the performance,
flying qualities, manoeuvrability and integrity
of the aircraft that has to deliver those stores,
as well as the accuracy of delivery of the stores.
The extent and means of practical improvements in
aerodynamic design and techniques have been studied,
and it has been concluded that by introducing the
recommended improvements, together with
interchangeability, the effectiveness/cost ratio of
air force should be doubled or better. This paper
outlines briefly the nature of the improvements
and discusses the effectiveness/cost concepts.

Approved for public release; distribution unlimited



THE INFLUENCE OF AERODYNAMIC DESIGN OF

EXTERNAL STORES ON

EF3FCTIVEESS/COST RATIO OF AN AIR FORCE

by

Clifford L. Bore

INTRODUCTION

Over the past ten years or so, aircraft designers have been coming to
the conclusion that the drag of external stores is commonly so
excessive that the loaded aircraft are seriously degraded, in terms
of effectiveness per unit cost, as a result.

Consequently research has been in progress in the U.K. for some years,
which has demonstrated that the drag penalties of external stores can
be cut drastically. Arising from a U.K. initiative, an AGARD Working
Group was set up under my chairmanship (ref. 1) to study the drag and
other aerodynamic effects of external stores, and this has now
concluded.

The detailed recommendations (on how to improve the aerodynamics of
stores) will not be discussed here but the broadest conclusions will
be discussed in the light of an attempt to put different improvements
into perspective by means of elementary effectiveness/cost assessments.

EFFECTIVENESS PER UNIT COST OF AIR FORCE

The aim of the assessments

The first question that arose in the course of the study was "Why should
the standards of aerodynamic design change so radically halfway down the
store pylons"(fig. 1) ?

In trying to answer that, one immediately comes up against arguments
about the relative costs of aircraft and of the stores. So one needs
some way of assessing the value of aerodynamic qualities in terms of
money, to find which improvements will be the most valuable. It was
clear that in the absence of such assessments we might be faced with
responses from store purchasers that might be paraphrased something
like this.

" O.K., so you believe you can reduce aerodynamic drag, and release
disturbances, by redesigning stores and their carriers. You may well
be right - but do you realise how much all those stores on the shelves
cost ? It was A LOT OF MONEY, and we will not spend a lot more without
a compelling reason ! How much are those improvements worth, in money ?"

Leadin conclusions of assessments

That response contains good questions that merit unequivocal answers. It
is not claimed that the answers outlined here are "correct", for there can
be no single well-defined scenario in which our air forces will need to

2



operate, but they do illuminate which features contribute most sensitively
to the effectiveness per unit cost. Furthermore, it is felt that these

broad-brush assessments are sufficiently conservative to justify these
conclusions that will be supported by the ensuing discussion:-

1) There is good reason to suppose that implementation of the improvements
recommended will at least double the effectiveness per unit cost of
air forces.

2) It seems that the necessary cost of investment in research, redesign
and earlier re-equipment -dill be in the order of one per cent of the
benefit flowing from this.

Assesinfg the value of an air force

The "value" is defined as proportional to its capability of killing
targets in a short intensive war, in which the majority of the stock of
aircraft are lost by the last day. The constant of proportionality is
taken as the cost of a datum air force with present-day capabilities and
costs, for the same scenario. Thus if modifications were incorporated
which would multiply the target-kill probability by a factor of 1.5-0 (say)
while the life cycle cost of the air force was factored by 1.10, it could
be said that the value of the air force was 1.50 times the datum value,
and the cost was 1.10 times the datum cost, so the modified effectiveness/
cost ratio would be (1.50)/(1.10), that is 1.36 - or a 36 improvement.

Drag

Fig. 2 shows an example of the significance of store drag on a fighter/ground
attack aircraft. It can be seen that with the original pylons and twin-store
carriers, the store drag when installed was one-and-a-half times the entire
drag of the clean aircraft, so that a mere 1,, reduction in store drag was
equivalent to the entire drag of the wing. Improvements to the twin-store
carrier and the bottom of the pylons brought the drag to the level that
has been in service (second block). Using more recent work in the U.K.,
it should be possible to cut the installed drag down to the magnitude
indicated by the dotted rectangle - a further improvement equivalent to
eliminating the drag of the fuselage and tail of the clean aircraft '
It is not conceivable that improvements approaching this magnitude can
be made on the clean aircraft, whatever forms of advanced aerodynamics may
be devised.

In order to assess the value of the benefits stemming from drag improvements,
a number of mission calculations have been made, based on typical drag

reductions demonstrated in wind-tunnel tests for pylon-mounted stores on
both AS and CAS aircraft. These reductions of drag were assumed to be split
equally between the dropable stores and the pylons/racks. Greater benefits
could be achieved in many cases, notably when using conformal carriage.

As one would expect, the various forms of benefit differ greatly.

1) The saving in fuel for the mission is less than might be guessed,
because of the fixed allowances at base and for full-throttle flight.
For existing aircraft the lifetime fuel is reduced by about 9% (and
the lifetime fuel costs about as much as the aircraft). So this is
not the big deal.



Fig.1 WHY SHOULD THE AERODYNAMIC CLEANLINESS CHANGE AT THE PYLON?

ORIGINAL
STORES

STORE ARRAY

FEENELIFT DEPENDENT CLEAN

FIRST-STAGE AIRCRAFT
CLEANUP LIT DEINTER-Up FERENCE,

STORES jEXCRESCENCES
FERENCESETC.

CRUTCHLESS E.R.U.
r-~ WING

Fig.2 SIGNIFICANCE OF STORE DRAG AND DRAG REDUCTIONS
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For new designs, the size and cost of the new aircraft could be
reduced by about 3 , and the total saving of fuel would be around

2) Area coverage over enemy territory, and target opportunities, would
be increased about 33 if the aircraft were based at half its initial
radius of action behind the front line, and about 4&,, if based back
at two-thirds of its initial radius.

3) Penetration speed may be increased by perhaps 0.05 to 0.10 in Mach
number. Typically this may reduce attrition and consequently the
number of aircraft and crews needed by about 7/, to l5.

4) Performance and manoeuvrability is radically improved, particularly
the SZP and turning rates. In air combat scenarios these benefits
are enormous, as can be seen by reflecting that an improvement in
turning rate of 5 degrees per second may halve the attrition rate
and would therefore halve the number of aircraft and crews needed for
a given war. For air combat scenarios, the typical drag reductions
could lead to improvements of over 10o. in effectiveness.

5) The average benefit due to drag reduction would depend on the
particular mixture of modes pressed into use, but it seems reasonable
to suppose that a typical average benefit stemming from drag reductions
alone would be around 30?r of the value of the datum air force.

Store Release

The effectiveness of an air force is proportional to the probability of
destroying the target, so that a progranme which halves the average area
of weapon scatter doubles the value. To take another example arbitrarily,
improvements in store dettison techniques which reduce the dimensions of
the average scatter pattern by a mere 1 (both laterally and longitudinally)
would increase the effectiveness of the air force by 3CY on this score alone.
It should be possible to do better than this quite readily.

Interchangeability and Standardisation

It has been agreed widely that NATO loses 30% to 5C of its potential
effectiveness through lack of inter-operability (refs. 2 - 5). Furthermore,
there have been authoritative complaints of corrosion, fretting and fatigue of
ageing racks, and too many different types of racks (ref. 6). In effect, the
only qualities shared by all existing racks are excessive drag and high
release disturbances. If we accept the assurances given by high-ranking
NATO officers, it follows that re-equipment with interchangeable racks and
stores would multiply the datum effectiveness by 1.4 to 2.0 on this score

alone. To err on the conservative side, it seems safe to suppose that the
benefits of interchangeability (with all the improvements in logistics
efficiency that follow) would be equivalent to at least a factor of 1.20
on effectiveness/cost ratio.

Overall Benefits

The overall benefits will be multiplied by each of the independent factors
of improvement. The factors discussed here have been assessed (rather
arbitrarily, erring on the side of caution) as around 1.3 for the
performance benefits due to drag reduction, another 1.3 or more for
improved accuracy of delivery, and 1.2 for benefits stemming from inter-

operability. In addition, there should be benefits stemming from
improvements in flying qualities, structural integrity and lower-cost store
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certification programmes. These benefits will be significant (particularly
the latter) but will not be allowed for here. Combining these, it appears
that the effectiveness of NATO air forces could be better than doubled by
incorporating the improvements recommended.

Costs

Designs to improved standards would not be more expensive than current
designs, especially as standardisation would be improved. Re-equipment
earlier than envisaged would be the main expense. Fig. 3 shows an
assessment of life-cycle costs (based in part on ref.7) which suggests
that purchase costs for stores to last the lifetime of an aircraft are
around l% of the life-cycle cost of the air force. It follows that even
a massive programme of re-equipment equivalent to replacing 1 of all the
stores would cost only about ra of the datum cost of the air force. It
should be borne in mind that a great deal of the research that should be
put to use has already been done: it is the decision to use that
investment in knowledge that will be crucial.

1'ANAG-1.2T OF DESIGN

It has been argued that very large benefits can be reaped by investing
a relatively small sum (the order of 1% of the benefit) in redesign of
the aerodynamics of external stores and their carriers. At first sight
it seems incredible that such inefficient weapon delivery systems (in
terms of effectiveness for money) have resulted from such highly developed
technologies as those at the heart of aircraft design and weapon design,
especially to any engineer working assiduously on his assigned task in one
field or the other. How can it happen that such meticulous design in each
field may lead to such inefficiency when combined ?

The answer is, of course, rooted in history, but it can be seen now that
the trouble has been that the aircraft and the stores have been designed
as separate entities - not as intimately interacting components of a system.

The aircraft designer has been told (in effect ) "Design a machine that will
carry those stores a given distance at given speed, for minimum cost".
Meanwhile the weapon designer has been told to "Design a missile that
delivers so much punch, at minimum cost". This simple splitting of the task
has often resulted in excessively costly aircraft because trivial cost
savings on the store have led to grossly excessive drag on the combination.
Keeping the stores "cheap" has made the air force expensive: a classical
case of "the tail wagging the dog" .

in case plain language is not impressive enough, it is possible to state
this conclusion more academically. Weapon 'elivery systems in the form of
aircraft with external stores constitute an outstanding example of the fact
that, in general, a system is not ortimised by adopting the parameters that
would optimise isolated parts of the system.

It can be concluded that aircraft and their stores should be designed and
purchased in conjunction, to optimise the weapon system. The results of
this recommendation will be manifest by elimination of excrescences, better
aerodynamic shapes of stores including carriers, revised positioning of
stores, improved crutchless (i.e. no sway braces), twin-ram LRU's and much
wider interchangeability of stores onto different aircraft. Consequently
fewer, smaller aircraft with smoother stores will provide more defence at
less cost.
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The great danger of compartmented management is that one man's "lot of money"
may be another man's "relatively small sum", so that the "relatively small"
investment needed to-secure much greater savings (say 100 times the
investment) may be beyond the budget of the department that should make the
investment. As Lamar said (ref. 7), this is a defect of management not
only for purchasing (as in our topic) but also when research and the thinking
stage of design is a very small, and separately funded, part of the entire
air force procurement process. The overall sums of money are so large that
the wastages flowing from compartmented management should not be perpetuated.
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INVESTIGATION OF MUZZLE BLAST FROM THE AAH, 30m,
AREA WEAPON SUBSYSTEM

(Article UNCLASSIFIED)
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Aberdeen Proving Ground, MD 21005

ABSTRACT: (U) An experimental program has been conducted to
investigate the nature of the muzzle blast generated from the S0mm
gun to be installed on the Advanced Attack Helicopter (AAH). Both
the free field and reflected blast overpressure levels are measured
in order to compare with existing scaling laws. The data show the
blast generation process to be more complicated than previously
anticipated. In addition to the initial blast pulse, a succession
of strong shocks are seen to emanate from the supersonic shear layer
of the propellant gas jet. In some cases, the secondary pressure
peaks are greater than the initial pulse. When compared with scaling
laws, the agreement with the data is poor. Not only do these laws fail
to predict correct pressure levels, they also lack sensitivity to
changes in the weapon configuration.
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I. INTRODUCTION

The installation of medium caliber weapons on helicopters gives
rise to interface problems between the gun and the aircraft. Both
the recoil and blast impulses must be absorbed or reduced to acceptable
levels. The Advanced Attack Helicopter (AAH) will incorporate a 30mm
automatic cannon as a secondary armament system. Under the condition
of maximum gun elevation, the weapon muzzle is placed in close proximity
to the aircraft surface, Fig. 1. Since the resulting muzzle blast may
damage structural and electrical components located in the helicopter
nose, it is of interest to examine the detailed firing signature of
the 30mm cannon.

Both experimental1'2 and theoretical investigations of the free
field muzzle blast are available; however, since surface reflection is
a fully three-dimensional, unsteady process, there is only a limited
body of data available describing this processS-'. Mabey and Capps5

test a small caliber rifle in a wind tunnel and present data on the
overpressure pulse at an adjacent surface. This type study is appli-
cable to fixed wing aircraft which fire while in high-speed forward
flight. For helicopters, firing may be accomplished from a hover or
while in relatively low speed forward flight. Yagla6 has developed
a technique to estimate the reflected blast overpressures on the
surface of naval ships. The technique is based on a complete set of
data describing the free field blast structure which is then used to
develop the velocity at which the blast wave propagates across the sur-
face of interest. By assuming that a Mach stem forms at the point of
reflection, the overpressure level may be computed from the Rankine-
Hugoniot relations. The agreement between the estimated and measured
pressures is very good. The data on the free field blast structure are
currently being generated from experimental measurements, which limits
the use of the technique to those weapons whose properties are known.
Additionally, the method does not give information on the detailed
pressure-time history; rather, it only permits determination of the
initial pressure behind the lead wave of the blast field.

One of the more accessible sources of information of both free
field and reflected blast overpressures is contained in a set of
scaling laws developed by Westine7 ,8. Using measurements taken in
the blast about a wide variety of guns, he develops a set of scaling
parameters to describe the complete pressure pulse, i.e., peak pressure,
impulse, and time of arrival. The parameters are based upon classical
bare charge scaling parameters, but include modifications to account
for energy imparted to the projectile, gun tube caliber and length.

The present paper is an investigation into the nature of muzzleblast from 30mm cannon. The study is directed at measuring thepressure pulses at selected locations, observing the blast develop-

ment and reflection process, and comparison of measured data with the
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Figure 1. Schematic of 30.. Gun at Maximum Elevation Relative
to AAH
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Westine scaling relationships. Based on the results of this initial
survey, the need for further research will be discussed.

II. EXPERIMENT
9

Tests are conducted in the BRL Aeroballistics Range . Launch
velocity is determined from the spark shadowgraph station data. The
blast field is measured using the test set-up shown in Figures 2a and
2b. The 30mm cannon is located 300mm (10 calibers) above a flat plate
having dimensions of 0.9m x 0.9m x 0.02m. The plate is parallel to
the weapon boreline. Three pressure gauges are used to measure both
free field and reflected blast overpressures. The free field gauge,
FF1, is a static pressure probe of a "miniaturized" design manufactured
by Southwest Research Institutel0 . The gauge is aligned with gun
muzzle, 300mm (10 calibers) above it. On the plate surface, two Kistler,
Model 201B2, piezoelectric transducers are installed. One gauge, Pl,
is directly below the muzzle while the second gauge, P2, is located
300mm forward of this station. In addition to presSure measurements,
spark shadowgraphs of the muzzle blast are taken. Only one photograph
is taken of each firing; therefore, multiple firings are required to
describe the muzzle blast reflection process.

At the time these experiments were being considered, the AAR
cannons were undergoing a reconfiguration to convert them from the
WECOM-30 round to the ADEN/DEFA family of 30mm ammunition. This
change was mandated in order to insure NATO commonality and inter-
operability. Therefore, an attempt was made to include representative
samples of both types of ammunition in the current testing. Additionally,
to cover the range of potential gun tube designs which were AAH candi-
dates, two barrel lengths were included in the testing. The first is
an aircraft cannon chambered for the WECOM-30 round and has a tube
length of 1.07m (42 inches). The second is a Mann barrel chambered
for the T206 round (a round similar to, but approximately 25mm longer
than the WECOM-30) and has a tube length of 1.27m (50 inches).

In each weapon, two different rounds are fired: the WECOM-30
and a simulated ADEN-30, Figure 3. The WECOM-30 is the 30mm Cartridge,
Training, X14639. Since actual ADEN ammunition was not available, a
simulated cartridge was fabricated from the XM639 cartridge by pulling
the projectile, inserting 5 grams more propellant, and reloading with
a 30mu, HEIT 306 El0 projectile. A comparison of the physical properties
of these rounds and an actual ADEN round is given in Table 1.

14
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Figure 3. Photograph of Test Cartridges
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TABLE 1: COMPARATIVE CARTRIDGE PROPERTIES

PROJECTILE PROJECTILE PROPELLANT GUN TUBE MUZZLE
DESIGNATION WEIGHT (g) WEIGHT (g) LENGTH (mm) VELOCITY (m/s)

1067 682
WECOM-30 (M639,TP 193 40

1270 666

SIMULATED T306E10,TP 256 45 1067 703
ADEN-30

1270 662

ADEN-30 MK4z 220 46.5 1516 792

The simulated ADEN-30 is seen to be a reasonable approximation as a
member of this family of ammunition. Examination of the muzzle velocity
variation between the short and long tubes produces an apparent anomaly;
namely, a velocity decrease as the gun tube is lengthened. This is
due to the chambering of the longer tube. This weapon was chambered
for a cartridge which is approximately 12.5mm longer than the present
rounds. As such, the initial obturation and combustion are not optimal
resulting in decreased ballistic efficiency.

III. RESULTS

A sample set of pressure gauge outputs is shown in Figure 4. The
data are for a single WECOM-30 round fired from the short tube; however,
the significant features of these traces are common to all gun/cartridge
combinations tested. The oscilloscopes are triggered simultaneously
by the arrival of the precursor blast* at the first surface gauge, P1.
The main blast arrives at both the free field, FF1, and plate, P1, gauges
simultaneously. Since these are both 10 calibers from the muzzle, this
indicates the symmetric nature of the muzzle blast prior to reflection
from the plate. The pressure decay for these two gauges is also similar.
Sixty-five us after arrival of the main blast both FF1 and P1 show the
passage of a weak compression, and after 200 us, the pressure at both
stations decays through ambient.

The trace obtained from the second plate gauge, P2, is quite
interesting. This gauge is located on the plate surface ten calibers
(0.3m) forward of the muzzle. The gauge output, Figure 4, shows the
arrival of a series of pressure pulses in rapid succession. The low

*The precureor bZaat is generated by the column of air forced out of

the gun tube ahead of the projectile.

17



.FFI, FREE FIELD GAUGE

=_-m P13PLATE SURFACE GAUGE

P2,

Figure 4. Oscilloscope Traces of Transducer Outputs; Short

Gun Firing WECOM-30 (Sweep = 100 microseconds/div.)
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amplitude pulse of 20 us duration prior to the main blast is the pre-
cursor blast. The short duration of this pulse relative to that sensed
at Pl indicates that the main blast is rapidly overtaking the precursor
blast. After the main blast, a series of strong secondary compressions
pass gauge P2 at roughly 100 us intervals. The second of these com-
pressions shows a peak overpressure -reatcr -.,ian that behind the main
blast. The generation of these pressure pulses is clearly observed
in the spark shadowgraphs, Figure S.

The time base is referenced to a time zero when the projectile
base clears the muzzle. Figure 5 shows the muzzle flow 86 us after
arrival of the precursor blast and 130 us prior to arrival of the main
blast. In addition to the precursor and main blasts, two sets of
compression waves are readily apparent and are identified in Figure 5.
The first set, termed lip-compressions, originates close to the muzzle
lip within the shear layer of the propellant gas jet. This shear layer
is a region where the high velocity propellant gases are accommodated
to the nearly stationary outside air through the action of viscosity.
The layer is either initially turbulent or rapidly undergoes transition
to turbulent flow. Such a high velocity turbulent layer generates
strong acoustic signals as it propagates. These signals are observed
throughout the photographic sequence. The second set of compression
waves, termed outer-layer compressions, seem to originate in the outer
edge of the propellant gas jet. This region is thought to contain the
vortex or "smoke" ring associated with weapon firing. The waves are
seen to coalesce in the downrange direction as the flow field develops.
This behavior explains why the secondary compressions are sensed at
pressure gauge P2 but not at Pl. Because the optical data are from a
series of firings, it is not possible to develop a one-to-one correlation
between the observed waves and measured pressure pulses.

The overpressures measured for both rounds fired from the short
gun are presented in Figure 6. To permit comparison of the two sets of
data, the time scale is referenced to the arrival of the main blast at
gauge Pl. The maximum pressure is measured at gauge P2, 450 forward of
the muzzle. For the WECOM-30, the peak overpressure is 3.1 atmospheres
C45 psi) and occurs after a secondary compression. Unfortunately,
insufficient data was acquired to fully define the ADEN-30 pressure
profile at the station. For the gauges located in line with the muzzle,
the reflected pressure at gauge P1 shows similar behavior to the free
field pressure at gauge FF1; however, the amplitude of the reflected
pressure is roughly 2.4 times that of the free field value.

Similar data acquired from firings of the long gun are shown in
Figure 7. In this case, the peak pressures again occur at gauge
station P2; however, while strong secondary compressions are observed,
their amplitude diminishes with respect to that of the main blast.

19
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Figure 6. Measured Blast overpressures from Short Gun,
L =1.07 m (42 inches)
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Comparison of Figures 6 and 7 demonstrates that the blast from the
long gun is less intense than that from the short gun. It is of
interest to examine the accuracy with which blast scaling laws model
these results.

IV. COMPARISON WITH SCALING LAWS

Westine7 presents a scaling analysis which describes the muzzle
blast from closed breech guns. The results are universal in the sense
that any caliber or velocity weapon may be treated. Both free field
and reflected blast properties are dealt with. By assuming that the
blast has a smooth pressure decay (Friedlander equation), Westine's
scaled peak pressure and impulse contours may be used to construct the
positive phase of the blast overpressure pulse.

In describing the free field blast overpressure and impulse,
Westine presents two types of scaling plots. In one case, he presents
contours of scaling parameters based on a series of 20mm tests, Figure 8.
In the other, he gives cross plots of these parameters along a line
perpendicular to the gun muzzle, Figure 9. These are based on mea-
surements taken from a wide variety of weapons ranging from a 0.22
caliber rifle through to a 105mm howitzer. A difficulty arises in
comparing the two sets of data. Near the weapon muzzle, his contour
plots and crossplots disagree by a factor of three or more. For this
reason, both possible pressure pulses from his plots are computed and
compared to the measured data, Figure 10.

The agreement between the results of the Westine scaling analysis
and the present experiments is not good. Not only does the scaling
law fail to predict the pressure levels and duration which agree with
a given set of test data, it also does not show sensitivity to changes
in the weapon firing configuration. For example, one of the peak over-
pressures predicted with the short gun firing WECOM-30 ammunition is
close to the measured value; however, when the ADEN ammunition is fired,
the prediction shows very low sensitivity to this change whereas the
data records a 40% growth in overpressure.

Westine also presents a set of scaling contours which describe the
reflected blast overpressure levels on a surface located beneath, but
parallel to, the gun bore. These contours were developed from firings
of two different small caliber weapons and cover a standoff of from 16
through 50 calibers between the plate and the muzzle centerline. The
present data were acquired at a standoff of 10 calibers; therefore it
is necessary to extrapolate Westine's results to this distance. The
comparison between the scaling law and the present results is shown
in Figure 11. It is seen that the agreement is extremely poor. While
the measured overpressure levels show an increase of more than a factor
of two over the free field values, Westine's reflected overpressure
predictions are approximately equal to his free field values. This

23

-i

l m i ff , '" . ! ,i J .: f 
L



100- 1-

80-- w
Y/C

60-0.0

3.40 i
I0.2 5.681

"20 0 20 40 60 80
x/c

Figure 8. Westine'S Contours of the Scaled, Side-on Overpressure
Parameter for Free Field Blast

24
D)



P 4.4 x10-2  W

0 0.22 Rifle 0
a SPIW

SM-16
M -60

V0 M-14
C, M-l
o M-2 Carbine
X 0.45 Pistol
Q 0.45 Grease Gun

A0.50 Machine Gun x
O 40 MM Grenade Launcher
O XM -129 Gr. Launcher (HIgh V)
10 20 MM Aircraft Gun

O 195MM Howitzer E
-5

5 0 50 t00 50

Figure 9. Westine's Crossplot of the Scaled, Side-on Overpressure
Parameter for Free Field Blast

25

-~~~ -- --



=* a

1-0

N Nd

0 C C
0n 0 

0 44

0 - 0i

cm 4-h

.
g ok

0.4- 
U

0 -%

'4



3 PLATE SURFACE GAUGE, PI
P-P~w-PRESENT EXPERIMENT

2~ WECOM-30, SHORT GUN
WESTINE SCALING LAW

0 - - t t I

3- ~ PLATE SURFACE GAUGETP2
pLTESRFC

0 .2 .4 .6 B

Figure 11. comparison of Present Measurements of Reflected

Blast With Predictions of Westine's Scaling Law

27



IP z

~-2-STANDOFF, h

120 P 2.
P .2..xI 1040.4. 0.6

0.8
80- 1.0

40 12

/0 / L5

0
-40 0 .40 80 120

x/ C

Figure 12. Westine's Contours of Reflected Blast Overpressure
Paramneter for h/c =SO:

28



behavior is not physically reasonable. Reflection of a blast wave at
a surface aligned roughly perpendicular to its direction of propagation
should result in a significant increase in pressure over the free field
static or side-on level. Even linear theory predicts an increase in
pressure by a factor of two (as observed in the current data when
comparing the pressures measured at gauges 'F'1 -d "). This incon-
sistency in the scaling law is not due to the extrapolation from 16 to
10 caliber standoff. Identical results are obtained in comparing his
reflected isobar contours with his free field contours at similar
geometric locations, e.g., compare the reflected pressure isobars for
a standoff of 50 calibers, Figure 12,with the free field overpressure
isobars at y/c - 50, Figure 8.

A further difficulty in comparing the measurements with scaling
laws or theoretical treatments is the lack of information regarding
secondary compressions. The data show that these secondary pulses are
a significant portion of the overall blast loading signature. In some
instances, these pulses reach absolute pressures greater in magnitude
than the initial shock. Additionally, they are seen to possess a
fairly regular, high frequency structure which may excite structural
vibrations of the aircraft.

V. CONCLUSIONS AND RECOMMENDATIONS

An experimental program has been conducted to investigate the
blast field from 30mm aircraft cannon typical of those considered for
the AAH. The free field and reflected blast is examined both with
pressure transducers and optical techniques. The results of this
preliminary investigation show:

a. There are strong secondary compression pulses generated
in the viscous, shear layers of the propellant gas jet;

b. These secondary compressions show peak pressure levels greater
than those behind the main blast;

c. Comparison between the present measurements and existing
scaling laws show poor agreement both as to actual pressure pulses and
to changes in the firing configuration.

Based on these preliminary results, it is advisable to conduct
further research into the muzzle blast generation and reflection
process. More detailed data on the free field and plate surface
pressure would be obtained. The plate orientation with respect to
the weapon would be varied to examine the effects of separation
distance and obliquity. Simultaneous, sequential spark shadowgraphs
of the muzzle blast would be acquired to define the origin of secondary
compression pulses and relate these to measured pressure data. The
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effect of muzzle devices in altering the flow phenomena should also
be investigated. Finally, it would be worthwhile to obtain data on
an actual aircraft (AAH) or components of it in order to relate
laboratory results and analyses to actual hardware.
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ABSTRACT. This paper reviews the work to establish the
temperatures likely to be reached by conventional armament and
equipment when carried on representative operational sorties.
Results of extensive mathematical modelling are presented and for
model validation purposes compared with flight test results. The
validated models are then used to compute flight limitations, in
terms of cruise/dash Mach. No. and flight duration to prevent
overheating during sorties flown in varying sea level ambient
temperature. Various methods of presenting flight limitations for
operational sorties are presented and compared.
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INTRODUCTION

The carriage and functioning environment of weapons and
associated equipment carried on modern day strike aircraft Is very
severe, particularly with respect to the temperatures resulting from
kinetic heating. Most conventional weapons and equipment contain
explosive fillings and other components which have relatively low
temperature limitations. For example, the explosive filling 8 f most
conventional weapons has an upper temperature limitation of 76 C; for
other weapons such as Sir delivered rockets the maximum operating
temperature is only 70 C.

As a result of these relatively low temperature limitations
the performance of the aircraft delivering/carrying such weapons/
equipment must be limited to avoid a hazardous situation arising which
could endanger the delivery aircraft. To avoid such situations
arising it is necessary to apply the following limitations to the
ai rcraft' s performance:

1. Limit the'maximum likely ambient temperature
in which the sortie takes place.

2. Limit the Mach. No. during the sortie.

3. Limit the duration of the sortie.

Obviously, under operational conditions these limitations are
often combined, it is not satisfactory to apply a single limitation.

To compute the maximum temperatures reached by weapon systems

and associated equipment it is essential to obtain data relating to
world wide sea level ambient temperatures likely to be experienced by
aircraft flying operational sorties. With this data available it is
then necessary to produce mathematical models which adequately predict
the temperatures of weapon systems and equipment flown on these
sorties. These models must be capable of dealing with a wide range of
methods of heat transfer, i.e. forced convection, natural convection,
radiation etc., and simple/complex weapon structures and installations.
With the ambient temperature known and the flight sortie
characteristics defined, the mathematical models can then be used to
compute the maximum temperatures likely to be reached. However, with
these temperatures computed, the problem of limiting the aircraft's
performance to ensure overheating does not occur must be addressed.
Defining performance limitations Is particularly difficult because "on
the day" the pilot may wish to fly a sortie profile which is
different to that used in the mathematical modelling exercise, thus
limitations of ambient air temperature, Mach. No. or duration are not
strictly applicable.
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In this paper work conducted In UK on t~e overall problem of
kinetic heating of aircraft carried/delivered weapons and associated
equipment is reviewed. Results of our studies Into the likely sea
'eve! ambient temperatures, .evelopment of mathematical models and
their validation, and the prooiem of applying flight limitation are
presented.

Our studies have been in progress for some 13 years and
Hunting Engineering are the sole contractor to the UK Ministry of
Defence, Directorate of Air Armament for this work. To monitor the
studies which are undertaken, MoD formed a Thermal Effects on Aircraft
Conventional Armament, Stores and Equipment (TEACASE) Working Group.
The types of armaments/equipment considered Include bombs (high
explosive, practice and fire bombs), cluster weapons, flares, rockets,
fuzes, ejection release units and their cartridges, fuzing units,
ejection seat systems and many other specialised cartridges and
pyrotechnics. Aircraft considered include Buccaneer, Phantom, Harrier,
Jaguar, Lightning, Tornado and Fl11.

The studies we have completed have also addressed the problem
of minimum temperatures experienced by weapons and equipment; the
mathematical models developed being sufficiently general to cope
adequately with both the low and high temperature environment.
However, this paper considers only the high temperature environment.

SEA LEVEL AMBIENT TEMPERATURES

In order to assess the maximum temperature likely to be
experienced by weapons, their components and associated equipment it
is necessary to first define realistic maximum/minimum sea level
ambient temperatures in which operational sorties are likely to be
flown. The ambient temperature can affect the temperatures reached
by weapons/equipment etc. in two ways:

(1) The initial temperatures of components are
dependent upon the ambient temperature and thei r
possible exposure to solar radiation, particularly
for aircraft which may be on stand-by for periods
of up to 30 days.

(2) The stabi isation/recovery temperatures
associated with given flight conditions are
dependent on ambient temperature.

In addition to the maximum ambient temperatures, consideration
must also be given to diurnal temperature cycles particularly when very
long repeat sorties are to be considered. The maximum temperature on
any day will only be maintained for a limited period of time and to
assess component temperatures during repeated sorties on the basis of a
constant maximum ambient temperature would give pessimistic results.
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MAXIMUM GROUND LEVEL TEMPERATURES

The occurrence of high ambient temperatures has been studied
and the results are presented in Appendix 1. Neglecting temperatures
with less than 1% probability of occurring, the following conclusions
can be made:

(1) In oversea areas, with the exception of the
Red Sea and the Persian Gulf, the maximum temperature
likeIg to occur with a greater than 1% probability

is 35 C. When the Red Sea and Persian GulS are
considered this temperature Increases to 40 C.

(2) The maximum temperature likely to occur0over
land with a greater than 1% probability is 45 C.
This temperature occurs with more than 1%
probability only in the eastern part of the Sahara
desert.

LAPSE RATES

For our studies in the UK MoD, two definitions of maximum
tropical ambient temperatures are available and are presented in
Figure 1. The Royal Aeronautical Sosiety (R.Ae.S.) Data Sheet
specifies a linear lapse rate from 45 C at sea level to -40 0 at
48,000 ft.,0 the corresponding Av.P.970 lapge rate is from 50 C at sea
level to 28 C at 3,000 ft. and then to -40 C at 40,000 ft. The
R.Ae.S. data is based on conditions regarded as extreme being exceeded
on average only on one day per year; the Av.P.970 data however is
based on extreme temperatures occurring on ten days per year. The
two specifications are inconsistent for altitudes below 1,000 ft.,
however, at altitudes above 3,000 ft. the two are consistent with the
basis og which Shey were compiled; the Av.P.970 temperatures being
some 12 C to 14 C lower than those of the R.Ae.S. for the same
altitude.

The R.Ae.S. data provides the most severe environment but is
possibly unrealistic for the following reasons:

(I) The temperatures at each altitude are
experienced on average in only one location

2once a year.

(2) The maximum temperatures are -unlikely to
occur at all altitudes at the same time.

Thus, the specified Av.P.970 temperatures are thought to be
the most realistic, and in the UK Is the reconmmended data to use in
kinetic heating studies.
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OIURNAL CYCLES

To assess the temperatures reached by weapons/equipment
during repeated sorties the variation of ambient temperature with time
must be specified. Figures 2 and 3 show the estimated diurnal cycle
of maximum temperatures over land and sea respectively. Both are
based on an assumed sinusoidal cycle between maximum and minimum daily
temperatures.

The highest man daily minimum temperature during ang one
month for any recording station quoted In Reference 1 is 31.6 C.
Since this is an average value, the minimum daily temperature can be
higher; but is unlikely to exceed 35 C. Thus, the diurnal cycle of
the maxim 1 tempera ure over land has been assumed to be sinusoidal
between 45 C and 35SC.

Less data is available for daily minimum temperatures over
sea. However, for the purpose of kinetic heating studies the
variation between maximum and minimum daily Semperatures has been
assumed to be the same as over land, i.e. 10 C.

SOLAR RADIATION

The initial temperatures of weapons at take-off may be
affected by periods of exposure to solar radiation. For internally
carried (i.e. bomb bay) components the effect of solar radiation is
small, however, externall carried systems can experience an increase
in temperature of up to 25 C relative to the shade temperature.

The effect of solar radiation varies considerably with the
type of weapon/component, particularly on its colour and composition
of its outside surface. Hence, the effect of solar radiation must
be considered separately for each type of weapon, detailed consideration
being given to probable storage and standby conditions likely to be
encountered.

RECOMMENOATI ONS

From our investigations of maximum world wide ambient air
temperatures at sea level for use In kinetia heating 0 studies it is
recommnded that maximum temperatures of 45 C and 35 C are used for
overland and over-sea environments respectively. It is also
recommended that these temperatures represeat daily rxima of
sinusoidal diurnal cycles about means of 40 C and 30 C respectively.

It is recommended that the diurnal cycles of Figures 2 and
3 be used for assessing kinetic heating effects during flight for
altitudes below 1,000 ft. and that the maximum temperature atmosphere
specified in Av.P.970 (Figure 1) should be used at altitudes above
1,000 ft. irrespective of the time of day.
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It is further recommended that the effects of solar radiation
on equipment prior to take-off be taken into consideration.

MATHEMATI CAL MODELLING

GENERAL INTRODUCTION AND DEFINITIONS

When a body travels through the air at high speed, the air
In contact with the body will have the same speed as the body. At a
small distance from the surface of the body the air will be at rest and
therefore a large velocity gradient will exist across a thin layer of
air adjacent to the body; the boundary layer. As large shear forces
exist across the boundary layer the work done by these forces is
converted into heat. At some position on the body (the stagnation
point) it is possible that the kinetic energy of the air flow is
converted eniirely into pressure and heat energy. The temperature
associated with these conditions is termed the stagnation temperature
(Ts). On other surfaces, where the air is brought to rest by the
shear forces, and if the body was perfectly insulated the temperature
experienced by the surface of the body is termed the recovery
temperature (Tr). Apart from small areas which could experience
stagnation temperatures, the recovery temperature is generally the
highest temperature the body will experience. It should be noted that
in Installations where entry/exit holes exist on conical surfaces,
vortex heating can occur and temperatures well in excess of the
stagnation temperature can be experienced.

If the temperature of the body is T, the rate of heat flow into

the body (q) will be proportional to (TR-T)

q a h(TR-T)

where 'h' is the heat transfer coefficient. The heat transfer
coefficient is a complex quantity and depends upon the physical
properties of the air, the surface temperature of the body and the
flight conditions. A large discontinuity in the value of 'h' also
occurs when the flow changes from laminar to turbulent; much higher
values being associated with the turbulent flows.

TYPICAL METHOD OF CALCULATION

To calculate the temperature distribution within the body it
is necessary to compute the recovery temperature and heat transfer
coefficient. A typical method of computing these parameters, for a
forced convection heat transfer environment is presented below. A
method of computing the temperature distribution in the body under
these conditions is also presented.
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Stagnation Temperature

From energy considerations 3tpTs - TCpTa + V2 where

7 - Mechanical Equivalent of Heat

Ta - Ambient air temperature (OK)

Ts - Stagnation temperature (OK)

V - Velocity of air (ft/sec)

Cp - Specific heat of air at constant pressure (assumed
constant between temperatures Ta and Ts)

From the above equation:

Ts aL Ta (1 +. M2 ) whereYis the ratio of specific heats

Is the flow Mach. No.

Recovery Temperature

The equation above for the stagnation temperature assumes all
of the energy of the air is converted into heat. This is generally
not so, and the recovery temperature Is a temperature allowing for
such losses, such that

Tr - Ta (I + r - )

where Tr is the recovery temperature (OK)
t r Is the recovery factor

The recovery factor Is a function of Prantl and Reynolds Nos.

and has the following values:

ere a 0.85 - Laminar Flow

Ire a 0.90 - Turbulent Flow

Thus, for turbulent air flows the recovery temperature is
given by:

Tr a Ta (1 + 0.18M2 )

Heat Transfer Coefficient

For forced convection in a fluid * Pr* Re*

where Nu - Nusselt No.

St - Stanton No.

Pr - Prantl No.

Re - Reynolds No.
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it has been shown that for a wide range of Mach. Nos. and
temperatures a close approximation for the heat transfer In both
laminar and turbulent flow is obtained if the physical properties of
fluid (air) appearing in the incompressible flow equations are
evaluated at a temperature corresponding to an Intermediate temperature.
The paramters dependent on this intermediate temperature are Indicated
by the asterisk (*).

The Nusselt No. (Nu) is given by:

Nu m hx

where h - Heat transfer coefficient

x - Suitable body dimension (ft)

k - Thermal conductivity of the fluid

The Prantl No. (Pr) is given by:

Pr C

where 3 a Viscosity of the fluid

Cp = Specific heat at constant pressure

The Reynolds No. (Re) is given by:

Re 0 a

where V a Velocity of fluid (ft/sec)

D Density of fluid (slugs/ft
3)

Thus,

S I4 o r
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Using Reynolds Analogy

St aA.Cf

where A is a constant and is derived experimentally. The value used is 1.22.

Cf Is the skin friction coefficient and for a turbulent boundary layer is given by

Cfa B Re-4/5

where B is another constant which is determined experimentally and found to be

0.0825.

Therefore St* 0.0504 Re*-1/5
and hence h a0.0504 Cp.Re"/SV.p

:0.0504 CP (IY) A v.p

P,:, is given by
a, = 31 x 10 -T )

where T* is the intermediate temperature.

Therefore h =0.05034 Cp 31x 'a - T* 3/6
\ iLP* (T* + 117) J

Since T a where Ta is the ambient air temperature (OK)
T*

h "0.00159Cp Vyn )  " a"
xT * 0 "5  (T* + 117)0 .

Using a value of 7.72 for Cp (CHU/slug/ C)

a F2  T .ii)~ C U/;t2/ SeC/ 1C.

The interidiate temperatjre T* can be calculated from

T* a 0.58T + 0.42Ta + 0.032M 2Ta
where T is the surface temperature of the body (oK).
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It can therefore be seen that the value of the heat transfer

coefficient 'h' Is a function of body surface temperature and is
therefore a continuously varying parameter. Thus it is generally
necessary to adopt an iterative solution for the values of 'h' and
T. Alternatively providing small computing time steps are used, and
the value of T is not changing rapidly, the value of T calculated at
the previous time interval can be used without significant loss In
accuracy.

Calculation of Heat Conducted into Body

The following paragraphs outline the equations for computing
the heat conducted Into an axisymmetric body at a general longitudinal
station (x).

Surface Equation

Referring to Fig.4a consider the section of the body bounded by the

radii R1 and R3 .

This segment is then subdivided at radius R2 into segments of equal

thickness A Reach segment having the same thermal properties.

Let the temperatures at R1 (surface), R2 and R3 be T1 , T2 and T3

respectively.

Then in a small time interval At for the segment between radii R1 & R2

Heat transferred into segment - Heat transferred out of segment

- Heat stored in segment.
i(T T

,R1 AR. 1 C1 (T1' -T 1 )

where T1
1 T2 and T3

1 are the temperatures reached after time A t

h = heat transfer coefficient

K1 • thermal conductivity of material

P 1 density of material

C1 "specific heat of material
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General Internal Point

At a point within the body where the adjacent materials have the some

properties, then from Fig. 4a
-69 ' - r_ -

At a point within the store where the adjacent materials are different,

then from Fig. 4b

Y'y ,..+ &R- [(T'1-oT,')]- Z[ ,-][(T '- (r"- ')J
A l YIk4 2 i!

AP P,[. C. + io,] C , 9-1 '-2

where K 2 P2 C2 are the thermal properties of the adjacent material.

Equation for Cm tre of Store

From Fig. 4c, '<, , (,.T(,-(' " I: T 24s)% (".1 -TO

Solution of the above equations

By substitution of the initial values of temperature into the above equations a

set of simultaneous equations will be formed in each case from which the values

of Ti' T2I T3 I etc. can be obtained after the time interval &t. These new

temperatures are then used as initial temperatures in the above equations and

the new set of equations solved to obtain the temperatures after a further time

interval rt. This process is then continued as long as required.
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Using the basic method of computation outlined a suite of
computer programs has been compiled capable of dealing with a complete
range of kinetic heating problems associated with a variety of
different structures. The basic equations for computing the heat
conducted Into the body have been suitably modified to cater for
non-homogenious bodies in which the heat transfer can be by a variety
of different modes. The equations are of a very general form and
have been extended to cope with heating sources such as solar
radiation, natural convection as well as the forced convection outlined.

THEORETI CAL RESULTS

EFFECTS OF SOLAR RADIATION

It has been ixplained in the earlier paragraphs how the
ambient air temperature and exposure to solar radiation has a
significant effect on the initial temperatures of weapons and
equipment. Using the basic mathematical models outlined the
temperatures of weapon components and associated equipment have been
computed prior to being 'flown' on operational sorties.

To illustrate the effect of solar radiation and compare the
theoretical estimates with trials results, a conventional retarded HE
bomb will be considered. The general outline of the weapon together
with the location of the component under consideration, (the timer ) is
presented in Figure 5. In the trial, the weapon was placed in the
open for a period of 24 hours with the nose pointing south. The solar
radiation intensity was measured by a solarimeter and the temperature
at the various positions inside and outside the weapon monitored by
thermocouples.

The measured and predicted temperatures experienced by the
skin of the weapon and the timer (i.e. thermocouple position 3) are
compared in Figure 6. This figure shows excellent agreement between
the trial and computed temperatures over the 24 hour period.

Many such trials have been conducted on a complete range of
weapons and equipment at different sites throughout the world and in
all cases the simulations of the trials results have been very good.
We are therefore of the opinion that the models we have generated for
computing the temperatures of components etc. exposed to solar
radiation have been validated and they can confidently be used in
kinetic heating studies.

For the retarded HE bomb the effect of the weapon's external
paint colour (absorption coefficient) on the temperatures reached by
the external skin and internal timer when exposed to solar radiation
have been computed using the model. The diurnal cycles of ambient
temperature and solar radiation used in these computations are
presented in Figure 7 and refer to a 35 C sea level maximum
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temperature. The variation of skin and timer temperatures with time
when exposed to these conditions are presented in Figure 8 for
absorption coefficients ranging from 0.2 (white paint) to 1.0 (matt
black paint).

The Figure 8a shows that a maximum difference of approximately
27C occurs at the skin surface between the black and white paint
schemes (absorption coefficients of 1 and 0.2). The corresponding
difference for t9e timer can be seen (from Figure 8b) to be
approximately 12 C.

The same weapon was used In a radiant heating trial using a
simulated heating rig. The skin temperature of the weapon was
continuously monitored and the heat input so adjusted to simulate the
temperature-time history likely to be experienced by the weapon during
an operational sortie. The results of this trial are presented In
Figure 9 which again shows good agreement between the measured and
simulated temperatures of the weapons timer. The results of this
trial give confidence in the models ability to predict the heat
conduction into the weapon structure.

PREDICTION OF IN-FLIGHT TEMPERATURES

Flight trials using the weapon configuration previously shown
ha e been conducted In relatively high ambient air temperatures (i.e.
30 C). During the flight trials the temperatures of the skin, surface
of explosive filling and 3 cms deep into the filling of the weapon were
measured at various longitudinal stations relative to the nose. The
pertinent flight conditions for one of the flights are presented
below:

TIME (Mins.) 0 5 10 40

SPEED (ft/sec) 300 832 925 925

AMB. AIR TEMP. °C 30 30 30 30

AIR DENSITY SLUGS/FT2  0.0022 0.0022 0.0022 0.0022

The relevant weapon details at a position 3ft. from the nose
are as follows:
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P OUTER BITUMEN H.E.
AECASE LINER FILLING

RADIUS (INS) 8.2 7.6 7.59

~CONDUCTI VITY

O(CHU/in. min. 0C) 0.0401 0.000068 0.000359

THERIAL DIFFUSIVITY* 1.286 0.0179
(ins /ain)

* Thermal Diffusivity

C

Using this data in the mathematical model the variation of
temperature with time for the weapon's skin surface of filling and 3
can deep into the H.E. filling is presented in Figure 10. Also shown
in the figure are the measured temperatures for these components.

Considering the difficulties in measuring the ambient air
temperature accurately during the flight trials, good agreement is
shown for the skin temperatures and for the temperatures measured 3 cms
deepointo the HE filling. If the ambient air temperature was changed
by 3 C excellent agreement between predicted and measured skin
temperatures would be achieveda and the temperature 3 crns deep into the
N.E. filling would be within 1 C of that measured.

The surface of H.E. filling temperature however shows
considerable difference from that predicted. This difference can be
attributed to:

(1) The mathematical model assumes perfect
thermal contact between adjacent materials.

(2) Difficulties of accurately measuring the
surface temperature, i.e. the mounting and
location of the thermocouples.

(3) The method of mounting the skin thermocouples

on the instrumented weapon could result in heat
being conducted into the centre of the weapon.

It is however, considered that the theoretical calculations
give a sufficiently accurate assessment of the temperatures of the
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components within the weapon.

Many trials have been undertaken with a large variety of
weapons/equipment flown on many UK, European and USA al rcraft; the
results obtained have been simulated using the suite of mathematical
models developed and generally good agreement has been achieved.
Kinetic heating studies of this type have been in progress in the UK
for approximately 13 years, and we are of the opinion that ourmathematical models have been validated and can be used in kinetic
heating studies with confidence.

Considerable mathematical modelling of the temperatures likely
to be experienced by the 1L755 Cluster Weapon have been completed. In
fact from the theoretical studies completed a decision to use the
relatively cheap "low temperature" rather than the expensive "high
temperature" bomblet explosive filling w8s made. The limiting
temperature of the cheaper filling Is 76 C and our modelling exercises
pr8dicted a maximum temperature under the most severe conditions of
74 C.

Some computed results for the BL755 Cluster Weapon when flown
on the hypothetical LOW-LOW and HIGH-LOW-HIGH sorties shown in Figures
11 and 12 are presented in Figures 13 and 14 respectively. The
components considered were:

Nose cone

Cartridge/fuze assembly

Bomblet surface of filling

For completeness the variation of temperature with time for
these components when exposed to the ambient temperature and solar
radiation diurnal cycles of Figure 15 are presented in Figures 16
and 17. Again these Figures clearly show the effect on maximum
temperature of the external paint colour (surface absorptivity).

The basic mathematical models have been applied to a complete
range of weapon systems including Gun installations. Figure 18
presents the measured and simulated temperatures of the inlet air,
breech and feed-chute rounds of 30um Aden gun ammunition carried during
a sortie of the UK Lightning Aircraft. The Figure shows goodcorrelation between the trial and predicted temperatures results
for al three components.

Again the results obtained confirm the validity of the
mathematical models and demonstrate their flexlbility.

Another heating source which must be considered when studying
gun installations, particularly the Aden Gun installations, is that
which occurs when the gun fires. *Obviously, the increase in the

59

L km-11 ; 2



0.9

rTWE (rINS)

LOW-LOW SOV.IL --- MAH NO- v TINN DAMEMTC

PIG. LOW- LOW FLIGHT POJ.

60



4000

IL

0 fZ424 66

IGH04 LOW- 410M SO0.TIL -ALTrTUCE v TIMLE

(OIAGQAMMArIC_)

2-1

2 3.2 342U6 6 ~

HIOI'-L.OW-b410H SCATMM- AC NQ v TIrAL

61



0u

<E
ona

3:)

lu0

NJ0

ui1

%LIlu

U.U
SL 0 0

C) i

0 LL

62



140

120

~MCONE (OUTFhI SU~tFACI)
_____ 00__--____ (INNER SURFACI)

'7RICE

gLJzz A5&y
460

SURFAG9 Or

20

10

-205

FIG. 14 rzNPLhTU0L- TIME. HI13TCJE.S Ma. COPONENT.S

63



(v.nf9UYbl;dv4L *-T9 LN.19~WV

14
0

in.

WIW'y! -i.LYCYV gv-J

___*__em



IL 0
/ IL o..IL

W 0
_ _ _ _ U

Iat

0

zz
lu0

IL co

z
0

_ _ _ _ _I _ _

____ __ _ ____ ___ ___ ____ _ 3

_____ ____ _* -0

la- tlg 2t i .

65i. *



VA

CD

Z I.-
0i

4N
:l

0 .( ZI

09

66 ~ j~~



II

g .-- ' __--o
.=II 

-

I I ..

ii I
[ x4.

'I, 7



7..7'

breach temperatures which occur after gun firing, Is a function of
the number of rounds of ammunition fired. From gun firing trials
empirical relationships for the increase in breech temperature as a
function of the number of rounds of ammunition fired have been
derived for use In kinetic heating studies.

For the hypothetical Low Level and High Level sorties shcwn
in Figure 19, the temperatures of the 30mm Aden Gun ammunition have
been computed and are presented in Figures 20 and 21. The effect of
firing 100 rounds of ammunition at the end of the dash phase, at
Mach Nos. of 1.0 and 1.8 for the Low and High Level sorties
respectively is clearly shown. Also computed were the maximum
gun/ammunition temperatures and end of sortie gun/ammunition
temperatures as a function of number of rounds fired for sorties
flown in varying sea level ambient temperatures. These temperatures
are presented in Figures 22 and 23 and Figures 24.and 25 for the Low
and High Level sorties respectively.

Another environment to which considerable attention has "een
given is that of the bomb bay of the UK Buccaneer Aircraft. The
engine jet pipes pass through the bomb bay and tOe stabillsation
temperatures obtained are considerably In excess of the recovery
temperature compatible with ambient Flight conditions. From fli-.t
trials results it has been found that during aircraft manceuvres :ne
bomb bay temperature could be related to engine r.p.m., ana this
empirical relationship had to be incorporated in the mathematical
models. For a straight and level flight at 200 ft. AGL and a Mach
No. of 0.825 in a sea level ambient temperature of 45 C, the
recovery temperature is 85 C. However, for the sam5 conditions, the
stabilisation Semperature within the bomb bay is 105 C, i.e. an
increase of 20 C due to jet pipe heating.

For the hypothetical High-Lc-Low-High sortie presented In
Figure 26, the variation of temperature with time -or the Vg"07 Fuze
for external and Internal carriage environments in a sea level amolenr
temperature of 45 C are presented in Figures 27 and 28. Althou.h
the heat transfer rates for the external carriage environment are
considerably higher than for the internal environment, the maximum
temperaturg recorded during internal carriage on this sortie s 9;)
which is 8 C higher than for internal carriage. Corresponding
temperature-time histories for the Ejection Release Unit No.2 Mk.1
for the external and internal environments are presented in Figures
29 and 30.

The maximum temperature limitations of both the VT907 Fuze and
Ejection Release Unit is 70 C, and this is exceeded during carriage on
thS specified sortie when flown in a sea level ambient temperature of
45 C.
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FLIGHT LIMITATIONS

To prevent the overheating of temperature sensitive components
of weapons and associated equipment, during carriage on operational
sorties, it is necessary to somehow limit the performance of the
delivery aircraft. These limitations could take the form of limiting
the sea level ambient temperature in which the sortie is to be flown
or alternatively limiting the flight Mach No. or flight duration.

Typical flight limitations for the internal carriage of the
Ejection Release Unit and VT907 Fuze when carried during the hypothetical
High- Low-Low-High sortie (Figure 26) are presented in Figures 31 and
32. These limitations apply to the dash phase of the sortie and
combinations of sea level ambient tem8erature, dash Mach No. and dash
duration presented ensure that the 70 C limiting temperature of the
components is not exceeded. Implicit In these flight limitations Is
that the pre and post dash phases of the sortie are flown at the
specified Mach Nos. and heights. To implement these limitations in
operational use could prove difficult and inflexible because of the
need to fly the specified pre and post dash phase of sorties.

To overcome this an alternative method of presentation has
been derived which enables the entire sortie; cruise and dash phases
to be planned so that the limiting temperature of a component will not
be exceeded. These so called Flight Limitation Charts are applicable
to sorties having no more than two phases with one phase being flown
at low level.

Flight Limitation Charts for external carriage are presented
in Figures 33 to 4.0 for the following components.

Figure 33 - VT907 Fuze (700C)

Figure 34 - Ejection Release Unit Cartridge No.2 Mk.2 (700C)

Figure 35 - Ejection Release Unit No.2 Mk.l (700C)

Figure 36 - Igniter Frangible Pillar No.IA Mk.l (700 C)

Figure 37 - 1,0001b Bombs N1, Mk. 10, Mk.83 and 5001b Bombs Mk.21
and Mk.82, Mod 1 (76 C)

Figure 38 - 2" Rockets A/C No.2 and No,3 in Launcher No.7 Mk
(MATRA) (60 0c)

Figure 39 - 1,0001b Bomb M.C. H6E. Mks 6 to 12 and 5401b Bomb Mk.2
(Torpex filled) (76 C)

Figure 40 - Explosive Bolt (pylon jettison) (70°C)

( ) indicates maximum temperature limitation.I!
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Method-of Use of Flight Limitation Charts

The following examples are presented to illustrate the method
of use of the charts, and for illustrative purposes the chart for the
1,0001b Bombs NI6 Mk.10 and Mk.83 having a maximum temperature
limitation of 76 C has been selected (Figure 37).

Examples

1. A sortie is required to be flown with a low l 8 vel dash over
land In a sea level ambient temperature of 40 C; the Mach
No. and duration of the dash phase being 0.85 and 15 minutes
respectively. The cruise phase of the sortie is required
to be flown over sea, the ambient temperature being 300C and
it is required to fly at a Mach No. of 0.70 for 80 minutes.
What is the minimum altitude at which the cruise phase must
be flown to prevent over-heating?

Starting at graph 1, the Mach No. is set on the appropriate
sea level ambient temperature line, and a horizontal line
drawn from this point onto the left hand side of graph 2.
From this point on graph 2, the shape of the curves is, then
followed, until an intersection Is made with the vertical line
through the required low level dash duration. A horizontal
line is then drawn from this point onto the left hand side of
graph 3. This procedure is then followed until the point on
the left hand side of graph 7 is reached. On graph 7, the
lne is drawn horizontally across the graph, the point where
this line intersects the vertical line through the required
ambient temperature then gives the minimum altitude required.
For this example, the minimum altitude is 31,000 ft.

2. A sortie is required to be flown entirely over land In a sea
level ambient temperature of 45 0C. A cruise phase of 20
minutes flown at a Mach No. of 0.70 at 30,000 ft. Is required.
What is the maximum duration of the low level dash which can
be flown at M - 0.82? Starting with graph 7 and working
from right to left the duration is found to be 8 minutes.

CONCLUSIONS

This paper has outlined some of the work undertaken by
Hunting Engineering Limited on the problem of kinetic heating of
conventional armament and equipment when carried on sorties of modern
day aircraft.

Temperatures reached by sensitive weapon system components
and associated equipment have been shown to be dependent upon:
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Sea Level ambient temperature.

Exposure to solar radiation.

Flight Mach. No.

Flight duration.

Mathematical models used to compute the temperature-time
histories of components have been outlined and generally validated by
comparison with experimental results for a complete range of different
heating environments and weapon systems/installations.

The results of mathematical modelling exercises have been
presented and used to compile Flight Limitation "Carpets". These
"carpets" presenting combinations of:

Sea level ambient temperature.
Flight Mach. No.

Flight duration.

which ensure overheating of temperature sensitive components does not
occur.

An alternative, and more flexible method of limiting an
aircraft's performance to preven't overheating of components, the
Flight Limitation Chart, has been outlined and its use demonstrated.
Using the Flight Limitation Charts a typical two phase flight sortie
can be planned "on the day" to ensure overheating does not occur.

The type of work presented in this paper has been in progress
in the UK for approximately 13 years and we are confident that we have
the necessary experience, mathematical models etc. to cater for todays
and tomorrows flight environments.
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APPENDIX 1

THE PROBABILITY OF THE

OCCURRENCE OF HIGH AMBIENT AIR TEMPERATURES

AMBIENT TEMPERATURE

Since the temperature achieved by an object in the shade is a function of the
ambient air temperature, it is important that thefrequency of occurrence of
high air temperatures be examined. Fig. 1 shows a map on which are marked
isotherms of the highest ever recorded temperatures (absolute maximum
temperature), Fig.! shows isotherms of the average of the highest temperature
recorded each year (average annual maximum temperatures), and Fig.3
shows isotherms of the average of the daily maximum temperatures recorded
in the hottest month of the year.

Accurate prediction of the probabil'y of particular ranges of temperatures
occurring cannot be made without detailed examination of the records of the
1800 meteorological stations from which the temperature cbarts have been
compiled. On the basis of the data available, and the following simplifying
assumptions, estimates have been made of the probability of specified
temperatures being reached.

Assumptions

In order to provide a simple method of numerical comparison, the following

assumptions have been made:

() That the meteorological data used relates to a mean period
of 25 years.

(ii) That the maximum temperature recorded in the last 25 years
is reached or exceeded at least once in any 25 year period.

(iii) That maximum temperatures fail to reach the average maximum
as often as they exceed it.

(iv) That, if the probability that the maximum temperature occur-
ing on any day will exceed an average maximum is -. , the
probability of the temperatures being at or above the aver-

age maximum at any time (overall probability) isA; i.e.
it is assumed that the maximum temperature in any 24 hours
is maintained for six hours. However, the absolute maxi-
mum temperature is unlikely to be reached or exceeded for
more than 1 hour giving an overall probability of 4

On the basis of these assumptions it can be stated that:

(1) At any point on an isotherm of absolute maximum temperature
(see Fig. 1) the temperature will reach or exceed the temp-
erature of that isotherm for more than 1 hour on cjne day in

25 years, giving an overall probability of 2,5 x 36 x Z4 21 .
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(2) At any point on an isotherm of average annual maximum temp-
erature (see Fig.2) the temperature will reach or exceed
the temperature of that isotherm on one day in two years,
giving an overall probability of

(3) At any point on an isotherm of average daily maximum for the
hottest month (see Fig.3) during that month the temperature

Iwill exceed that of the isotherm on 15 days of the 30.
During the year the temperature will exceed that of the iso-
thermonmorethan 15 days since it may do so in months
other than the hottest. Hence the overall probability is

15 1
greater than j65 x 4 96

In areas bounded by an isotherm the probability of the occurrence of the
temperature of that isotherm is greater than at points on that isotherm.

Figs. 4 - 8 inclusive, show maps on which the three types of isotherm con-
sidered are combined as lines of 'iso-probability' for Fixed temperatures of
30, 35, 40, 45 and 50kC respectively.

Table 1 shows the regions of the world in which temperatures of 40, 45, 50
and 550C can occur and shows the probabilities of these temperatures occur-
ring.

NOTE: All the information on meteorological conditions has been obtained
from "Tables of Temperature, Relative Humidity and Precipitation
for the World" published by H.M.S.O ref. M.O .617 a-f.
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2 TABLE OF REGIONAL TEMPERATURE PROBABILITIES

TABLE 1

PROBABILITY

During Year 1 1
29 002,920 96

During Hottest Month 1 1
18,250 243 8

TEMPERATURE REGION

550C *1"  Small area of Sahara Nil Nil
Desert

50C Area of Sahara in 2 small areas

Algeria, Tunisia & of Sahara Desert
Libya. Small area
of Sudan, Persia,
Iraq, Pakistan,
Australia & U.S.A.

450 C North Africa, Sahara Desert Small area of Sahara

Mediterranean, Arabian Desert, Desert
Middle East, Persia, Afghanistan & Pakistan.
Pakistan, India, Small area in Austra-
Australia and small lia.
areas in U.S.A. and
South America.

40OC African Continent, North Africa, Arabia, North Africa
Southern Europe, Persia, Iraq, Syria, (Inland), Arabia,
Southern Asia, Afghanistan, Pakistan, Iraq, Parkistan &
Australia, U.S.A. Turkmen S.S.R., India.
and areas of South Kazak S.S.R.,
America. Uzbek S.S.R.,

India, Australia &
areas in U.S.A., South
America & China

'The absolute maximum world temperature recorded is 570C.
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ELECTROMAGNETIC CHARACTERISTICS OF ARMAMENT EQUIPMENT

Article Unclassified

(U)

By

Edward Dankievitch

Dayton T. Brown, Inc.

&

(D. Ballard, AIR 53211)

Naval Air System Command

Abstract. (U) Aircraft armament systems initally were thought of
as electromagnetic hooks that dropped bombs. The technical advancements
in aircraft electronics and the increased level of the radiated environ-
ment has exposed the armament system as both victim and foe in the elec-
tromagnetic compatibility war. It is the purpose of the laboratory to
verify if the test item meets the parameters of its design specification.
However, much of the armament equipment used today has been designed to
old specifications, the obvious result being the equipment "meets spec."
but is a potential problem in actual use. The purpose of this paper is
to describe the results of testing armament equipment in a realistic
electromagnetic environment. The goal is not to call for a redesign of
all armament systems but to expose the hazardous area to the aircraft
designer so that steps can be taken to ensure mission success.

"Approved for public release; distribution unlimited."
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FIGURES

Figure 1 Wing Ground Plane
Figure 2 Conducced Emission, CE03/04 Triple Ejection Rack
Figure 3 Radiated Emission, RE02, Rocket Launcher Pod
Figure 4 Conducted Emission, CE03/04 Rocket Launcher Pod
Figure 5 Conducted Emission, CE03/04 Multiple Ejection Rack
Figure 6 Radiated Emission, RE02, Multiple Ejection. Rack
Figure 7 Radiated Emission, RE02, Frequency Coded Firing Switch
Figure 8 Conducted Emission, CE03/04, Frequency Coded Firing Switch
Figure 9 Conducted Emission, CE03/04, Linear Electromechanical Actuator
Figure 10 Conducted Emission, CE03/04, In Flight Operational Bomb Rack

Latch
Figure 11 Conducted Emission, MIL-I-6181D, In Flight Operational Bomb

Rack Latch
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Not too long ago, the armament systems were thought of as electro-
mechanical hooks that dropped bombs. The concerns of the armament de-
signer were in the areas of mechanical loading, lag time, and that the
system functioned during cold temperatures and altitude. Far down on
'ha designer's list of concerns, if at all, was radio frequency inter-
ference. This placement was justified by the fact that the specifica-
tions allowed "no limitations" on the amplitude of manual operated
switch transient noise, not exceeding a maxium occurrence of twice per
normal operational period. The general interpretation of "operational
period" was, in the case of aircraft, one flight or mission. The re-
sult of all this was the broadband transients generated during the
activation of the armament system was exempt from measurement and thus
control. The susceptibility requirements of the old specifications
also failed to test the equipment to realistic requirements. It was
reasoned that a system composed of electromechanical devices could not
be malfunctioned by the electrical field created by applying 100,000
iav to the terminals of antenna.

Laboratory testing of armament systems under this type of specifica-
tion interpretation produced few failures and thus created a sense of
security among the manufacturers and the users.

The technical advancements iritnessed during the early 1960's caused
soma people to stop limiting their thinking to terms of Radio Frequency
Interference and consider the electromagnetic compatibility of the entire
system. For example, the possible activation of electro-explosive devic-
es accelerated the study and implementation of Hazardous Electromagnetic
Radiation effects on Ordance precautions. As good as the HEMO precau-
tions were, they were concerned with only part of the problem. As the
aircraft became more technically advanced, it also became more suscepti-
ble to voltage transients in addition to creating vast amounts of conduct-
ed and radiated RF energy itself. The problem and its potential for dis-
aster was recognized as one of compatibility among all systems, whether
located on the aircraft, land-based, or shipboard. In short, the system
must survive the RF environment; it must function within and it matters
not if this environment is intentional, inadvertent, friendly or foe.

As the interest in the EMC parameters of the armament equipment in-
creased, the testing techniques and procedures were then scrutinized.
When an older RFI specification was called out in a drawing package, it
asked for noth-in more than a test on a black box. Little consideration
was taken as to what the item was, how it operated, how it was grounded
and what it was expected to do. The point most often overlooked was what
were the needs and requirements of the aircraft manufacturer, and could
compatibility between armament and aircraft be possible? In an attempt
to test the equipment in a configuration most nearly simulating the air-
craft installation, some basic changes to the test specification setups
were proposed. The first was to design a fixture that would provide a
typical ground scheme for the equipment. The specifications in general
would have the equipment setup on a ground plane and bonded to ground via
a copper strap. These ground straps connected to the cleaned surfaces of
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the teat item and soldered to the ground plane would provide the beast
possible gound.

However, In the real world, as in the case of a HE or TER, the
ground would be through only a single long wire. The mounting lugs and
swa7braces would in moat case be anodized and painted, and could not be
relied upon for any type of ground path. It is this, the real world not
the ideal, that the equipment must be tested in. The proposed fixture
took the form of a wing ground plane. It was 10 feet long, 4 feet above
the screen room floor with one end bonded to the screen room ground. On
the outboard and, provisions were made to mount the armament to be tested.
Non-conductive supports were provided to handle the weight of the various
pylons, ejector pods, and bomb racks. The power and signal/control ca-
bles could now be routed down the 10-foot wing ground plane to an auxilia-
ry scraen room entering through a filter panel. Control circuits were
designed for each test item to provide power, control and to monitor its
operation. The use of the anteroom provided RF isolation for the test
equipment. 7hus the emission and susceptibility parameters of the test
item could be measured without chance of test equipment upset.

The providing of a realistic test bed for armament testing was par-
alleled by the interest of the aircraft manufacturer to know exactly the
RF parameters of government - furnished equipment. Interest in this area
reached a peak when the difficulty in suppressing the EMI failures of the
AMAC system became known. It was stated that perhaps the AMAC wasn't
such a large problem when it was known that other equipments had demon-
strated EMC failures equal to, if not greater than, the equipment in
question. It was at this point that the manufacturer of the S3A request-
ed the electromagnetic emission profile of all FE armament equipment it
would carry.

A test program was undertaken that would provide an EMI data base
for all OFE armament equipment. The equipment was tested to the same
specification that it was designed to, with the exception that all tran-
sients were to be measured and recorded. In addition, testing was also
performed to the requirements of ML-STD-461A.

Prior to the preparation of the data bank of EHI data on armament
equipment, a search through our files was performed to determine the
magnitude of the problem. This search exposed excessive emission levels
emanating, both conducted and radiated, from MR racks of 100 dB above
the MIL-STD-461A limits. The collections of EHC data yielded the follow-
ing rsults:
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Max Above Spec. Max Above Spec.
Itec Specification Conducted Radiated

TER MIL-STD-461A. 72 dB-
LAU-68/TER MIL-STD-461A 40 dB 60 dB
MER MIL-STD-461A 100 dB 68 dB

M MIL-STD-6lA 75 dB 35 dB
BR 14 (LEMA) MIL-STD-461A 75 dB -

FOBl. MIL-STD-461A 68 dB -
IPOBL MIL-I-618lD 42 dB -

This is a brief suiary of the work that was performed. It is in-
tended to demonstrate that the armament equipments are capable of pro-
ducing high levels of broadband transient noise.

It should be noted that not only are the electromagnetic components
a source for this RF energy, but also the initiation of the impulse car-
tridges. When this data was presented to the Navy, the question was
asked what problems are caused by MNI in the fleet. Are not these equip-
ments in current use with little adverse effects? The response to these
questions was that the high level M possesses greater threats to the
newer aircraft utilizing solid-state components and low level logic. The
result was obvious; all the equipment in present use could not be sup-
pressed and the new aircraft using this equipment would have to protect

itself against it. In the case of the S3A a study of its EMI vulner-
ability was concentrated in three areas. The first was to determine what
level of broadband emissions it could tolerate. The second was to per-
form on-board compatibility tests with those equipments judged to be po-
tentially hazardous. The third and most unlikely to implement was the
suppression of the actual offending component. The reason for this was
only on new contracts could the newer specification be imposed. The
three-step program worked quite well. Components on the BRU-14 selected
for suppression were the IFOBRL and LENA. An in-cable filter was de-
signed for the TER but was not needed when the compatibility tests in-
dicated the TER acceptable.

Up to this point the discussion has been focused upon the RY noise
generated by the armament equipment and the vulnerability of the new
aircraft. The next topic is then the susceptibility of the armament
equipment. The Electro Explosive Devices were protected by the efforts
of the HERO comanity and relays and stepper switches were not likely
to be affected by EHI. The cause then for concern came about for tvo
reasons: the new specification introduced a variety of susceptibility
tests and the use of low level solid-state circuits. Two items found to
malfunction in the presence of RF energy were the Electronic Stepper
Switch and the Frequency Coded Firing Switch. Another problem was the
RE transient caused by the cartridge ejecting a sonobuoy, suscepting the
firing circuits and thereby ejected several other sonobuoys.
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Do aaproblin exist in armat systems? 'eided Thycte

it, are themslYs affected by it and P0.SSSS the ability to upset othen

eq~pmetS Wehae sena tim u'en Ma as of Very little concern. I

the w * We6O s his eu 8o00ngSt concern f or what amount of P energY

it Mitted. The twjm0logioal advanCeits in it *a its ctlci

mit ha ~idethe arMament system a 'potentiAl 'i'iCt!= to MMl. "ai Pre-

eout has, .iPOSed Yet muother problem. lqev aircraft will betetdi

field strengths of 200 Vim, and in carrier-based. operation could experi-

sine feldstrngts I exeSSof severl hundreds of volts per lter.

V The concern then, in addition to it 1~~sSi±Y is inerg arainto

* ~itself acting as. an antenna and coupling this high lvelSenryit

the aircraft system.

The purpose here is not to discourage the use Of sol4.d-statat digit-

al Composite vaterials, or any of the other advancing tachnologi,0S, but

to expose the possible hazardous areas to the designers Of aircraft and

armaentsy~emso that steps can be taken to ensure that all system

are compatible and the aircraft can function successfullyintsel
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I mOf THE PERTURBED MCR 1( OF All AIRCRAFT
POLLONIG THE JMT ZXSING OF A 3TME

(Article UNCLASIP=)

bT

Bridbar N. Ramahendra
lesinp Bureau, Hindus tan Adrcnatis Limited

Bangalre-5O017, India

AB82RACT. (U) Military aircraft carry stores like bombs,
rowets and fuel ta s which have to be Jettisoned as required
oy the particular flight mission. The weight and Inertia ca-
tribution of these stores forms a significant fractinm of the
eareu panding paramoera of the basic aircraft. 2urther, in the
case of externally carried stores the aerodyaamic chracteristio
of the basic aircraft are also modified signiZicantly by these
stores. Jettisoning of the stores imparts an impulive change to
'the Inertial and aerodynamic parameters of an otherwise trimed
flight thereby producing both linear and angular accelerations
to the aircraft system. The paper studies the perturbed action
of an aircraft in the short Interval before the vehicle in
triiwd again by the Pilot after the stores are Jettisoned.
Beginning with a set of four coupled differential equations of
aotion, analytical solutions bsae been obtained for the symaetrical
gay2ity 3ettiaoning of the stores, giving the trim changes and
vertical accelerations encountered by the aircraft. An expression
is also given for calculating the installed drag and lift
coefficient of stores in the presence of the aircraft flow field
from a messurement of the aircraft accelerations immediately
after release. Examples of typical flight. path perturbations for
a hypothetical aircraft configuration have been calculated.

"Approved for puolic release; distribution unlimited"

125

r

- A." ,, q
N * Ip-



LIST OF PIGUREM

Pig. 1 . Aircraft and its coordinate system.

Fig. 2. Description o store location geometry.

Pig.*. 3 Variation of longitudinal velocity Af vs. t.

Pig. A. Heaving velocity4O vs. t.

Pig. 5. Variation of pitch velocity vs. t.

Pig. 6. Variation of pitch angle a vs. t.

Pig. 7. Variation of yawing velocity r vs. t.

Pig. 8. Variation of 7? vs. t.

Pig. 9. Variation of ' vs. t.

Pig.1O. Variation of vs. t.

Pig.11. Perturbed trajectory (wind axes system)

LIST OP APPDICES

Appendix-1 Aerodynamic data of aircraft

Appendix-2 Aircraft-engine-store data

Append..x-3 Assumed store installation location

Appendix-4 Table of integral

Appendix-5 Aircraft response to store jettiscn

126

L Ulk



LIST OF S.hM0LS

Inv a mass of the basic aircraft after ettison

' 10- ma at the store

momen t of inertia of basic aircraft about y and z axes

MZ IaMUaets of Inr,! fjr r aLv their C'Sd -

and sazes

Initial c ise veloolty of aircraft before jettlson alongX-exi

U,4e.4 perturbation vel lty components along x and s axes

54 - velocity commoents of aircraft slcg x and a axes

a angular velocities of aircraft about y and z axes

-J2 engine r.p.z.

r enzne thrust
S cruising altitude of aircraft before 4ettiaon

r radii of gyration of basic aircraft about the basic
S aircraft ae.g.

'~ ~ -radii of gyration of 'stores about their body c.g.

HHe) aBviside unit step function

radius of gration of engine about the axis of rotation

Sdiaensionless lo gitudinal displacement of aircraft in the
wind axis system (positive -o right)

a dMmnsiculess vertical displacement of aircraft in. the
wind axes sytnem (positive downward)

a mean aerodynamic t1w

* - angle of pitch (positive nose up)

aangle of yaw

densdity ratio
a v = /Pf¢ a airplane relative based an a.s.c.

~, (,a drag, lift and pitching moment coefficient of the basic
arraft

Cc drag, lift and ament coefficient deriatives due to

, = stab izer, rudder and aileron deflection

'5 . "drag, lift ad moment' coe .i .ont due to th exernal store
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D"OWCI

Military aircraft carry stores like bombs, rockets and fuel tanks

which have to be Jettisonsd as required by the particular flight mission.

The weight and mmnt of inertia contribution of these stores forms a

3ialficant fract o. :f be. corresponding psarameters a- :he basic -:rc--,,..

Purther, in the case Of externally carried stores under the wings and/or

the fuselage the aerodynamic characteristics of the basic aircraft are also

modified significantly. Jettisoning of the stores imparts an Impulsive

change to the inertial and aerodynamic parsamters of an otherwise trimmed

flight thereby producing both linear and angular acceleratins to the aircraft

system. However, the developments leading to the conformal carriage of

-stores to alleviate the problem somewhat. These accelerations are made very

mah ae severe with the use of power ejectiun for the release of stores

as with FU an single store pylons or TER or NR systems which generate uprd

reaotions comparuole to the aircraft weight. It may be expected that the

release of the store disturbs the equilibrium of the aircraft for only a short

-.. &ration duration after which the Pilot applies corrective action to restore

It back to equilibrium. The perturbations will be seen to consist of a

longitudinal acceleration of the aircraft along the flight path due to a

madden reduction in mass and aerodynamic drag due to release of the stores.

Again the moment equilibria about the airplane center of gravity is upset

due to the sudden removal of the gravity moment, the moment of inertia and

the aerodynamic contributions to these moments of the stores. This causes

aircraft pitching which when coupled with the groscopic inertia of the engines

also generates a small yawing motion. The yawing motion is aggravated in the

case of unsymmterical store Jettison when a rolling motion is a natural

Sonsequaence.

MATHOATICAL FMTAI

Consider the mation of an aircraft (Pig.l) carrying external stores

like drop tanks, bombs or miasiles carried either externally or internally

as the case my be, In case tbe stores are carried internally either within

the fuselage or the wing, the aircraft experiences finite perturbations to

Its meass and inertia characteristics because of Jettisoning of the stores.
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If the stores are carried externally on pylons, Jettisoning the stores

causes finite perturbations to both the inertial and the aerodyuamic

oaracteristice of the aircraft. These perturbations cause momentary

variation& to the trimned recti-linear flight .ath. of the aircrat., at the

tim of jettison. We sha1l be interested In studying the perturbed flight

path of the aircraft In the few moment after jettison before the human

pilot or autopilot system applies the necessary controls to restore the

aircraft to reoti-linear motion.

To begin with, we sha consider the case of gravity Jettisoning of

tW stores symmetrically with respect to the longiudia l axis of the

aircraft. The general equations of motion relevant to this problem are

7n 'm ','441)

-. Asuin tha I ' c -9)' + T= O  O '

Asslyllm that; the stores are jettisoned symmetrically with the aircraft

trilmed for straight and level flight and that the engine thrust line passes

through the longitudinal axis of the- aircraft we get

Jrtbhr asoumlin that the aircraft Inertia distribution is nearly

symmetric so tkst 1 - 0, we my write eqns. 0i as
XS 0

wre ~vP 0 9 I are dsfined by and

A. ru . _~i#~

c,+ (-134)
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The axes of coordinates (x, y, s) are shown in Fig.1, space fixed

coordinates being used with the origin coinciding with the center of gravity

of the aircraft at t a t 0 and the fl1ight path assumed parallel to the x-axis.

At tim t a%,j ;7.~.sonig cd -be, 3%res zausea Uaoiau ous changes'in

the inertial and aero~nami characteristics of the aircraft. The mass and

inertia of the aircraft at a time t my be written in general, as

and the aerodynamic coefficients C , C and C my be written

(Cz ex 4~ ~/11'kC~xi- S

where H(t) is the Heaviside unit function defined by

H(t) 0 t 0 (7)
t >-o J

and assuming the nose up pitching mownt to be positive. When dealing with

problem of cultiple store jettisoning eqn. (5) my be written as

Ni 42 -~Cs

where 1% A £ refer to the mass, y and z coordinates of the i-th

store and the suiatina extends over all the stores jettisoned at one

instant % - 2Urther the aerodynamic coefficients in eq. (6) may be

written ans
C -' " 2--1- X+ Z

/IC) 
(9)

Again, C,( 4  are the drag, lift and pitching mment c ntributicas

of the i-th store and the smtion extends over all the stores jettisoned*1at the instant t t to
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Release of the @tore alters the flow field around the aircraft as a

function of time &a the relative distance between them Increases. Because

of the complexity of the store motion and the even mare complex Interference

f ield. between the aircraft and the storeI the cooff ic: enta of tLag, 1=1.
and pitching moment , C. and 0- respectively becam complicated
fncation, of time t. To zMk the roblem tractable we *sll. assum tho

to be constant during the mll period of tim of interest In this probleao
Further, the induced drag factor K will be assamed to be the sam with or

withat the presence of the external stores. Whereas,, this may not be fully

satisfied with the usual large sized external stores, like fuel tankn, it

may be more valid In the case of high density stores like bombs. If U, be

the velocity of the aircraft at t a to 0end Utol I f', p the perturbations.
In the linear and angular velocities after jettison and seming

we may write the velocity components of the aircraft as

and the resultant velocity of the aircraft as

VM (e '9 S (.o+ " (12)

We shall, assume the angle of atUak c< to be nearly constant during the

pertutbed mo in so that . Further, the engine in seamed to be

operating at a constant rotational speed Ae at nearly constant altitude h°

so that the tbrust T; constant. The equations of motion (3) may be written

in linearised dimensionless form as

i~iO+. ,).=O'I, ,<u +~ , .'w ,, + ( -u.)'- +444
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and urthZ that the products

and representing H(t') by H for -the sake of concisenes.

SOLUTICI OP THE GOVERNNG SQUATIONS

Eqns. (13) represent a set of four couapled, au.tnmoas, linear,

first oder differntial equations for the state variables , f-,, , O

the aircraft together with the initial conditions

"UW0aI-' 0 at t, -0 (16)
An examination of equations (13) shows that the strategy of solution

should be to solve eq. (13a) for Wand use it to solve the remaining

equations of (13) in sequence. Thus, the solution for the longitudinal

velocity perturbation may be written from eqn. (13a) as

. ,(17)

wbare

( (18)

S= C"./O?,,& =2KP O+m,,,').

The% perturoation is seen to be an exponentially damped fAmction in tie

%I with a time constant f defined aiove and attaining a maximum value

given in eq.(18) asymptotically. Further, from eq.(18) it is also seen

that for a given aircraft, the relaxat ion time increases with altitude

and the relative store mass parameter m'. The longitudinal acceeration

along the flight path after Jettison is larger for high drag and light

weight stores than for low drag and heavier ones. Using L we may write the

solu.tion of in eq.(13o) with the initial condition (16) as

:i= f '/&p>f')][,p o-j # + , . , ](19)
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0+ W9 2M/M:

M. M 2-. 1-,- (20)

with f asumed positive nose-up. Since -,integrating 7with
respect to 'e obtain a express I=i for the =le of pitch 9 as

Again, the soltion of the hearing velocity perturbationf my be obtained

froa eq.(13b) and after some simplification can be written an

fh,+ 4(I+ )Jt~~~jjJ~f(22)

wheoe hall(23' (J- 9W)% ,k,, 'f'. .+.s. h urf,,"  o- (23)

Similarly, the solution for the yawing velocity perturbation ; may be obtained

from eq. 13(d) which amy be written after simplification an-

;t~ ~?~.z-.A4(24)

where J 7 aa " (25)
The vertical acceleration ??.r of the aircraft, normal to the flight path, at

the instant t - 0 due to the store release can be written
,,,1/ _ _(26) .

where0Ja is obtained from eq.(24a) by differentiating with respect to tI

and setting t' - 0

(27)

and is U2 Proude' number of the aircraft.

The longiUadInal acceleration ??a of the aircraft along the flight path due

to the store release is given by

(28)
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.1 where u*is the mauimum flight path acceleration attained at the instant

!

t' a 0 and i given by eq.(18). It in also seen from eq. (28) that 7;C

decays exponentially with time with a time constant This expression

-- cai ne used zo st±maze -1e insaalled drag coe LiciLen; of me = a

!! cluster of stoes from flight tests by measwing the longitudinal accele-

ration % of the aircraft with a sensitive accelerometer, since the

airplane zero-lift drag coefficient C t nduced drag coefficient

and the trim drag coefficient 'J will be kmow for a given aircraft.

If the accelerometers are placed in the plante of symetry of the

aircraft at its center of gravity with their axes parallel and perpendicular

* to the longitudinal axis x' of the aircraft, the measured accelerations

(l 1 1,e )in the body axes system are related to the accelerations (WCN ')
of eqns. (25) and (28) in the wind axes system by the equations

= "(29)

which are reduced to= 7 -=,e C = Z (30)

for smll. angles of attack~ oC of interest.

The store drag coefficient C, May be expressed from eq.(18) as

EC, + C/,m, r.. cc~ -I+ S_ (31)

This expression may be compared with that given by Pinsker Ell and

King r21 . Pinsksr's expression for the installed drag coefficient of a

store may be written in terms of the present symbolism as

~L1 (32)

W.Bailarl , eq. (26) my be used to obtain tbe installed lift coefficient

CZ~ which, even though of relatiel.y secondary importance, is nevertheless
of Interest In the study of aerodynamic Interference problems. Thus, we

write 4an

It Is interesting to study the trajectory of the aircraft In the wind axes

s'fter releasing the store. The traectory parameters ,)
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are obtained by integrating ega. L ,4V andr with respe to t' and may be

written as

~-pfn)U-,P)G Le, ~d

rn this is the angl. of yaw of the aIrcraft at time t' with respect to the

initially trimmed flight path direction.

-Appendix '3 contains a list of typical integrals used in obtaining the

above solutions.

DISCUSSI OF SU IMS

Pigs. 3-8 show the variation of the perturbation parameters ,(, ,*

0 , 4 with the diaensionless time in the interval 0"o t I 1 for the
Phantom P-4 aircraft with assumed engine data for a typical case of symmetrical

jettison of 2 x 1000 lb. bombs for two flight alti udes 0 and 15000 ft. and

three Mach numbers 0.6, 0.8 and 1.2. Cases of uijmtaneous release oX 4 x 1000

lb. bombs are shown for the tiectory paren ters and .The variation of

the perturbation trajectory parameters , , of the aircraft for a given

altitude and Mach number are shown in Figs.9 and 10 as a function in time in

0 < t' <1 in the wind axes system while the perturbed flight path itself is

shown in Pig.11. The aerodynamic characteristics of the aircraft required for

these example calculations have been taken from Ref.3 and are listed In

Appendices 1 and 2 while the store inertia properties and their assaed insta-

ilation locations ire listed in Appendix-3 for a particular type of 1000 lb.

uOmb in use.

* . It is seen from these :±&res thst, in general, all the parameters , ,

, show a reversal of trend between M a 0.8 and 1.2 for both h = 0 and

h - 14 [ft which may be explained by the differences in the aircraft aerodynamic

c€aracteristic. in the subsonic and supersonic speed regimes. The relaxation

time r increases with altitude and decreases with Mach number as may be

expected.
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The variation of the longitudinal velocity perturbaticni is shown In

Fig.3. The perturoation velocity u exhibits a nearly step jump over a short
time period, the mgnitude of the iump decreasing as the flight Mach nmber

increases from I = 0.6 to 1.2.. The increment ZL in the lcnaitudinal

velocity increases from 14% at I - 0.6 to just 2% at 9 - 0.6, the increments

increasing with the flight altitude. Increasing the number of stores

jettisoned also increases M although not appreciably.
mlax

The Interesting behaviour of the heaving velocity perturbation V for

h - 0 and N - 0.6 is show in Pig.4 for the case of siultaneous jettison

of 2, 4 and 6 x 1000 lb. bombs where it is seen that -W<0 (upward) at first
attaining a maximam negative value and soon changes into a positive (downward)

velocity, increasing monotonically and rapidly. It is seen that the time

Interval over which this trend reversal of - occurs decreases rapidly as the
jettisoned weight (the number of 1000 lb. bombs) increases, the magnitude of

the ,mxi ,m negative value of I also following a similar behaviour.

The perturbation pitching velocity and the pitch angle 8 are

increasingly nose up between M - 0.6 and 0.8 and become nose down for I = 1.2.
The pitching velocityl(Pig.5) caused by store dropping is also seen to be

significant and larger at higher altitudes than at sea level due to the higher

density and the aerodynamic damping prevailing atithe'.lower altitudeS.i

The yawdng angular velocity perturbation C (Fig.7) due to the coupling

between X and engine gyroscopic torque changes sign in the same lach number

range as aoove, although nevertheless, the heading change caused is negligible
i~i (zig.e).

Pigs. 9 and 10 for the variation of ' and X with t' show the nearly 1near
behaviour of all the curves. The actual perturbed trajectory of the aircraft

in the wina axes reference frame appears to be nearly linear (Fig. 11), the

flight path becoming steeper as M increases from 0.6 to 1.2. However, the sign

of the flight path slope reverses as M increases from 0.6 to 1.2. The sign

of the flight path slope also reverses as V increases from 0.8 to 1.2 for both

sea level and 15000 ft.
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Appendix 5 contains a table of the overall aircraft response to stores

release as a function of altitude, Mach number and the weight of stores released.

The longitudinal acceleration n . due to store jettiaon is seen to be higher at

.ea .evei. :z=n. 1. 1003 ft. au to zte irsamer-izare L-a 1rei ?i.ef 'jo-cai-ed at
sea level compared to that at the higher altitude. The norial acceleration

in lover at a higber altitude than at sea level increasing from N n 0.6 to 0.8

and aecreasing between I = 0.8 to 1.2.

In the case of unsymmetrical store Jettison, the analysis requires

consideration of the roll mode of the aircraft and side slipping motion in

addition to the four degrees of freedom considered above. Thiis will be discussed

in a later paper.

The aircraft uncergoes a longitudinal trim change due to the release of

the store and the subsequent motion so as to bring the airplane back to the

initial trim speed k prior to store drop and in addition to equilibrate the

longitudinal moment unbalance.

The above analysis of the aircraft motion can also be used in the case of

stores elected from TER or MER or single store pylons in which the stores are
given an initial inpulse, essentially in the form of a downward velocity. The

aircraft experiences a reaction comprising of an upward force and a corresponding

moment about the center of gravity of the aircraft which may be modelled for

mathematical analysis in the same manner as above in the case of gravity release.

A method for calculating the disturbed motion of an aircraft subsequent to

release of exterl stores has been described. A method for the flight deter-

mination of the installed drag and lift coefficients of single or multiple stares

using these results is also indicated.
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APP-DIX- 1

ABRONNAMIC DXTA OF AIRCRAFT

Oft. 6.1 15000 ft. 6- .565

o 0.6 0.8 1.2 o.6 0.8 1.2

* 1.3 0.5 0.4 3.4 1.2 -0.3

0 0.4 -1.0 -1.25 -0.4 -1.5

C4. 0.15 0.08 0.03 0.21 0.15 0.05

Ce .0205 .015 0.04 .028 .0205 0.04

c.0 -.0171 -.0143 -.0402 -.0155 -.0174 -.0399

C .0082 .0030 -.0021 .0228 .0078 .0006

Cv -.1504 -.0801 -.0297 -.2113 -.1504 -.0501

4, .0095 .0128 .0016 -.0027 .0058 -.0039
C.x 0":.. . 7- 0." ". . ., . .

c .G0 .0034 -. 0078 -. 0122 -.0037 -.0134
.,. .0095 .0095 .0095 .0095 .0095 .0095

CA& .0082 .0030 -.0021 .0228 .0078 .0006

C. S -.3599 -.345 -.3000 -.3843 -.3699 -.35

-1.5871 -1.5669 -1.837 -1.6547 -1.6209 -1.9586
- .36 .345 .3 .385 .37 .35

,/sbma) -.53 -. 48 -. 45 -. 56 -.53 -.51

C/ -,I) -2.35 -2.32 -2.72 -2.45 -2.4 -2.9

-. 068 -. 58 -. 025 -.0725 -.o63 -.035

.0o .01 .005 .005 .009 .0065

S.0025 ,004. .001 .0024 .0035 .0100

o4 .035 .028 .004 .04 .035 .015

r (/. 5796 7539 45235 4472 5821 25558
4(0v) 537 955 2148 302 539 1214

6333 8493 47383 4775 6360 26772
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AIPENDIX - 2

AIRCRAMT-UGINE STORE DATA

50ft 2

= 6.; .
b a 36.6T ft.

I n 122186 slug - ft 2

, 139759 slug -

w 3672 l. (J79U8S)

Kee - 1.1 ft.

m 9.67 ft.

- 8.0 ft.

- 1000 lb.

- a 8.872 lug f%2 per bomb

0 8.872 ,uj ft 2 p. bomb

- 38924 lb.

Rotor weight' 40% Engine weight

Rotor mass u 0.4 x Engine mass a 45.652 slugs (asammed)

Engine max. R.P.M. a 10000, idling r.p.m. - 0.4 x Max.

r.p.m. (asmd)

Engine idling angular mmntum - 23200 slug - f 2 /se.

rad:L of gyration of rotor - Ke - 1.1 ft.

.0019 per bomb.
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ASSUMD STORE STALLATICI LOCAT ICE

0. 5 (b/2) spamii*

0.2 a qlzeawlse an chord (local anora -. it)

0.35 a below the win~g

05x 2 9.67 ft.

-8 ft . asswpd

C - 0.00167 x28 0.00095
.4 ;;s530 x (0.3048)7

S0.3207z0.508.

0.304058 ft. 0.5345 ft.

=Z x (.5345 )2 8.872 su
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APPMEDIX-

TABE 0P fLITEGRALS

2. HO+G 5'(€= Cxlo

3. Se ( +,H~ , = e/- IW/O

-' (/I f- a,)

9. +C'*

*14
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AXRCBAET BE8PKSE TO STORS JETTXSOR

B3ob Kf K 4 UI er & Tr ZCc*-?2€,,'00 -f I 0175 44

2 x 1000 0 .6 -. 14 -. 1548 .-1.0709 .0012,-1 ,.4796

2 x 1000 0 .8 .03 -. 2075 -1.1082 .000403 1.1097

2 x 1000 0 1.2 .02 -1.1578 - .8573 .000090 .7398

2 z 1000 15 .6 .23 -.1167 - .8808 .002521 1.5625

2 x 1000 15 .8 .06 -. 1554 - .9956 .000798 1.1719

2 x 1000 15 1.2 .02 -. 6542 - .8412 .000177 .7813

4 x 1000 0 .6 -. 35 -. 1600 -1.0669 .001338 1.4796

6 x 1000 0 .6 -. 16 -. 1649 -1.0632 .00140 1.4796
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A RAPID PREDICTIVE METHOD FOR THREE-DIMENSIONAL
TRANSONIC FLOW FIELDS ABOUT PARENT AIRCRAFT

WITH APPLICATION TO EXTERNAL STORES
(U)

(Article UNCLASSIFIED)

by

Stephen S. Stahara
Michael J. Hemsch

Stanley C. Perkins, Jr.
John R. Spreiter

Nielsen Engineering & Research, Inc.
510 Clyde Avenue, Mountain View, CA 94043

ABSTRACT. (U) The initial development of an engineering
predictive method for external store trajectory applications
at transonic speeds is described. The work represents the
first phase in the systematic development of a capability for
determining six-degree-of-freedom store trajectories from
realistic fighter aircraft configurations at speeds through-
out the transonic regime. The emphasis of the initial work
has been the development and verification of a theoretical
method for the rapid computation of three-dimensional charac-
teristic of modern fighter-bombers. The first objective of
this paper is to describe the method and its initial applica-
tion to a class of simplified wing-body configurations. The
second objective is to present highlights of experimental
results from a parallel wind tunnel test program designed to
test the theory and isolate important features through
detailed systematic measurements of flow fields, surface
pressures, and forces and moments. A description of the
extension of the method to include multiple store and pylon
combinations, which is currently underway, is also provided.

*Approved for public release; distribution-unlimited."
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INTRODUCT ION

The purpose of this paper is to present a progress report
on a combined theoretical/experimental investigation directed
toward developing a razional predictive method for determining
external store trajectories at transonic speeds. The study,
jointly sponsored by the Air Force Office of Scientific
Research, the Air Force Armament Laboratory, and the Air Force
Flight Dynamics Laboratory, is directed principally toward
fighter/bomber aircraft operating at transonic conditions.
The primary objective of this first phase of the investigation
is the development of an accurate and rapid predictive method
for the computation of the three-dimensional transonic flow
field due to the parent aircraft. During a subsequent phase
of the study, which is currently underway, the extension of
that method to include pylon-mounted single stores located
under the fuselage and/or under the wings is being carried out.

In view of the successful external store trajectory
methods recently developed for purely subsonic (ref. 1) and
purely supersonic (ref. 2) flow, noting in particular the
favorable applications of the subsonic method (refs. 3-5),
there is no doubt of the utility of such predictive techniques
for establishing weapon system design criteria. These methods
are capable not only of enhancing the performance and safety
of weapons delivery, but they also provide a means for reducing
the time required for both wind-tunnel and full-scale flight
tests relating to store certification programs.

For applications at transonic speeds, the development
of such techniques becomes significantly more complicated,
and a more intensive development of the basic theoretical
solution method is required due to the essential nonlinear
character of the flow. The linear methods previously devel-
oped for the subsonic and supersonic problems (refs. 1,2) do
not apply and finite difference solutions are necessary.
However, for the complex geometries typical of realistic
external store/fighter-bomber configurations, together with
the large number of separate cases usually required for a
trajectory analysis, the exclusive use of three-dimensional
finite-difference methods is not practical. These facts
identify the primary constraints on any transonic external
store predictive method, i.e., it must be capable of predict-
ing at an engineering level the essential nonlinear features
of transonic flow, while remaining computationally economical
so as not to severely limit its use as a design tool. Addi-
tionally, the method must possess the capability of treating
the complex geometries characteristic of the multiple pylon/
store combinations employed with modern fighter/bombers. The
only method currently capable of accomplishing this, on a
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Bumpy axisymmetric Tunnel center lines

+Dr

3 D

r/D 4 + 3 ' ~D

00 
Z Vo survey

0.2- -JI I L--I locations

'.4.4C.4) iL r/Dm2I
.4

0 -0.4-
0 0

-0

-0. 2

0-

0.27

0 0.2 0.4 0.6 0.8 1.0

*Figure S.- Comparison of theoretical results using outer flow
solution procedures with data at M. - 0.975 for a

parabolic-arc body of revolution with a bumpy
midsection; D/L - 1/14 and L&R/b 1/5.
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rational basis, is the transonic equivalence rule technique,
and that method is discussed in the following section.

The overall plan of the present investigation is to
develop the predictive capability in a framework similar to
hat used in the successful subsonic and supersonic :rograms
(refs. 1,2). This involves the development of the theory in
a systematic, step-by-sten fashion, aided by specifically-
designed, parallel wind-tunnel tests to check and verify the
predictive method at significant points. The tasks accom-
plished during the completed initial phase are discussed in
detail below and include the preliminary development of the
theoretical model, the design and construction of the wing-
body models, separate wind-tunnel tests in the AEDC 4t and 16T
tunnels, verification of the quality of the data and choice
of test parameters, and the initial comparisons of the data
and theory.

THEORETICAL PREDICTIVE METHOD

TRANSONIC EQUIVALENCE RULE

Although the theoretical essentials of the transonic
equivalence rule have been known for some time (refs. 6,7),
it has been only recently that a fundamental mathematical
study and extension of the technique (refs. 8-10) removed
some of the previous limitations and resulted in a method
capable of general three-dimensional transonic flow field
prediction. The major contribution of the work in references
8-10 is the discovery that the transonic flow about lifting,
three-dimensional configurations possesses, under reasonably
mild restrictions satisfied by most modern transonic fighter
or transport aircraft, a particularly simple structure and
symmetry. The flow field has two distinct regions: an
inner, linear region similar to that in slender-body theory;
and an outer, nonlinear region governed by a transonic, small-
disturbance equation. The behavior of the flow in the outer,
nonlinear region is "equivalent to" that produced by a line
distribution along the body axis of a combination of sources
related to the total cross-sectional area, axial lift distri-
bution, and spanwise wing loading, and doublets related to
the axial lift distribution.

The theoretical essentials of the equivalence rule are
summarized schematically in figure 1, which exhibits the
breakdown of the total solution into the various component
problems. The total solution is shown as decomposed into
three categories: the inner solution *2, indicated by the
translating and expanding cross sections in the y,z plane;
the outer or far field behavior of the inner solution,
indicated by the translating and expanding circles; and the
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"M Comvil6-mcn, t Airfoil -poercant Airfoil Surface Prensure Locatloag

X. In . I n.in Pe t c. eet Percent char t, nven Orifice . in,

0.0 0.0 0.0 0.0 0.0 0.0 1 3.00
0.5 0.162 2.5 0.650 0.5 0.928 2 .0

1.0 0.313 S.0 Lo 0.75 1.126 3 5.00
7.5 0.41 .5 1.472 1.25 1.436 4 6.00

2.0 0.563 10.0 1.100 2.50 1.962 5 7.00

:. .703 15.0 .350 5.0 2.26 9 8.00
4.5 0.13 20.0 2. M 7.5 3. In 3.15

3.5 0.912 30.0 3.0 10.0 3.644 a 9.6

4.0 .O0 40.0 3.542 15.0 4.3u1 9 1.25

4.5 1.078 60.0 3.9%6 20.0 4.992 to 11.00
5.0 1.14 60.0 3.170 45.0 .1374 15 I4.15

7.0 1.313 60.0 3.770 30.0 5. 65 12 12.50
660. 70,0 3.554 35.0 5.566 13 13.25
6.S L.28 00.0 2.12 40.0 S. " 14 14.00
7.0 1. 313 $5. 0 2. 170 49. 0 S. W4 Is 14.7$

1. 1 328 90.0 1.476 SO. O $A SO 16 S.50
8:0 1.333 " .0 0.736 SS.0 S.SuI 1? I6.25

100.0 0.0 60.0 S.204 18 17.00
S.0 4.72M 15 17.7s
70.0 4.174 20 16.50
75.0 3.SO 21 19.25
10.0 2.874 22 20.00
65.0 2.16 23 21.00
90.0 1.454 24 22.00
9S.0 0.740 25 23.00

100.0 0.0

16.10" .- 2.00"

y 0.8.00"

zH

(a) Planform. (c) Endview.

24.00"

(b) Sideview.

Figure 6.- Details of model wing-body combination.
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6 [ Supersonic pocket
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Figure 8.- size of supersonic pockets on pressure and
suction side of wing at the spanwise location

y -2 inches.
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Figure 9.- Size of subsonic pockets on pressure and suction
side of wing at the spanwise location y - 2 inches

for various angles of attack at M- 1.025.
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(a) Pressure coefficient comparison for (y,z) equalto (4, -1) and (-4, -1).

-0.2

Y 0 00

-0.1 Data y, in. -

0 7 0
LEQ -7

c 0 T-

0 0

0.1 3

0.2 I
113 12 13 14 is L6 17 i8 1.9

Model station, inches

(b) Pressure coefficient comparison for (y,z) equal
to (7, -1) and (- 7, -1).0.69

figure 3.0.- Side-to-side symmetry comparisons of the 4 data forthe scaled F-16 wing/body combination at a - -1,.0 in.,
a m 0u, M, - 0.925.
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Figure 10.- Continued.

170

... .- . - -'7



I3

F Data y, in.

-4 00

z

1 0

*~ 0 0.

-2

11 12 13 14 15 16 17 18 19
Model station, inches

(e) Upwaah comparison for
3 (4, -1) and (-4, -1).

Data y, in.

20 72 -7

1 0

0 0
41 0 1

0 0O

-3Q I I II

00000 0 0

-0 0
0

-200

11 12 13 14 15 16 17 18 19
Model station, inches

(f) Upwash comparison for
(7, -1) and (-7, -1).

Figure 10.- Concluded.

171

A, ,I "



* outer solution *B, indicated by the axisymmetric flow over an
1 "equivalent" body whose singularity (source, doublet, etc.)

distributions match those determined by the outer behavior of
the inner solution.

The inner solution accounts for the geometrically com-
nlicated details of the aircraft and satisfies the surface
flow tangency condition in the crossflow (y,z) plane at each
x-station. The governing equation, as indicated in figure 1,
is linear so that superposition is possible. Consequently,
the thickness *2,t and lift 2 .. effects can be treated
separately.

The structure of the equivalence rule is governed princi-
pally by a parameter a* (refs. 8,9) involving a combination
of the configuration thickness ratio, lift-force parameter,
and leading-edge sweep, and represents essentially the ratio
of lift/thickness effects. Depending on the magnitude of a*..
the nonlinear, outer problem classifies into three distinct
domains:

1) a* << 1, thickness dominated;
2) a* = 0(l) # 0, intermediate; and
3) a* >>1, lift dominated.

In the thickness-dominated domain, the basic, nonlinear
outer flow is axisymmetric; that is, determined principally
by a line source distribution, and the lift and other asymmetric
effects can be determined by a linearized analysis. In the
lift-dominated domain, the nonlinear outer flow is no longer
axisymmetric, but rather has a structure determined by both a
line source and line doublet distribution. Consequently, its
solution must simultaneously satisfy the source and doublet
inner boundary condition. The intermediate domain possesses
essentially the same structure as the lift-dominated case and
must be solved using the same techniques.

In order to investigate both the typical cruise flight
conditions and ranges of the transonic similarity parameters
for transonic store separation from current fighter-bombers,
calculations of these quantities were made for a number of
aircraft at transonic cruise conditions. The results of the
calculations for the F-4B, F-15, and YF-16 are of interest
and have been included in figure 2. Most noteworthy is the
fact that the transonic similarity parameter a* is small,
indicating that the most important calculations for this
study lie in the thickness-dominated (a* << 1) rather than
lift-dominated (1/6. << 1) regime. This is quite significant,
since in this regime, it is sufficient to consider the first-
order thickness and lift solutions in the inner flow.
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Moreover, the lift (and other asymmetric properties) can be

treated linearly in the outer flow.

SOLUTION PROCEDURES DEVELOPED

Because of the different character of the inner and outer
regions, separate solution procedures are required for each.
As Indicated L. figure 3, for the iz-ner region Laplace _quaticn
solutions are needed for the thickness problem 02,t and the
lift problem 02 .. For the simplified wing-body configura-
tions considered in this study, the method of distributed
singularities developed by Stocker (ref. 11) is directly
applicable and convenient for determining the thickness prob-
lem. As shown in the sketch in the lower left of figure 3,
it models wing thickness by placing a continuous distribution
of two-dimensional sources along the wing chordal plane togeth-
er with their appropriate images within the body. For the
lift problem, the analytic conformal mapping solution deter-
mined by Spreiter (ref. 12) for a circular body with mid-
mounted zero-thickness wings is employed.

Determination of the outer problem requires solution of
the three-dimensional nonlinear transonic differential equa-
tion shown in figure 4. For the thickness-dominated regime
characteristic of the flows considered in this study, the
outer solution can be expanded in terms of the two dependent
quantities (00, I) as shown in figure 4. Here 00 represents
the primary axisymmetric flow component and 4j the correction
due to lift. The governing partial differential equation for
*0 is the usual nonlinear axisymmetric transonic small-dis-
turbance equation, while that for 00 is linear but with non-
constant coefficients dependent on 00. The solution procedure
employed for both of these components is a finite-difference
successive line over-relaxation (SLOR) procedure using Murman-
Cole type-dependent difference operators. To verify the
nonlinear solution procedures, a number of cases were run forf variety of equivalent body profiles. One of the most severe
/tests of the outer flow solution procedures, and which
relates directly to the bumpy equivalent bodies expected from
the present study, ib illustrated in figure 5 and displays
the typically good results'obtained. The case shown is for
the axisymmetric flow at M. = 0.975 past a bumpy body com-
posed of a basic parabolic-arc profile with thickness ratio
D/Z = 1/14 together with a sinusoidal bump centered about the
midpoint with AR/D = I/S. Comparisons with the data of
reference 13 display excellent agreement.
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EXPERIMENTAL PROGRAM

MODEL DESIGN

The design of the test model was constrained by the dual
=3necrives o .i2 zesting a simpiitied zut geomerricaiiy-
related configuration characteristic of modern fighter-bombers,
and (2) obtaining as wide a range as possible of the transonic
similarity parameters. The model size was established by the
conflicting requirements of minimizing wind-tunnel interfer-
ence and maximizing pressure probe accuracy measurements. To
provide a critical check of the equivalence rule theory, two
different sets of wings having identical planforms are needed.
This provides two different equivalent bodies to .test the
outer expansion procedure as well as two values of the lift/
thickness (a*) parameter for each angle of attack.

The model chosen is illustrated in figure 6 and is an
idealized 22.5:1 scale model of the F-16. The body is circu-
lar with a three-caliber parabolic-arc nose profile followed
by a straight cylinder. The two sets of identical planform
wings are mid-mounted, cropped delta wings having thickness
only (zero camber and twist) profiles whose ordinates are
based on (1) a scaled F-16 wing (4% thick), and (2) a NACA
65A006 airfoil. Thickness-only profile wings are necessary
since the zero lift situation (a* = 0) provides a critical
check of the theory. Because of the significant dependence of
the theory on lift, a force balance is included in the model.
Twenty-five surface pressure taps are provided on the body
surface primarily to check wind-tunnel interference.

TEST PROGRAM DESCRIPTION

Two separate tunnel tests were performed and are reported
in detail in reference 14. The initial entry was in the
AEDC 4T transonic tunnel where the primary data were obtained.
A subsequent entry in the AEDC 16T transonic tunnel was made
to obtain a limited amount of repeat data for assessing both
wind-tunnel interference as well as tunnel flow quality
effects. To obtain all of the important flow conditions of
interest in transonic flight - from subcritical to slightly
supercritical, to strongly supercritical, to mildly super-
sonic - testing was done in the 4T tunnel at three Mach
numbers (M_ = 0.925, 0.975, 1.025) and three angles of attack

-( - 00, 20, 50). The principal flow field data were taken
using the Captive Trajectory System (CTS) at typical store
locations on the pressure side of the wing. Secondary
data were taken on the suction side of the wing in order to
obtain additional diagnostic information for evaluating theanalytical model. Figure 7 displays the flow field survey
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locations for the inner flow field. Symmetric side-to-side

surveys were made to assess flow quality and repeatability.
Outer flow field surveys were also taken on a cylindrical
surface as far from the model centerline as the CTS would
allow (R = 14.14 inches) to provide measured outer boundary
conditions as input to the theoretical model to evaluate
wind-tunnel wall interference.

TEST RESULTS

A thorough survey of the 4T experimental results has
verified that the test parameters were exceptionally well
selected in view of providing as wide a range of transonic
phenomena as possible. The data display flow conditions
from subcritical to slightly supercritical, to strongly
supercritical, to mildly supersonic, as were desired. For
the two subsonic free stream Mach numbers, figure 8 illus-
trates this fact and displays the growth of the supersonic
pockets on the pressure and suction sides of the wing. The
results are for an (x,z) plane located at the spanwise
location y = 2 inches (25% semispan) and are for the model
with the scaled F-16 wing. The figure on the top indicates
the extent of the supersonic zone at M. = 0.925 for the three
angles of attack, while corresponding results for M. = 0.975
are shown in the bottom plot. The symbol ML denotes the
local Mach number. Since the vertical limits of the inner
flow surveys was 1 s Izi . 5 inches, the maximum lateral
locations of the larger supersonic pockets on the suction
side were beyond the last inner survey location at z = 5
inches. However, only for the M. = 0.975, a = 50 case did
the pocket extend out to the outer flow survey location at
z - 14 inches. These results indicate the extreme sensitiv-
ity of the flow at supercritical conditions. Analogous
results for Mw = 1.025 are shown in figure 9 which displays
the variation and growth of the embedded subsonic pocket.
Of particular note in both figures 8 and 9 is that, at modest
angles of attack, flow conditions on the pressure side of
the wing remain primarily subsonic for a wide range of con-
ditions.

An indication of the quality of the data obtained in the
4T tunnel is indicated in figure 10 which displays side-to-
side symmetry comparisons for flow surveys of pressure, side-
wash, and upwash at M, = 0.925 and a = 00 at a vertical loca-
tion just under the wing (z = 1 inch) and at the two spanwise
locations z - 4, t 7 inches which are 50% and 88%, respec-
tively, of the semispan. In these surveys, the x location
of the local leading and trailing edges of the wing are
denoted by LE and TE. The comparisons indicate extremely
good flow field symmetry and are typical of the 4T data.
The slight discrepancy of one-quarter of a degree observed
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in the upwash at the extreme spanwise location z - ± 7 inches
can actually be traced to tunnel flow quality, but is already
at the limits of the accuracy attainable (ref. 14) for these
tests.

in order to achieve the ranae of flow conditions desired
for the aerodynamically clean model configurations tested,
the necessity of selecting two of the test Mach numbers so
close to one (M. = 0.975, 1.025) was unavoidable. Conse-
quently, the question of whether significant wall interference
effects were present in the data is quite pertinent. In
addition, since subsequent tunnel entries are planned,
establishment of the band of free-stream Mach numbers about
M= = 1 outside of which tunnel effects are small is essential.

An indication of the presence of wind-tunnel effects in
the 4T data is provided by figure 11 which displays the com-
parison of body surface pressures obtained on the scaled F-16
wing/body combination from tests in the AEDC 4T and 16T
tunnels. Indicated in the upper plot are the nonlifting
results for M= 0.925, a = 0*, while corresponding lifting,
pressure side results for M. = 0.975, a = 50 and M. = 1.025,
a - 5* are displayed in the two lower plots. The results
shown for the nonlifting M = 0.925 flow exhibit essentially
no interference effects and are typical at this Mach number
for lifting conditions as well. Those shown in the middle
plot for the pressure side for M., = 0.975, a = 50 indicate
some slight discrepancies, while similar pressure side results
for M 1.025, a = 50 indicate somewhat larger discrepancies.
As a direct indication of tunnel interference effects, however,
these discrepancies are clouded by two additional factors
present in the 16T data. These are (1) the model/sting support
strut from the tunnel floor, and (2) flow quality effects.
The 16T model support strut is known to be capable of causing
a Mach number decrement of up to M. = 0.01 in the test section
(ref. 14). Compensation for that decrement has been attempted
in the comparisons for the M,, = 1.025 results shown in the
bottom figure. Here the 4T tunnel results for M. = 1.025,
shown as the circular symbol (0), have been extended to
M. - 1.015 (---) to compare with the 16T data by interpolating
between the 4T results for M. - 0.975 and 1.025. Some improve-
ment is indicated but the discrepancies are not eliminated.

Our conclusions from the comparative tunnel tests are
that (1) essentially no interference exists at M. = 0.925,
(2) at M. = 0.975 and 1.025 minor interference exists on the
pressure side of the wing/body, (3) the outer flow field
measurements obtained afford a means of accounting for tunnel
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effects in the theoretical model, and (4) the 4T data is

adequate for testing the theoretical model.

COMPARISONS OF DATA WITH PRESENT THEORY

Some comparisons of flow field properties at locations
typical of external store placement have been obtained with
ne Present theory and 4T data for :.he scaied I4% :hick: T-5

wing/body and are exhibited in figures 12 through 19. Figure
12 displays results at Mw - 0.925 and a - 00 for the local
upwash angle in degrees at the same vertical location in the
crossflow plane but two different spanwise stations. Corre-
sponding results for the local sidewash angle are presented
in figure 13. Figures 14 and 15 display analogous results at
a fixed spanwise location and for three vertical locations in
the crossflow .plane. With the exception of some discrepancies
near the trailing edge, which are associated with discontinu-
ities in the axial area distribution derivatives not yet
accounted for in the theory, the agreement is quite good.
These results provide an important nonlifting check case
(a* - 0) essential to verifying the theoretical method.

Similar results for a lifting flow are provided in
figures 16 and 17 for M = 0.925 and a = 50. Aside from the
discrepancies near the trailing edge, agreement is again
satisfactory. The final comparisons shown in figures 18 and
19 are for a strongly supercritical flow. Figure 18 displays
results for the local upwash and sidewash angles for a survey
close to the wing at the 50% semispan location for the non-
lifting flow at M. = 0.975, while figure 19 shows the analogous
lifting result at a = 5. Once again, the comparisons are
quite favorable.

CURRENT EXTENSIONS OF PREDICTIVE METHOD

With the successful preliminary development and verifi-
cation of the predictive technique accomplished, the secondary
development directed toward achievement of a practical engi-
neering predictive tool is currently underway. The tasks
involve improvements in the current theoretical model as well
as extensions of the basic capability of the method and sub-
divide into three categories. The first consists of refine-
ment of the wing/body alone predictive model observed as
necessary from comparisons with data. This includes treatment,
not yet accounted for in the theory, of the discontinuities
in the axial area distribution derivatives that occur at
breaks in the wing leading edge and at the trailing edge,
and also development of the capability for imposing a measured
outer flow boundary condition. The second major task consists
of carrying out a systematic experimental program involving
the model wing-body previously used together with multiple
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pylon/store combinations. This will provide the necessary
comparison data for the third task which is the extension of
the theoretical model to include multiple pylons and stores.

The wing-body/pylon/stores model combination envisioned
is illustrated in figure 20, and consists of two wing-mounted
singie store/swept pylon combinations .ius a fuseiage-mounzed
single store/straight pylon combination. We note that the
scaled size of the stores approximately represent a 350 gallon

it external fuel tank and will provide a severe test of the
theoretical model. A systematic model buildup is planned in
order to isolate important individual effects contributing to
the complex flow phenomena present under the wing. The
measurements will consist of (1) the flow field under the
model aircraft in and near the region normally occupied by
the store, and (2) store surface pressures and loadings at
various locations in the flow field. These measurements
provide a test of the theory's ability to predict both the
flow field seen by the store, as well as to compute the load-
ing experienced by the store.

Finally, the extension of the theoretical model to in-
clude multiple pylon/store combinations will involve work on
both the inner and outer region solution techniques. For the
inner region, a generalized finite-element solver is necessary
to treat the more complicated multi-body geometry. For the
outer region, a modification of the outer flow solution pro-
cedure is needed to include a simplified two-line equivalent
body scheme to account properly for the store separating from
the parent aircraft.

CONCLUDING REMARKS

The initial development of a theoretical predictive
method for external store trajectory applications to config-
urations characteristic of modern fighter-bombers at transonic
speeds has been carried out. The emphasis of the initial work
has been the development and verification of the theoretical
method for computing the three-dimensional transonic flow
field due to the parent aircraft alone. A parallel wind-
tunnel test program specifically designed to test the theory
and isolate important features through detailed systematic
measurements of flow fields, surface pressures, and forces
and moments was carried out for a simplified wing-body com-
bination modeled on the F-16. The extensive data obtained
provide an adequate base for testing both the present
analytical model as well as other theoretical methods.

The initial comparisons between experimental and the
present predictive method indicate generally good agreement.
Several modest improvements needed in the theoretical model
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have been identified and are currently being carried out.
Extension of the method to include multiple pylon-single
store combinations is the next major task and will be pursued
in the next phase. A parallel wind-tunnel program to provide
the needed verification of the theory is also planned.
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ANALYTICAL EVALUATION OF THE LIMITATIONS OF
THE VARIOUS SCALING LAWS FOR FREEDROP

STORE SEPARATION TESTING
(U)

(Article UNCLASSIFIED)

by

JOHN C. MARSHALL
ARO, Inc.
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A Sverdrup Corporation Company

Arnold Air Force Station, Tennessee

ABSTRACT. (TI) Several techniques have been estab-
lished for defining the dynamic simulation requirements
of wind tunnel models used in freedrop store separation
tests. A three-degree-of-freedom set of motion equations
and-a linearized model of the store aerodynamic character-
istics arq used to define the model simulation parameters
for Froude Scaling, Heavy Mach Scaling, and Light Mach
Scaling. Trajectory calculations for both a stable store
and an unstable store are presented using each of the three
scaling techniques, and conmments are made regarding the
merits and practical limitations of each.

A "Approved for public release; distribution unlimited."
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NOMENCLATURE

CA Store axial-force coefficient, (axial force/qS)

Cm Store pitching-moment coefficient, (pitching
Coment/qSd)

Cm Store pitch damping derivative, 1/rad

CDerivative of pitchin-moment coefficient with

m aangle of attack, I/rad

ACm Incremental pitching-moment coefficient on the
store resulting from flow field streamline
curvature

CN  Store normal-force coefficient, (normal force/qgS)

C Derivative of normal-force coefficient with
angle of attack, 1/rad

d Store reference dimension, ft

F j Ejector force acting on the store perpendicular
to the body longitudinal axis, positive downward,
lbf

'&P' Model ejector force augmentation to compensate
for gravity deficiency, lbf

F Total force acting on the store parallel to thebody longitudinal axis, positive forward, lbf

FZ  Total force acting on the store perpendicular
to the body longitudinal axis, positive down-
ward, lbf

g Acceleration due to gravity, ft/sec
2

24g9 Model gravitational deficiency, ft/sec

I Store mment of inertia in the pitch plane,
slug.ft

m Store mass, slugs

M Total moment acting about the store center of
gravity in the pitch plane, ft.lbf
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1 2

Airstream dynamic pressure, P , psf

S Store reference area, ft2

t Trajectory time from instant of store release
from the aircraft, sec

te' Time of action of the model ejector, sec

T. Airstream static temperature, OR

V. Store velocity relative to the free stream,
ft/sec

W Store weight, ibm

X Store center of gravity coordinate from the
carriage position on the aircraft, measured
parallel to the earth horizontal, positive
in the forward direction, ft

Distance from the store center of gravity to
the line of action of the ejector force,
positive if the ejector acts forward of the
center of gravity, ft

Z Store center of gravity coordinate from the
carriage position on the aircraft, measured
perpendicular to the earth horizontal, positive
in the downward direction, ft

AZ' Calculated adjustment to the observed store-model
vertical displacement to correct for gravity
deficiency and ejector-force augmentation effects,
ft

a Store aerodynamic angle of attack, deg

a Incremental angle of attack on the store resulting

from net flow-field streamline inclination, deg
(Figs. 3 and 5) or radian (Equations 7-13)

8 Store geometric pitch attitudz with respect to
the earth horizontal, positive if the store nose
is raised, radian or deg (Figs. 6 through 11)

P" Airstream density, slugs/ft
3
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.( )' Primed quantities refer to model-scale dimensions
or properties defined by the scaling laws or the
wind tunnel operating parameters

f() A single dot denotes a first derivative of the
parameter with respect to time

° ) A double dot denotes a second derivative of
the parameter with respect to time
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1. INTRODUCTION

Wind tunnel testing is generally carried out using
reduced-size, but geometrically scaled, models of the ve-
hicle being studied. Thus, the experiments are simulations
rather than duplications of the actual flight environment.
3- de-fni=ion, a imuiacton 4Z nct a :rue represenration,
but gives an "appearance of reality" while being, in fact, a
counterfeit. The value of scale-model testing lies in the
assumption that certain non-dimensional factors can be
defined and measured which relate data obtained on the small
models to performance of the full sized vehicle. Appli-
cation of this philosophy has been the substance of experi-
mental development of aircraft and related aerodynamic
systems for many years.

Dimensional analysis has shown that the static, or
steady state, aerodynamic forces on a body can be reasonably
simulated on a scale model if the model is geometrically
reproduced and if the airstream compressibility and viscous
characteristics (Mach number and Reynolds number) are repro-
duced. In the case of dynamic, or non-steady state flight,
it is necessary to simulate not only the applied forces but
also the inertial response of the body to these forces.
Such is the situation in the case of freedrop, or dynamic
drop, store separation testing.

The techniques for defining the required parameters for
dynamic similitude are not new, and have appeared in the
literature (e.g., Refs. 1 and 2) on many occasions. The
intent of this paper is primarily to demonstrate the effects
of the compromises one must always make in applying the
scaling laws to practical wind tunnel situations. This
demonstration will be carried out through sample calcu-
lations of store motion through typical assumed aircraft
flow fields. Simplified (three degree of freedom) equations
of motion will be presented to identify the pertinent scal-
ing parameters and show how these generate the required
model characteristics. Similarly, three-degree-of-freedom
calculations of store trajectories will be presented to show
the resultant motion of the models, and how this motion
relates to that of the full-scale store.

II. EQUATIONS OF MOTION

The significant factors in defining the motion of a
store model during a freedrop separation trajectory can be
readily seen by considering motion in a single vertical
plane. The coordinate axes and notation to be used are
shown in Fig. 1. It is convenient to define the forces
acting on the body in the body-axis system, and then utilize
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an earth-oriented coordinate system to define the motion so
that gravity only affects one of the position coordinates.
Summing forces and moments give the relations

F = -CAqS - W sin()

The4 [Cm + Cmq d6J q.Sd - FE (3)

The motion equations are obtained by taking force and moment
components parallel to the earth coordinate axes, dividing

.by the proper inertial quantity, and setting the result
equal to the acceleration. Thus,

.F Ej"
~1X~ccsB sin + -)sin 6 (4)

• - q S F~j
z = -[CN Cos -CA sin e](j) + (-f) cos 6 + g (5)

•d. q Sd FEjXj
= [Cm+ C d2 ) ] ((- -) - (6)

mq 2V. 00 16q

Generally speaking, the quantities enclosed in square
brackets represent the vehicle aerodynamics, while those
quantities in parentheses contain the geometric and inertial
properties of the store. Because the store is moving
through a flow field perturbed by the proximity tf the air-
craft, the aerodynamic properties become a function of
position within the flow field, and the aerodynamics are
thereby coupled to the inertial response of the store as it
moves away from the aircraft. The nature of this inter-
raction can be seen by making a few simplifying assumptions
about the aerodynamics of the store in this flow field. The
conclusions reached should be valid for more complex flow
models as long as-the aerodynamics of the store can be
considered to be ordered functions of the position and
attitude within the flow field. Specifically, it will be
assumed that the angular motion is small enough that the
aerodynamic normal-force and pitching-moment coefficients
vary linearly with angle of attack, and the axial-force
coefficient and pitch-damping derivative are constant.
Further, it will be assumed that the flow field spatial
variations in streamline inclination and curvature can be
represented by incremental values of angle of attack and
pitching-moment coefficient, respectively. These assump-
tions produce the following aerodynamic characteristics;
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CN -CN (e + (7)

CA - constant (8)
C(m +L(e + Aa) + Acm (9)

Cmq - constant (10)

.Substituting these relationships into Equations 4, 5, and 6
results in a set of linear, coupled differential equations
which describe the store motion in such a manner as to make
the source and beaning of the dynamic simulation parameters
more readily apparent.

() -[ Cos e + C ( e + + Aa) sin e m

mg

+ - in(e + L s 1)g ) I(+ + Aa) cos e -C A  ei 0

+ (--) cos e (12)
mg

9;= [mC= (8 +- + am) +Cm "kv) +-,C (-C-)
mq2V

FEjJ )(13)
-( I-

In these equations, the aerodynamic parameters CA, Cn ,
A' a

Cm , and Cm are all constants and represent the aerodynamic

characterisgics of the store in an undisturbed free-stream
airflow.

By inspection, it can be noted that there are no pa-
rameters in Equation 11 that are not also in Equation 12. We
may thus effectively reduce the problem to two dimensions, Z
and e, and conduct the similitude analysis by examining only
Equations 12 and 13.

III. DYNAMIC SIMULATION RELATIONSHIPS

A. FROUDE SCALING

The relationships among geometric shape, mass prop-
erties, and airstream characteristics to reproduce store
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motion with small scale models can be deduced from Equations
12 and 13 by examining the quantities in parentheses for
both full-scale flight and the model-scale simulation. It
is assumed that the basic store aerodynamic characteristics
will be reproduced if all model dimensions Cstore and air-
craft) are linearly scaled, and the airstream viscous and
compressibility characteristics are reproduced or closely
smuiated. This is basic in tne use of the wind tunnei to
predict flight characteristics. If it is further assumed
that all parameters in the equations of motion for the
model-scale store have a linear relationship with the
corresponding parameters for the full-scale store, a group
of relationships can be developed which define the necessary
model-scale store and airstream properties. These relation-
ships can be simplified even more by requiring geometric
similarity; i.e., the linear factor relating model position
coordinates (X',Z') to the full-scale store position coordi-
nates (X,Z) is the same as the model scale factor, and the
model pitch attitude (W') is equal to the store pitch at-
titude (e) at corresponding points along the trajectory
path. With these conditions, the resulting relationships
are

Z' Z (W) (14a)

e' = (14b)

2 2m' =m (a) (V) (X) (g/g,) (14c)

I' = I (a) (v) ( X) (g/g') (14d)

FEJ' = FEJ (a) (v2 ) (X2 ) (14e)

XEJ' =XEJ M (14f)

V = V (/g) (14g)

t= t (L)/(V) (14h)

where X = model scale factor

a =(p.'/P)

= (V='I/V M)

The relationships given above provide all the infor-
mation necessary to establish a model-scale experiment to
generate trajectories in a wind tunnel which should re-
produce the motion of a store released from an aircraft in
flight. This form of experimental scaling is often referred
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to as Froude Scaling because the velocity scaling given by
Equation 14g is equivalent to the hydrodynamic Froude Number
which relates buoyancy forces to inertial forces. Although
the gravitational constant is not generally considered a
variable, it has been included as such in these relation-
ships to demonstrate the influence of gravity on the simu-
lation. 3y rearranqement and :ubstitution -F the various
parameters, the mass and moment of inertia can be written
also as

m, - m (a) (A3 ) (15a)

I' - I (a) (X5) (15b)

which state that the ratio of model density to store average
density is the same as the ratio of wind tunnel airstream
density to flight altitude density, and the mass distri-
bution in the model is the same as in the store.

B. MACH SCALING

The relationships developed above are suitable for many
situations involving subsonic flight conditions. However,
it requires that the model-scale experiment be conducted at
velocities much lower than the equivalent flight velocity
unless significant increases in the gravitational constant
can be effected. Reduced velocity means generally a change
in the basic store aerodynamics and in the aircraft flow
field characteristics due to Mach number dependency. These
effects begin to appear above Mach number 0.6, where local
sonic flow is first experienced around protuberances on the
store, and are obviously a major factor for supersonic
flight where the shock waves generated by the aircraft will
markedly alter the flow field characteristics. To deal with
this situation, compromise methods of simulation have been
developed which retain the flight Mach number matching at
the expense of some other parameter.

Perhaps the most widely used technique for Mach Scaling
is that generally called Heavy Scaling. In this technique,
the quantities removed from simulation are the factors

Z d6(-) and (pV) in Equations 12 and 13. In their stead, the

wind tunnel Mach number is set equal to the flight Mach
number, which results in essentially (though not quite)
equal velocities. The resulting scaling relationships for
Heavy Mach Scaling are then;
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Z = Z (M) (16a)

8' = 0 (1 6b)

i = m (a) (v2  A 2) (gg) 116c)

FEJI = FEj(a) (v 2) (A2  (16e)

X~j - XEj M (16f)
V /T /T (16g)

t = t /(X) (g/) (16h)

These appear the same as for Froude Scaling, except for the
last two. The difference comes when accounting for the
increased velocity. Thus, for the case of constant gravity
(g' = g) the mass and moment of inertia relationships are

m' = m (q.'/q=) (X 2) (17a)

I' = I (q.'/q.) (A4) (17b)

where (q0 '/q.) = (a) (v)

Unless the wind tunnel dynamic pressure can be reduced
significantly below the flight value, these relationships
state that the model density will be much higher than for
the store, although the mass distribution remains the same.

The effect of relaxing the velocity ratio simulations
is seen primarily in the angular motions. The pitch damping
term in the angular acceleration equation is reduced by a
factor equal to the square root of the scale factor (A) so
that the amplitude of the pitch oscillations is too large.
This will have a secondary effect on the linear motions
because of the dependence of the aerodynamic coefficients on
angle of attack.

When the angular motion response is of primary concern,
another form of Mach Scaling can be used. This form is
referred to as Light Scaling because the mass density in-
crease indicated above is alleviated. Light Scaling is
achieved by assuming that the gravitational constant may be

arbitrarily increased in the model-scale experiment. Re-
taining the velocity ratio simulation terms as in Froude
Scaling, and setting the desired gravitational constant to

1 2
= g (V )/(A) (18)
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the scaling relationships for Light Mach Scaling are then
Z' =Z() (19a)

S" -8 %(19b)
.. = .n ""'- C

I' = Z (a) (X5) (19d)

F' = F2 () (v22 (X2  (19e)

XEJ' =V T (19f)

= VCV T T0  (19g)

t = t (M)/(V) (19h)

The mass and moment of inertia ratios are seen to be the
same as for Froude Scaling, while the ejector force is
increased to account for the increased accelerations re-
suiting from the decrease in the model time scale.

Since, in reality, the model will experience gravi-
tational forces based on the constant "g" instead of "g',"
the vertical acceleration will be in error by an. amount

Ago = g' - g = g[(v2 /X) - 1] (20)

and the vertical displacement will be too small because of
this discrepancy. Corrections can be made to the observed
trajectories to compensate for this effect, but some errors
will remain due to the spatial variations of the aircraft
flow field. Difficulties can also be encountered if the
motion is such as to cause collision between the store model
and the aircraft model. Further compensation can be made by
increases in the ejector force to keep the model near the
correct path, but this is achieved only at the expense of
the desired velocity ratio simulation. An increase in the
ejector force by an amount

AF' - m' (Ag,) (21)

is recommended to produce the correct motion at the end of
the ejector stroke. The point of action of the ejector must
also be shifted to maintain the correct moment. The ad-
justed ejector location is

FEJ'
XEJ XEJ(X) (F. + AFr (22)
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The effects of augmenting the ejector force to compensate
for gravity deficiency will be shown in subsequent sections
of this paper.

IV. AERODYNAMIC MODELS FOR ANALYSIS

To e3vaiure tne character-stics and merizz ot =he :rar-
ious scaling techniques, it is necessary to define aero-
dynamic models of both the store and the aircraft flow field
through which it traverses. These models should have char-
acteristics which exercise the various assumptions made in
establishing the scaling laws. To this end, the aerodynamic
models selected have the following features: (1) the store
free-stream aerodynamics are Mach number dependent, (2) the
aircraft flow field is an exponentially decaying function of
both the vertical and axial position coordinates of the
store with respect to the aircraft, (3) the aircraft flow
field is also Mach number dependent, and (4) the aerodynamic
characteristics of both the store and the aircraft flow
field were selected to be representative of actual measured
values. Two sets of data were selected for consideration
herein; a large, stable store. carried singly on a wing
pylon, and a smaller unstable store carried in a multiple-
carriage configuration on a rack. In both cases, the aero-
dynamic characteristics at transonic speeds were based on
available experimental data, while the low Mach number
characteristics were assumed values so as to demonstrate the
need for Mach Scaling as an alternative to the Froude Scaling
methods.

A. STABLE STORE

This store is assumed to be a large, slender, finned
bomb in the 2000 lb class that is carried and released from
individual pylon stations on various aircraft. The free-
stream aerodynamics show a significantly stable static
margin so that the angular motion is restricted generally to
low amplitude oscillation. The free-stream aerodynamic
coefficients assumed for this store are shown in Fig. 2.
Typical flow- field effects on a store of this type are
shown in Fig. 3. Data are shown for angles of attack only
up to 20 deg since the motion of this type of store is
generally limited to this range.

B. UNSTABLE STORE

This store is assumed to be a medium size, unstable
store in the 750 lb class typical of those that may be

carried in multiple carriage configurations. At transonic
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speeds, these stores may be subjected to rather large nose-
down pitching moments in the carriage position. This char-
acteristic is shown in the aerodynamic data for this store
shown in Figs. 4 (free stream) and 5 Cflow-field effects).
Aerodynamic data for this store are presented for angles of
attack up to 180 deg since it may be expected to experience
a tumbling motion upon release from the aircraft.

V. TRAJECTORY CALCULATIONS

To calculate the motion of the two selected stores, a
three-degree-of-freedom set of equations was programmed on a
digital computer based on the relations in Equations 4, 5,
and 6. In these equations, the aerodynamic coefficients
were calculated as the sum of the attitude (free stream)
contribution plus the position (flow-field effect) con-
tribution, according to the relations described in Figs. 2
and 3 or Figs. 4 and 5. The base data were calculated for
mass properties and flight conditions of the full-scale
store at the indicated Mach number and altitude. The char-
acteristic motion of wind tunnel models designed according
to the various scaling laws was calculated using the same
equations, but with model mass properties and wind tunnel
operating parameters used as input quantities. For these
calculations, a model scale factor of 0.05 was used. Wind
tunnel parameters were calculated using a total temperature
of 110OF and dynamic pressures of 50 psf for Froude Scaling,
200 psf for Heavy Mach Scaling, and 600 psf for Light Mach
Scaling. The equivalent full-scale position coordinates and
time scale were then determined through the appropriate
scaling relationships. The comparisons are based on the
thus-determined full-scale motion.

A. STABLE STORE

Trajectory calculations for the large stable store are
presented in Figs. 6, 7, and 8. The full-scale flight
conditions were assumed to be Mach number 0.95 at an alti-
tude of 6000 feet. Each figure shows both the full-scale
trajectory calculation and the coordinates determined from
model-scale calculations using one of the three scaling
techniques. Froude Scaling data are shown in Fig. 6 for two
cases: (1) both store and aircraft flow field aerodynamics
are independent of Mach number, and (2) both store and
aircraft flow-field aerodynamics vary with Mach number as
shown in Figs. 2 and 3. The first case shows that the
inertial scaling relationships are correctly stated, since
the scaled-up trajectory motion reproduces that of the full-
scale store. The second case shows the limitation of the
Froude Scaling technique where transonic or supersonic
effects influence the aerodynamic scaling.
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The results of the Heavy Mach Scaling technique are
shown in Fig. 7. For this configuration, the primary
discrepancy between model-scale and full-scale calculations
is the underdamped pitch oscillation due to lack of correct
velocity scaling.

Cacuiat4ons using- zhe ght :,Iacn Scaling ac:nnzque are
shown in Fig. 8 for three cases: (1) ejector force scaled
from the full-scale values according to Equation 19e,
(2) the scaled ejector force augmented by the amount indi-
cated in Equation 21 to offset the gravity deficiency during
ejector action, and (3) the scaled ejector force augmented
by three times the amount in case (2) in order to provide
store clearance from the aircraft during the initial crit-
ical period following release. These data show better
simulation of the pitch motion than for either the Froude
Scaling with Mach number effects or the Heavy Mach Scaling,
but this is achieved only at the expense of the vertical
motion simulation.

Also shown in Fig. 8 is an adjusted vertical displace-
ment curve calculated with an empirical correction based on
the known variation from true simulation. The correction is
applied to the model-scale calculation, and is given by

for t' < te '

AZ' = (Ag') (t) 2  1 F 2 (23)

for t' . te'

1 ( 2  1 AF' ,A&ZI = z(Ag') (t') 7(m-r) (tel) (2t' - te') (24)

where (Ag') is defined in Equation 20, (AF') is ejector force
augmentation, and te' is the time at which the ejector
action ceases. The term with (Ag') accounts for the defi-
ciency in the gravity force, while the term with ( F')
accounts for the additional velocity imparted by the aug-
mented ejector force. Application of this correction re-
quires knowledge of the time of action of the ejector, which
generally requires knowledge of the applied aerodynamic
forces. However, an estimate of the time of action can bemade assuming no aerodynamic forces, and the resulting error
in the corrected displacement will be typically on the the
order of 2 percent. In Fig. 8, it can be seen that the
correction is quite good for all three cases.
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B. UNSTABLE STORE

Trajectory calculations for the smaller unstable store
are presented in Figs. 9, 10, and 11 for the same combi-
nation of scaling techniques, as stated above for the stable
szore. ii-i -this case, the :uil-scaie -2!ignt zonditions %,ere
assumed to be Mach number 0.9 at an altitude of 5000 feet.
The effect of Mach number dependency of the aerodynamic
coefficients has an even more pronounced effect on the
Froude Scaling results for this store, changing the motion
from tumbling to oscillatory. The aerodynamic character-
istics chosen for this example were specifically selected to
show this change, and may overstate the case relative to any
actual store. However, it is important to realize the
changes that may occur so as not to be misled in inter-
preting test results.

The Heavy Mach Scaling data show reasonably good sim-
ulation of the motion, again demonstrating the lack of full
damping of the pitch motion.

The effects of augmented ejector force on the Light
Mach Scaling data for the unstable store are much the same
as for the stable store except that in this case the rapid
tumbling makes collision more likely. Thus, the need to
maintain a model flight path below the true flight path is
more critical. The amount of augmentation required will
depend on the store size and shape, and the geometry of the
installation on the aircraft. However, it appears that an
augmentation force (AF') of two to three times the gravity
deficiency correction would be suitable, and the corrected
data of Fig. 11 indicate that this would provide a reason-
able simulation.

VI. DISCUSSION

On the basis of the development of the scaling relation-
ships, it would be desirable to be able to utilize the
method referred to herein as the Froude Scaling technique.
To do so with confidence requires the knowledge, or assump-
tion, that the aerodynamic forces and moments imposed on the
store model will be independent of the wind tunnel operating
parameters (i.e., Mach number and Reynolds number), or that
the aerodynamic loads are so small that typical variations
with Mach number will have little effect on the motion.
This latter situation would effectively rule out the need
for the wind tunnel since, if the aerodynamics are so un-
important, the motion could be evaluated by simple calcu-
lation. However, experience has shown.that the character of
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J the flow around typical aircraft carriage locations has a
significant variation with Mach number at transonic and
supersonic speeds. Likewise, in this speed range the aero-
dynamic forces are often the predominant ones, particularly
at altitudes typical of tactical aircraft operation. Thus,
"ie must be :)reDared to deal with the Mach number sinulaton
requirement, which leads to the use of the other scaling
techniques.

The calculations presented herein would seem to vali-
date the usual selection of Heavy Mach Scaling as the al-
ternative to Froude Scaling. Certainly, for the examples
presented, the comparison of model-scale data with full-
scale trajectories would provide an acceptable simulation
for all but the most demanding analyses. However, there are
some other practical problems that must be considered in
selecting the optimum experiment. As pointed out in Section
111.2., the Heavy Mach Scaling relationships generally
require model densities significantly higher than the den-
sity of the full-scale store. For model scale factors in
the range of 0.04 to 0.07, typical for many current wind
tunnel facilities, this often requires densities available
only by use of materials such as platinum, iridium, tung-
sten, gold, or depleted uranium. Of these, alloys of tung-
sten are generally selected, although gold has superior
qualities of formability, which is especially important for
non-axisymmetric shapes. For economic reasons there is
understandable, if sometimes irrational, reluctance to use
the precious metals for "throw-away" wind tunnel models.
Gold at $200 a Troy ounce would cost $2670 and $1060 for the
model weights calculated for the trajectories of Figs. 7 and
10, respectively. However, the models are recovered (al-
though often broken or chipped), and the salvage value of
the material would reduce the net cost significantly. As an
alternative to the use of exotic materials, the wind tunnel
operating pressure level may be reduced (assuming a variable
density facility) so as to permit the use of more readily
available materials. In this case, the Reynolds number
simulation is worsened, perhaps to the point of signif-
icantly altering the aerodynamic characteristics of the
models.

Turning to the use of Light Mach Scaling to alleviate
the problems of Heavy Mach Scaling should not be done too
hastily, however. Although the data presented herein show
that the measured trajectory coordinates can be effectively
corrected to infer the true coordinates, some general knowl-
edge of the store behavior is needed in advance to effect-
ively establish the proper experimental parameters. If a
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jlarge ejector force augmentation is called for, this can
generate model design problems of a different nature than
for the Heavy Mach Scaling models. For the data presented
in Fig. 11c, the required ejector force was 19 pounds and
the model weight was approximately two and one-fourth
;unces. This wouid zorrespond :o a modei iens7.ry wout 1-al
that of aluminum. Although the required ejector force could
be reduced by reducing the wind tunnel pressure level, the
model weight would be reduced correspondingly.

The choice among the various available experimental
techniques is thus not an easy one. From a purely ana-
lytical standpoint, the Froude Scaling and Light Mach
Scaling methods appear to offer the best overall simulation
of store motion. Model fabrication costs would also appear
to favor these methods. However, practical application of
these techniques runs afoul of the need to know much about
the aerodynamic environment in advance, whereas a primary
requirement for freedrop testing results from the highly
non-uniform, and largely undescribed, aerodynamic flow field
surrounding an aircraft at transonic and supersonic speeds.
If we are to continually demand more accurate and detailed
answers from the experiments, then we shall have to be more
detailed and sophisticated in our preparations for the
experiments. Efforts currently underway to establish math-
ematical models of aircraft flow-field aerodynamics should
provide an important new tool to expand motion analyses,
such as the one reported herein, to provide greater insight
into the requirements for a specific experiment. This would
allow calculations to be made using each of the scaling
techniques for a given separation situation so that effec-
tive trade-offs could be made, and the most suitable experi-
ment could be selected with confidence.
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trajectory problems which have been analyzed with it, and examines the po-
tential application of this new technology to the problems of store separation.
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A INTRODUCTION

In the past, the analysis of separation mechanics problems has been char-
acterized by a multitude of computer programs, each developed in response to a
particular problem or class of problems. By employing this approach, many man-
hours are wasted in repeated program development, the probability of errors is
increased, and the nonuniformity of the programs makes their general use dif-
ficult. To meet the need for a general purpose separation mechanics tool, a
dynamic analysis package has been developed which simulates complex inter-
active behavior between structural bodies and surrounding environments. This
analysis package can be utilized in either of two modes: 1) as a finished product
in its own right capable of solving many "standard" separation mechanics problems,
or 2) as an accurate, efficient framework of computational dynamics to which ad-
ditional modules can be added to tailor the package to a specific or unique problem.
In the field of store separation, for example, complex independently generated
aerodynamic theories can be incorporated to form a powerful analytical tool.
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DESCRIPTION OF THE ANALYSIS PACKAGE
AND ITS CAPABILITIES

The term "analysis package" as used in this paper refers to a collection of
computer programs and utility subroutines developed over a period of several years.
At the heart of the package, however, are the computer programs DYNAMITE, an
acronym for DYNamic Analysis of Mechanically Interacting Three-dimensional
Elements (Reference 1), and DYNAMOVIE, a computer graphics program.

Because of the intended diversity of application, the package was kept as
general as possible. The user is free to select any convenient inertial and body-
fixed reference frames for use in the problem. Each body is treated in six de-
grees of freedom, and the number of bodies which can be accommodated is solely
dependent upon the available core storage of the computer. This is accomplished
by storing all of the variables in one large "pool" rather than in a number of in-
dividual arrays, each with a limiting size. The advantage of this method is that
the use of core storage can be optimized merely by changing one dimension
statement.

Before proceeding with a discussion of the features of this analysis package,
it is appropriate to review the basic steps in the solution of any separation me-
chanics problem. The block diagram in Figure 1 illustrates these steps and
notes with an asterisk those areas where optional modules can be added to ac-
count for effects* which are unique to a particular problem (e. g., aerodynamics,
gasdynamics, or guidance and control).

A library of standard force generating elements is included in the package
simulating such things as:

9 Linear and nonlinear springs
e Dashpots
e Inertial-fixed forces such as gravity
e Body-fixed forces such as rocket motors
@ Mutual impacting/sliding between bodies

This last feature is referred to as the point/surface impact element. It allows
the user to model areas of potential impacting/sliding between bodies as a com-
bination of points and surfaces as shown in Figure 2. The location of the im-
pact point in space is monitored at each timestep to determine whether an
impact has occurred and, if so, what normal and frictional loads are associated
with that impact. Elastic or inelastic collisions can be simulated by specifying
a coefficient of restitution or ratio of relative velocity after impact to relative
velocity before impact. In addition to simulating collisions between bodies,
the point/surface impact element offers the user great flexibility in modelling
various constraint guides such as shear lips, guide rails, rollers, etc.

An essential aspect of any computer program is a concise, effective

means of presenting the results of the analysis. In the case of a dynamic,
multiple-body problem with the possibility of mutual impacting, this can
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Steps in the Solution of a Separation Mechanics Problem
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best be accomplished via a computer graphics visualization of the problem. The
DYNAMOVIE program mentioned previously can depict complex separation/
trajectory events in a variety of forms. The analyst can display some or all
of the bodies involved in the problem and can select any viewing angle for the
event. This capability can be especially useful when the analytical results are
being compared with flight test films. If greater detail is desired, certain
areas of -he scone--an be 'biown-_it" for r:oser inspection. The aispiav 'f t-ae
event can be accomplished on scope terminals, hardcopy plots, or in movie
form. In addition to providing a dramatic means of presenting the "final results"
of a study, a computer graphics visualization can also serve to quickly detect
anomalous behavior, suggest design solutions, and assess the effectiveness of
these solutions.

APPLICATIONS OF THE ANALYSIS PACKAGE
TO SPECIFIC PROBLEMS

Dynamic events to which the package has successfully been applied include
missile staging (Reference 2), RPV launch, reentry body separation, deployment
of an extendible aerodynamic spike (Reference 3), and submunition dispersal
from tactical guided weapons (Reference 4). Each of these examples has ex-
ploited different facets of the package's capabilities. The missile staging events
have been characterized by various guiding mechanisms such as rollers or guide
rails. Reentry body separation requires a precise modelling of the separation
mechanism to accurately determine the linear and angular rates imparted to the
body and may also require the incorporation of gasdynamic forces due to the body
flying through a thruster plume. The separation analysis of tactical guided
weapons is a good example of a many-body problem involving aerodynamic forces,
the possibility of collisions, and the need to present the results in computer
graphics form. The following discussion, taken in part from Reference 5,
focuses upon several tactical weapon systems whose basic operation is similar.
Following release from the aircraft, the vehicle is cut into a nose section, tail
section, payload section, and three panels which surround the payload section.
The dispersion of these components may be forced (e. g., resulting from internal
pressurization of the vehicle simultaneous to the cutting) or may be due solely
to aerodynamic forces.

As a first step in analyzing the separation dynamics of a tactical guided
weapon, the computer graphics technique can be used to visually locate specific
areas of potential collisions between components. This is accomplished by per-
forming an initial analysis in which no impacts are included in the model, thus

* allowing bodies to pass through one another. For example, in system "A" de-
picted in Figure 3, operating with a given set of flight conditions, it is found

atha 1) the aft surface of the nose section will impact/slide over the forward
part of the payload section, 2) the aft tip of the winged, upper panel will impact/

*i slide along the cylindrical surface of the tail section, and 3) one of the side
panels initially moves radially away from the payload section but then returns
to impact It. The areas which have been identified can then be modelled to simu-
late the forces generated by such Impacts and the analysis can be rerun as shown
in Figure 4. This approach results in a great savings of both man-time and com-
puter time by eliminating the need to model the entire structure to account for all
possible impacts.
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Figure 3
Side View and End View of Example System "All

Modelled With No Impacts
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L Figure 4
Side View and End View of Example System "All

Modelled With Impacts
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Example system "B" shown in Figure 5 is intended to illustrate two impor-
tant aspects of using computer graphics to study separation events. Note first
that two views of the sequence are necessary to comprehend the relative posi-
tions of the components. In this particular case, the nose section happens to
pass through the developing pattern of payload bodies untouched. Under slightly
different flight conditions it can be expected that the nose section will impact
several of these payload bodies. The design modification which was procosed to
prevent Lis anomaly consistea ji rigidly connecung rLe nose and -aii sections oi
the vehicle via a center post. This solution was suggested by viewing the se-
quential pictures shown in Figure 5. Hence, note second that the computer
graphics technique can serve as a visual aid inspiring solutions to operational
anomalies.

An example of a more complex separation system is illustrated In Figure 6.
A side view of the entire system prior to deployment is shown in Figure 6a,
while in Figure 6b the three panels and the payload bodies have been removed to
point out that the four tall fins are attached only to the tail cylinder and are canti-
levered out over the panels with a small radial clearance or gap. Each of the
tail fins is assembled to the tail cylinder by fitting a tab into a mating slot on
the tal cylinder as shown in Figure 6c. The tab is then secured in the slot by a
single break bolt. This system was originally intended to operate as follows:

e The nose section, tail section, and panels are ordnance severed
e A simultaneous pressurization of the payload section drives the panels

and the payload bodies outward
e The panels impact the cantilevered portion of the tail fins, prying them

away from the tail cylinder and failing the break bolts. (see Figures 6d
and 6e)

o The four loose tail fins are then pushed out of the way by the panels
allowing the payload pattern to develop

When this system was analyzed as shown in Figure 7, it was found that the forces
required to fail the break bolts retarded the deployment of the panels to such an
extent that many impacts occurred between the payload bodies and the panels.

The feasibility of "spin-deploying" large numbers of submunitions has also
been studied with the analysis package. The vehicle referred to as example
system "D" in Figures 8 and 9 was given a large initial angular rate about its
longitudinal axis to create a centrifugal deployment force rather than the internal
pressurization discussed previously. The separation sequences shown in Figures
8 and 9 reveal that six of the 24 submunitions are impacted by the rotating panels.
Often it is necessary to assess the effect of such collisions on the ground impact
pattern of the submunitions. This can be accomplished easily via the point/
surface impact element described earlier. By modelling the ground as an impact
surface and tracking points on the submunitions, the impact location of each sub-
munition will automatically be output.

Another important use which has been made of the analysis package is in
conducting pretest and posttest simulations. Figures 10 and 11 are partial
representations of a submunition deployment ground test in which an anomalywas discovered. When the deployment charge is released, gasses are created
which drive the three submuntions outward but which also act on the left and
right bulkheads and result in a net force which drives the support structure to

the right in Figure 10. This motion is sufficient to cause a collision between
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Side View and End View of Example System IIB"
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Details of Example System "C"
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Figure 7
I Side View and End View of Example System "C"
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isometric View of Example System I'D"
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Figure 9
End View of EXample System I'D"
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Figure 10

Side View of Ground Test Simulation
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Figure 11
End View of Ground Test Simulation
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the inner submunition and a ring which protrudes from the left bulkhead. The ac-
curate reproduction of these test results on the computer allowed the analysis
package to be used in assessing and picking a design fix for the problem.

APPLICATION OF THE ANALYSIS PACKAGE
TO STORE SEPARATION PROBLEMS

'Vhile :his dynamic anaiysis pacKage 'vas uot specilicaily deveioped -or zhe
soiution of store-separation problems, it possesses many capabilities which
would be useful in that field. The modularity of the package allows it to be
tailored to any particular problem. For example, independently generated
store-separation aerodynamic routines can be incorporated and evaluated.
The package might be used as a base through which various aerodynamic ap-
proaches could be compared. Another advantage of this package is that it
would allow release mechanisms to be modelled and included in the analysis.
By doing so, operational anomalies of the release mechanism may be dis-
covered and the loads imparted to the store and to the aircraft structure by
release can be accurately calculated. Parametric studies can be run to deter-
mine flight envelopes which ensure collision-free separation of the store. In
the case of accidental collisions, impact loads can be calculated and their ef-
fect upon the subsequent trajectory accounted for. Perhaps one of the most
useful features of the analysis package is the computer graphics capability.
The results of a complex dynamic analysis can be presented in a form which
promotes a visual understanding of the physical operation of a store separation
system.

252

ZT-17



I

REFERENCES

1. Richter, B. J., "A Description of the Computer Program DYNAMITE,"
LMSC-D436926, Lockheed Missiles & Space Company, Inc., Sunnyvale,
California, December 1975.

2. Welch, B. H., Richter, B. J., and Sue, P., "TRIDENT I Third Stage
Motor Separation System," presented at the 11th Aerospace Mechanisms
Symposium, NASA Goddard Space Flight Center, Greenbelt, Maryland,
April 1977.

3. Richter, B. J. , "Structural Evaluation of Deployable Aerodynamic Spike
Booms, ", presented at the 9th Aerospace Mechanisms Symposium, NASA
Kennedy Space Center, Florida, October 1974.

4. Morris, G. W. and Welch, B. H., "SUTJU-54 Dispersal Interference Study,,,
AFATL-TR-76-69, Air Force Armament Laboratory, Eglin AFB, Florida,
June 1976.

5. Richter, B. J. and Welch, B. H., "An Application of Interactive Computer
Graphics to the Design of Dispersal Mechanisms," presented at the 11th
Aerospace Mechanisms Symposium, NASA Goddard Space Flight Center,
Greenbelt, Maryland, Apra 1977.

t

I

, 253



AUTOBIOGRAPHY

Byron H. Welch

Mr. Welch graduated from Iowa State University in 1972 with a Bachelor of
Science degree in Aerospace Engineering. Since then, he has been In the employ
of Lockheed Missiles & Space Company, Inc., Sunnyvale, California. Mr. Welch's
efforts have been centered in the fields of structural dynamics and separation
mechanics. Recent work includes the analysis of TRIDENT missile staging and
separation events, deployment studies of several clustered tactical weapon systems,
and the development of computer graphics software.

B. J. Richter

Dr. Richter received his Ph. D. in Applied Mechanics from Stanford University
in 1972. Prior to Stanford, he attended the University of Santa Clara where he
received a Bachelor of Science degree in Civil Engineering in 1963 and a Master
of Science degree in Engineering Mechanics in 1966. Dr. Richter has been em-
ployed by Lockheed Missiles & Space Company, Inc., Sunnyvale, California
since 1963 and has divided his time among four departments: Structures, Solid

-- -,- Mechanics of Materials, and Dynamics. Currently, he is Technical
Leader of the Separaition Mechanics Analysis and Development Group within the
Dynamics Department. Dr. Richter has performed analyses, developed computer
codes, and published papers in the spparaton mechanics field.

254



p

A BROAD BASED TECiNIQE FOR THE PEDICTION

OF STORE .iPARATION.

(Articie CLASSIFIED)
by

D.GARDNER and A.L.GUEST

British Aircraft Corp.Ltd.,
Military Aircraft Div.

A British Aerospace Company
Warton Aerodrome,
Preston. PR4 lAX

ABSTRACT (U). This paper describes the method in use at BAC
for the prediction of store separation characteristics.

The basis of the method is a very flexible mathematical model
solving for the motion of a store in six degrees of freedom and using
input data from a wide range of information gained from the wind tunnel
from flight or from theory as available.

The paper discusses, with examples, the shortfalls in some of the
various types of wind tunnel information used to support the prediction
of store separation. It is suggested that, in view of the restrictions
that apply to the interpretation of any single wind tunnel tests, employ-
ing even the most sophisticated techniques, there is virtue in a method
which basis its predictions on a balanced assessment of a broadly based
programme of testing.

Such a broad based technique for the prediction of store separ-
ation has been developed by BAC. It is currently in use to predict
jettison/release behaviour of a wide range of passive and active
stores at speeds from take off to Mach 2+
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1. INTRODUCTION

Military aircraft are generally designed around a set of specific
performance and store carriage requirements. These stores are often
mounted extern.a!7 to give the aircraft more !-exibLit . the nubers
ana zypes oi --cares :hat ;aa be -axriea sucn ]ar ita is not anusuai to
find many hundreds of aircraft configurations are possible by the time
the aircraft is in service. The flight clearance, jettison or release
of these stores presents a potentially large, costly and hazardous
programme of work and a way of minimising such a programme is essential.
Many pre-flight analysis methods now exist to fulfil this task, generally
based on a mix of analytical and wind tunnel techniques.

This paper discussed with examples, some of the shortfalls in some
of the various types of wind tunnel information used to support the
prediction of store separation. It is suggested that, in view of the
severe restrictions that apply to the interpretation of any single
wind tunnel test employing even the most sophisticated techniques, there
is virtue in a system which bases its predictions on a balanced assess-
ment of a broadly based programme of testing. Such a system should be
capable of employing both wind tunnel results and theoretical estimates
in a manner which imposes a compatibility test to the data so as to
minimise the potential risks from interpreting the results of any one
particular source of data. An additional advantage exists if limited,
easily obtained flight data can also be used, such as installed carriage
loads.

Such a broadly based method has been developed by the British Aircraft
Corporation, Military Aircraft Division, and is currently in use to
predict jettison/release behaviour of a wide range of passive and active
stores at speeds from take off to Mach 2+

The method described is based on a very flexible mathematical model
that allows use of a wide range of information inputs from the wind
tunnel, from flight or from theory as available.

The examples given are based on experience gained from programmes of
testing for several aircraft types.
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2. THE BASIS OF THE TECIII': EARLY VERSION OF THE MODEL

The technique which will be described in this paper is a derivative
of earlier mathematical modelling methods which have been under contin-
:ous -,se =.d 'eveio-_menc ar. a AC f:r :,=y -y.rz. -: -_ ior- , -
describing the basic principles of the technique and summarising the
capabilities of the earlier versions of the model as an introduction
to the main discussion.

A computer program calculates store motions with six degrees of
freedom and allows for a representation of aircraft manoeuvres. The
aerodynamic forces and moments acting on the store are calculated by
superposition of store aerodynamic characteristics and aircraft flow-
field characteristics. Corrections are applied to allow for flow-
field curvature.

Aerodynamic loading in the installed position which often differs
drastically from the computed values was allowed for in the earlier
versions in the form of local flow increments to the nose and tail of
the store. The increments were reduced from the installed position to
zero at a depth where it was considered that the interference effects
they represented were negligible. The effect of ejector release unit
forces and moments were represented where they were applicable. The
information which the program used for its calculations was based on
both wind tunnel testing and standard estimating methods such as
DATCOM. The aircraft flowfield characterisitcs were calculated after
the method of Alford (Reference 1). Figure 1 illustrates the concept
very simply and Reference 2 presents the performance of this standard
of model.

AERODYNAMICS, FLOWFIEL

WEIGHT, INSTALLED

INERTIAS ETC. STORE

LOADS

E.RJ.CHRATEISTICS PROGRAM --

(FEEDBACK)
OREI

TRAJECTORY I
WIND TUNNEL COMPAR

COMPARE

JETTISON TESTS

Figure I. THE MATHEMATICAL MODEL (EARLY VERSION)
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Figure 1 also illustrates the technique used to validate the
mathematical model, which is refered to as 'matching'. Basically,
the mathematical model is used to predict a jettison trajectory under
the same conditions as a dynamically scaled wind tunnel jettison test
'md the wo trajectories are compared. The mathematical model is
ajus~eCu --y -a'ring ;e upucs saown : .. az~u a e :aa' or7

re-calculated. This process of 'matching' the mathematical model to
the wind tunnel test is repeated until an acceptable agreement exists.
The cycle is repeated for a range of different wind tunnel drop condit-
ions, varying aircraft speed, incidence, and store location, in order
to enlarge the validation base as far as possible. When validation is
adequate the model can be used to predict jettison trajectories for
conditions not covered by wind tunnel jettison test. The model is then
used to predict jettison behaviour prior to initial flight trials and
as information becomes available from those trials, is re-matched
against the full scale results. The updated model can then be used to
extrapolate the flight trials results to define the limiting jettison
envelope.

The principle of using a mathematical model to co-ordinate different
types of wind tunnel tests and relate them to full scale trials results
has proved to be basically very sound. Comparisons with flight trials
results, Figures 2 and 3 show that with adequate matching the simulation
was excellent. In addition, the method provides a very useful tool for
the early stage of an aircraft programme when wind tunnel information is
often not available and all predictions are based on estimated aircraft
and store parameters. Later in the aircraft programme the model is able
to respond far more quickly and flexibility to design changes than is
possible with the hardware based wind tunnel techniques.

However, the simulation of sensitive stores was found to require
considerable matching effort, and, as a result of the simple treatment
of interference effects, was often limited in its ability to extrapolate
its predictions accurately very far beyond the range of conditions against
which it had been directly matched and particularly into the compressible
region.

3. DEVOPT OF THE MODEL

Three factors influenced recent development of the model

1. The requirement to identify and represent aerodynamic interference
mechanisms in much more detail.

2. The Tornado aircraft store release and jettison design requirements.

3. The availability of powerful, flexible data storage and access
subsystems.
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I Early this decade considerable evidence was becoming available,
Reference 3, regarding the significance of aircraft/store mutual inter-
ference effects, particularly in respect of high speed weapon release
problems. The interference mechanisms are too complex to be deduced
7ure_, t the matching process already described. From the outset of

e eve_.opment -I ":he Orogram L .. a : peczeu :nat ,,inu uannei :etz
would be conducted on a broad front to provide sufficient data to permit
interpretation of the interference mechanisms when these were known to
be important.

The basic drive behind the need to improve the model was supplied
by the swing wing multi role Tornado aircraft programme. The philosophy
of producing a weapons system with a relatively small airframe carrying
a large number and variety of stores which would be released or jettisoned
over a wide combination of speeds and wing sweep positions ensured that
the demands put upon the stores clearance programme would be very con-
siderable in terms of both quantity and quality. It was evident on
purely economic grounds, that in order to minimise flight trials the
back-up wind tunnel and jettison simulation facilities should be made
as effective as possible.

3.1. DESCRIPTION OF THE DEVELOPED MODEL

The tatching' process described for the earlier models remains the
foundation of the developed model and the treatment of store interference
close to the aircraft can be said to be the major area of improvement to
the model.

The flow-field through which the store passes as it leaves the air-
craft is considered to comprise of three zones (See Figure 4).

ZONE3 (1-2m) INTERFERENCE FIELD

ZONE 2 (4-5m)NEAR FIELD

ZONE I FARFIELD

Figur94 AIRCRAFT FLOWFIELD- DESCRIPTION OF ZONES.
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ZONE I - Far field

In this zone, the flow is completely free stream. It is
not influenced by the presence of the aircraft.

2QrE _'Ter --iel-a

In this zone the flowfield is influenced by the presence of
the aircraft. Flow direction, local Mach number and local
dynamic pressure are all assumed to be influenced by the
presence of the aircraft.

ZCNE 3 - Interference field

In this zone, the flowfleld is affected by both the presence
of the aircraft and the presence of the store due to a mutual
interference between them.

The basic calculations in Zones I and 2 assume that the aerodynamic
forces and moments operating on the store at any position can be calcu-
lated by superposition of the store free air aerodynamic characteristics
and the local flowfield characteristics that exist, in the absence of
the store, at that position.

The forces acting on the store can thus be described by the equation:

F C fee f ir x local flow conditions ........... I

(characteristicJ

This assumption has been confirmed as adequate from our earlier
modelling experience. The effect of flowfield curvature is allowed
for by defining the store as several discrete components having their
own local lift slope and moment characteristics. Dynamic terms are
defined, normally, as they apply to the total store although they can
be applied separately to store components.

In Zone 3 where the presence of the store may drastically distort
local flow conditions, it is necessary to define the situation in more
detail. In this region additional intereference terms must be defined.
Conditions in Zone 3 create the initial store disturbance motions that
tend to define the character of the subsequent trajectory. An under-
standing of the nature of this interference is the key to useful extra-

.I polation beyond the available wind tunnel or flight jettison demonstration.
Consequently, the majority of available funds and effort is aimed at
trying to define conditions in this zone. The forces acting on the store
can be described by the equations

F = C x local flow conditions +.F( free air )interference
(characteristics) ............ 2
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3.2. TH PROEMS OF ZONE 3

Rigorous theoretical treatment of aerodynamic loads on stores
in Zone 3, usually dominated by viscous and compressibility effects
4s not nossible it present. :e availabl thre Aiiensicnal 'heor-
eta.L aechoas are as yec, oz . e vaue ana a.hougn progress _.
being made at BAC and elsewhere, to make some allowance for compress-
ibility and viscosity the allowances tend to be in the nature of
empirical corrections rather than an extension of rigorous theory. It
is evident that any real attempt to define conditions in this zone
must be based on experience and on such wind tunnel and in-flight
measurements that can be usefully carried out. To make matters more
difficult, the compressibility and viscous effects that cause problems
for the theoretician can produce very misleading wind tunnel results
as well. It is therfore necessary to be very cautious when interpreting
wind tunnel results, aid it is unwise to accept unusual loads and moments
without understanding their source. Given that wind tunnel testing is
prone to a range of modelling and scaling errors it is important to
define the interference mechanisms so that a reasoned assessment can be
made of the presence and consequence of these errors.

Interference effects cannot generally be measured directly. They
must be deduced from the comparison of different types of wind tunnel
test. In essence therefore, Equation 2 is re-written in the form

interference free air x local flow conditions
tcharacteristics .......... 3

and the engineers effort is concentrated into understanding Finterference.

Loads acting on the store and measured in the installed position;
loads measured as the store is traversed through the initial trajectory
stages; loads computed from known flowfield and store aerodynamic
characteristics; loads inferred from the results of scaled jettison
tests; can all be compared directly or indirectly using the mathematical
model.

As a result of such comparisons additional testing may then be
scheduled to assist definition.

The flowchart in Figure 5 shows the developed model with its
variety of data options.
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4. USE OF WIND TUNNEL TESTS

There are five principal types of wind tunnel tests which provide
data of use in the prediction of store jettison and release. Four of
the fi'e re in the aature of itatic measurements that lefi -!.:
.:arac;. r )Z :!a 2±rcz- ra 311 :e± .7tre axau !J81ZX ~~ea;o ~ Ut

some form of mathematical modelling the information they proviae -annot
be quantitatively employed.

The five types of test are

1. Measurement of aircraft flowfield characteristics

2. Measurement of installed store loads

3. Measurement of store free air aerodynamics

4. Measurement of loads on the store immediately after release
(trajectory loads).

5. Dynamically scaled model jettison tests.

,.1. ~STORE AERODYNAMICS

In general the effect of store stability has a very significant
input to the character of a jettison trajectory. Measurement of store
stability, in terms of pitching and yawing moments, is made difficult
by the susceptibility of bozh parameters to interference from the model
support structure. At low speed, these effects can be minimised by
careful use of a rig of the type shown in Figure 6.

STRUT SUPPORTSTRVRSE

WIND

Figure6 MODEL INSTALLATION AT LOW SPEED FOR THE
MEASUREMENT OF STORE AERODYNAMICS.
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However, at high speed where aft sting mounting is almost universal,
the interference effects are potentially very serious. In the case
of a store with a boattail where the supporting sting inevitably
distorts the lines it is pointless to attempt the testing without a
ubsidiar 7rcxr-me -i__ed it ,i.lefini the ?_act )f t. he iiztaricn.

Even in the case oi biuff enuea stores where aiszortion may appear to
be quite small the effect on store stability can be significant, Fig.7.

Cross flow Reynolds number is known to signficantly affect store
stability at moderatZly high incidence which can occur during the
trajectory. An understanding of these effects is vital to a sensible
interpretation of scaled model jettison tests.

4.2. AIRCRAFT FLOWFIELD

It is not generally cost effective to attempt to measure the
aircraft flowfield for a large range of store configurations. In
the Tornado programme measurements were taken of four flowfield
parameters, at 128 positions beneath the aircraft at 11 incidences,
8 Mach numbers, 3 sideslip angles, and only two aircraft configurations
using variations of the rake shown in Figure 8.

NOTE:-4%4 RAKE
-SOME PROBES
OMITTED FOR CLARITY.

Figurea. AIRCRAFT FLOWFIELD RAKE.

Although there is no problem arranging for the release program
to have access to the required data it is obviously necessary at some
stage to scan the data for inconsistensies and errors. It has been
necessary to provide considerable programming support to display and
cross plot the data in order to minimise the engineer effort required
for editing. As anticipated, some difficulties in bringing the rake
close to the aircraft have been experienced due to mutual interference

between rake and aircraft model.
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It has therefore been our aim simply to define in general terms
the flowfield of the clean aircraft for use, together with the store
aerodynamics, as a base line against which to define interference.

L. 3. INSTALLED STORE LOADS

The aerodynamic forces and moments acting at the moment of
release can be defined by the measurement of the installed store
loads. The advantage of this type of test is that it is relatively
straightforward, it can usually give a reliable indication of the
onset of compressibility problems and can relatively cheaply scan the
full range of aircraft flight conditions. However, in relation to
their application to jettison prediction, there are problems of
interpretation. Figures 9, and 10 show two types of store install-
ations and by means of flow visualisation illustrate the relevance
of installed loads measuremerts as a means of indicating the sensit-
ivity of jettison conditions to Mach number. In the case of the large
stores, fuel tanks shown with one removed for clarity, there is clear
evidence of local sonic flow developing at about 50% length at this
aircraft Mach number. In the case of the bombs on a twin store carrier
it can be seen that there is effectively no flow between the stores and
there is evidence of a shock at 50% of the forward bomb length in response
to the general blockage created by the stores. In the first case one can
expect the variation of store loads and moments with Mach number to have
a predictable effect on jettison behaviour. In the second case flow will
not develop between the stores until one of them is jettisoned. The
differences between loads installed and loads during the initial movement,
which govern jettison behaviour, will be considerable and impossible to
predict from a consideration of installed loads alone.

4.4. STORE TRAJECTORY LOADS

These loads are measured using a twin sting rig as used in the
captive trajectory concept, Figure 11. The loads and moments on the
store are measured as it is positioned below the aircraft approximately
within the predicted volume to be swept during a release. The purpose
of these measurements is to gain an understanding of the interference
mechanism. The store is not generally required to be positioned rig-
orously along its predicted trajectory history, as in the captive
trajectory technique; nor is it positioned using the grid technique
which aims to set up a data bank. The purpose of the measurements is
to support and investigate data supplied by or deduced from other testing.
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mob,

FIGURE 9: Flow visualisation -Illustration of sonic flow
between tanks.

FIGURE 10: Flow visualisation -Illustration of shock
* development around a multi-

bomb installation.
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I

Figurell. STORE 'TRAJECTORY' LOAD MEASUREMENT.-

The difficulties associated with this type of measurement are
well known. Apart from the practical difficulties which make it
difficult to deal with stores which have very high initial pitch
rates and the trade off between rig flexibility and tunnel blockage,
the principal problems are associated with rig interference, and
results from these measurements again require careful interpretation
and understanding.

4.5. DYNAMICALLY SCALED JETTlSON TESTS

This test is the corner stone of reliable mathematical modelling.
Being the only 'dynamic' test its purpose is to verify the engineers'
collecting together and understanding of the other wind tunnel 'static'
data and thus by tuning or 'matching' of the model to these tests to
provide the final tool for pre-flight analysis of store separation.

It is therefore fundamental that reliable, repeatable information
is obtained either from low speed or high speed tests using 'light
model' or 'heavy model' techniques; all can be simulated exactly by the
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mathematical model and hence all can be sed to tune this model.
It is likely that the static tests will themselves indicate whether
high speed dynamic tests are necessary dependent on the rate of change
of interference terms with Mach number.

This simulation is updated by early separation trials in flight
and thence continuously as the flight programme develops.

5. E. R. U. PERFORMANCE

ERU performance and the effect of structural flexibility on
this performance are necessary inputs to any pre-flight.analysis.
The former is usually available in general terms from the ERU man-
ufacturers though not always for the mass or throttle setting intended
for a particular store. The effect of aerodynamic loads on the ERU
performance are not generally known and special tests may be necessary
if such effects are anticipated, modelled, and shown to be significant.

A separate mathematical model has been developed at BAC to
estimate ERU performance under various loading conditions, using a
similar 'matching' technique, with a view to minimising this type
of testing.

The effects of structural flexibility on ERU performance must
not be ignored and a 'pit drop' is recommended prior to flight where
any significant loss in performance is anticipated. An awareness by
the engineer of such a situation is necessary, e.g. the second bomb
from a twin carrier may exhibit a lower ejection velocity than the
first and may prove to be a function of time, see Figure 12.

soao

.T

8 10MB 2
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0.0 0-1 0.2 O0.3 0.
TIME AF EELEASE It SOMB(SECS)

Figurel2 EJECTION VELOCITY OF BOMBS FROM TWIN CARRIER._
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6. TYPICAL CASE HISTORIES

The value of using a wide range of information inputs to the
model can best be demonstrated by describing typical case histories
for a missile and for a large tank.

6.1. CASE HISTORY 1 - MISSIL

In this case the configuration consists of several fuselage
mounted missiles. The missiles are ejected from the installation
prior to motor fire as opposed to being rail launched. The missile
stability was augmented in the release mode but not in the emergency
jettison mode. The missile was expected to be vulnerable to release
disturbance problems during the ejection phase. The wind tunnel pro-
gramme as it developed is shown in Figure 13.

6.1.1. Stage 1 - Initial prediction - low smeed.

Store areodynamics data were available from the manufacturers
wind tunnel tests, measured at 1/2.8scale at speeds down to M=0.6.
Store installed loads at low and high M, and low speed aircraft
flowfield characteristics were the first wind tunnel results available.
On the basis of these tests and the manufacturers missile data a series
of predictions were made of jettison behaviour at low speed conditions
equivalent to those which would be simulated in the low speed scaled
jettison tests. On the basis of the installed loads it was expected
that in general the missile at Station A would exhibit the worst behaviour
through the speed range. A prediction of its behaviour at low speed is
shown in Figure 14, compared with an actual tunnel drop. The embarassing
discrepancy gave rise to a period of intensive study of the mathematical
model inputs; the flowfield, installed loads, ejector unit, interference
assumptions, and missile aerodynamics. Model ejector performance was
found to be slightly lower than expected, but did aot provide the explan-
ation. From the mathematical modelling of a range of wind tunnel drops,
it became apparent that the only two inputs that could influence the
jettison in this way were missile stability and damping. This conclusion
was reached with some reluctance as the missile data could not be faulted.
Estimates of missile aerodynamics using a technique, Reference 4 which
included the effects of vortex interference produced results which were
compatible with published data.
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FLOW SURVEY

INTLLD A0

-TITISONTEST

FLO Si~ (SPRSNC

TRAJLCTORY LOADS

TRAJECTORY LOADS

FIGURE.13. MISSILE- SUPPORTING WIND TUNNEL PROGRAMME
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It was decided to examine the missile aerodynamic characteristics
at the speed and scale conditions of the jettison tests. This was
undertaken as an extension of the low speed trajectory loads programme
which was carried out at the same scale. The sting support system was
not expected to influence the missile stability significantly as the
design _oats, for :his low apeea ;es-.ng dere mai. allowing a sienaer
sting-and the bluff missile afterbody did not have to be distorted;
the sting itself had a parallel section aft of the missile leading
gradually to an increase in cross section. The results are shown in
Figure 15 compared with the published data, and modelling based on these
results was much more successful. The difference is assumed to be due
to Reynolds Number but no comprehensive explanation was sought as high
speed data became available which indicated that the design case for
the system was, overwhelmingly, in the high speed regime.

Following measurement of the aerodynamics of the missile, low
speed trajectory loads were measured. These indicated that, at low
speed, the interference term was a relatively straightforward function
of distance below the aircraft and decayed to zero over a distance of
approximately im full scale, Figure 16. Using this information together
with the measured aerodynamics, 'matching' continued, and a wide range
of conditions were matched with variation of aircraft incidence, speed,
ejector velocity and pitch rate inputs. It was deduced that missile
damping varied considerably with incidence and that a further slight
variation of missile stability was required to maintain the match for
all conditions. Figure 17 shows the effects of missile stability and
damping on missile attitude history.

EFFECT Of DAMPING EFFECT OF STABILITY
9 DECREASING

MISSILE INCREASING MISSILE STABILITY
PITCH DAMPING PITCH N
ATTITUDE ATTITUDE ,

++

TIME TIME

INCREASING
DAMPING

\ 
IN

DECREASING
STABILITY

Figurel7. EFFECT OF DAMPING & STABILITY ON MISSILE PITCH RATE.
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It can be seen that the two effects can be isolated provided the
range of jettison conditions is adequate. The final matched stability
is shown in Figure 18 with a comparison of matched damping against the
published value. The final standard of match achieved is indicated in
yizurs '.9 'and 10 and 2."es within the tolerances of the f':m aza17sis
of the wind tunnel drops.

6.1.2. Initial predictions - High sveed

High speed measurements of the missile aerodynamic characteristics
proved to be very close to the original published information, tending
to confirm that the low speed discrepancies were due to the extremely
low Re number. These measurements were preceded by high speed flow-
field measurements. The flowfield results were un-remarkable except
that some probes close to the aircraft produced spurious results due
to interference. It is also worth noting that the tests provided no
useful indication of the aircraft shock patterns which were subsequently
assessed from Schlieren photography which is a standard output of most
high speed testing.

As high speed jettison results became available, transonic and
supersonic, they proved to be worse than predicted. The predictions
had been based on relevant high speed installed loads, but the inter-
ference effects had been deduced from low speed results. Examination
of the results showed that, as in the low speed tests, the ejector
unit was not providing adequate performance. This lead to a long study
of ejector performance. In order to examine aerodynamic effects ejector
performance was by-passed in the model simulation and missile velocity
and pitch rate at the end of the ejector stroke were used as the start
of the trajectory. Even with this allowance for inferior ejector per-
formance, it was not possible to explain the discrepancy. It was
evident that a large nose up pitching was being applied to the missiles
with missile 'A' being the worst case. The high speed trajectory loads
confirmed that such moments did exist.

6.1.3. Stage 3 - Investigation of high speed interference mechanism

Figure 21 shows pitching moment data measured on two missiles
'A' and 'B' as a function of distance below their installed positions,
at a supersonic Mach number. Schlieren photographs showed that the
tail of Missile 'A' could be under the influence of a very strong
aircraft shock system dominated by the engine intake shock. The system
operating on Missile 'A' could conceivably be powerful enough to produce
the pitching moment measured on that missile but such a conclusion
would not admit a decay in shock strength as it 'carried over' under
the fuselage.
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There was no obvious aircraft shock system operating on Missile 'B'
the only interference mechanisms that could cause the pitching moment
and normal force combination, as measured, was thought to be the shock
from the missile win reflecting from the aircraft fuselage onto the
missile tail durin- the ejection 3trc-e. Exam-nation of the results
at a range of laca .umoers and aircra.t ann aissile ar:±:uae cmon-
ations supported this conclusion. To confirm this interpretation of
the results it was decided to take static pressure measurements along
the fuselage to define the point of shock reflection, the results are
shown in Figure 22.

Returning to Missile 'A', it was obvious that the same shock
reflection mechanism must occur. Subtracting the effect of shock
reflection from the measured pitching moment on this missile reduced
the effect required from the aircraft intake shock system to a more
rational level.

Once the supersonic interference mechanism had been established,
and confirmed by matching, it was examined for source of error or
misrepresentation. It was obvious that the shock reflection mechanism,
affected as it is by boundary layer conditions, will be subject to
Reynolds number errors and an estimation of this effect at full scale,
with tolerances, can be made.

Another source of error, caused by wind tunnel modelling constraints,
was the low model intake mass flow. The model used for both high speed
jettison tests and trajectory loads measurements provided subcritical
intake flow due to constraints on intake, duct and efflux geometries
caused by the need to fit large ejector release units inside the model
to cater for the jettison tests. Vae result was a forward movement of
the intake shock system which thus passes the missile at a different
position than will be the case at full scale. Recognition of this fact
has allowed correction to be applied to the 'interference terms'.

6.1.4. Summary

In the case of this study there is no alternative to mathematical
modelling to determine missile launch characteristics, as there is no
other way of representing the missile motor, cg variation, and control
characteristics. As the wind tunnel data was gathered and analysed
predictions of missile launch behaviour were produced and updated to
provide evidence for design decisions. The mechanical problems en-
countered in the jettison tests with the ejector units, could be
corrected for in the mathematical model. In the same way the un-
representative 'light body' scaling of the high speed jettison tests
presented no difficulty. Once matched to the high speed tunnel conditions
the simulathns were exactly represented. In this case the cost effective-
ness of a broadly based test programme with sufficient redundancy to
allow compatibility checks, is clearly shown. A comparison of the final
standard of matching achieved is shown in Figure 20.
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6.2. CASE 2 - EXTERNAL TANK

In this case the store is a large external fuel tank carried on
the wing pylon of a strike ajircraft.. Although the installation itself
s reativer " raignat forward the hi.&ly swept wing and high wing

loading c" ±-e aircraft :ombina co :reaie Zronq ind An favouraoie
flowfield effects. The tank tail fina are not symmetric, due to geom-
etrical constraints and hence, tank lateral stability is much lower
than tank pitch stability. These aerodynamic problems were rendered
more critical by the usual problems associated with this type of store:
the large range of store mass and cg position combined with the low
density of the empty store.

6.2.1. Stage I - Early matching attempts

The aircraft flowfield and store installed loads and moments were
defined by wind tunnel testing. The flowfield measurements showed, at
the tank installed station, the flowfield sidewash to be of the same
order as the aircraft incidence for most of the aircraft incidence
range. The significance of this is that the flow vector is effectively
rotated 45 degrees out of the pitch plane.

The asymmetry of the tank tails made it difficult to estimate
either pitch or yaw stability or stability in a rolled plane. Attempts
were made, with partial success, to use the ;matching' process to
deduce tank stability. However, there were too many variables involved
as the tank, itself pitching and rolling, passed through a rapidly
changing flowfield. For limited cases an acceptable match was achieved
but the accurate representation of a wide range of cases, which is
necessary for validation was not achieved. It was decided that it was
essential to measure the store aerodynamics.

6.2.2. Stage 2 - Measurement of the tank free air aerodynamics

The tank aerodynamics were measured in a low speed wind tunnel at
1:3 scale using a rig similar to the one showing in Figure 6. The tank
pitching moments are shown in Figure 23. It can be seen that at a roll
angle of 90 degrees, equivalent to a zero incidence sideslip condition,
there is a large nose up pitching moment. This had not been expected
and was found to be due to the local flow effects at the root of the
horizontal tails which had significant anhedral.

An important part of the testing was an investigation of Reynolds
number effects with particular reference to the conditions at which the
low speed jettison tests were conducted. Fig.24 shows the effect of
Reynolds number on the pitching moment. It can be seen that at moderate
to high incidence the effect of crossflow Reynolds numbers is significant.
The results showed that the jettison test results might be misleading in
cases where the tank rotated beyond moderate incidence.
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6.2.3. Stawe 3 - Final matching

Once the complex aerodynamic characteristics of the tank were
incorporated in the simulation, matching improved enormously.
.:.ures 5 and 2b .. ai-atas .ze -iaadara -,f :accang -.hac iaa aaivea.

The most significant discovery was the extreme sensitivity of the tra-
jectory to tank roll behaviour. This had an important bearing on the
interpretation of the jettison tests, where, due to the difficulties
of manufacturing very light scaled stores, it had not been possible to

maintain the three principal inertias, as well as the correct cg position.
( A concession had been given on tank roll inertia as it was not considered

to be of great significance and this was now shown to be incorrect.
Similarly, use of the installed store loads results to extrapolate
predictions beyond the speed range covered in the low speed jettison
tests required care because balance accuracy was poor in the roll
sense.

6.2.4. Summary

Use of the mathematical model in this case established the critical
sensitivity of the trajectory to tank roll behaviour. Once this had
been established it was possible to correct for errors and examine the
effect of realistic tolerances. The mathematical model with its
supporting wind tunnel tests permitted a valid interpretation of wind
tunnel jettison drops that might otherwise have been misleading.

7. CCCLUSIONS

The benefit of the broad based technique described here is its
flexibility and adaptability to the input information available. Each
part of the input, whether from theory or the wind tunnel requires
careful interpretation and this has been demonstrated by the examples
described. However, the 'broad base' allows an element of redundancy
which we believe gives the technique an advantage over other methods.
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ABSTRACT. (U) The study of airborne store separation can be
performed in wind-tinel by different methods.* In particular the "grid"
method, where aerodynmic loads are measured an the store placed
successively at discrete locations - grid nodes - in the aircraft
aerody'namic field, the trajectory being then calculated by flight
mechanics formulae, give fairly good results.* That kind of testing is
currently carried out in ONERA Modane wind-tunnels for any military
store. Until now a sting support system vith only one reotely con-

V trolled degree of freedom, i.e. tr-anslation, vas used. But several
manual operations were needed to modify the other, unuctorized, para-
meters of location and attitude. Presently a device with six motorized,
remotely controlled, degrees of freedom has been built, resulting in a
significant time saving for such testing. Associated with a computer
controlled servo system, this device can be used not only with the grid
method, but also with the captive trajectory method. The mechanical
features of the device and the bases for the servo control program are
described, along with the first calibration results in the Modsne 6ft
transonic tunnel.

"Approved for public release ;distribution i-limited.."
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1 - INTRODUCTION

The study of airborne store senaration can be performed in good

validity of which having been proved. In particular, the "grid" method,
where aerodynamic loads are measured on the store placed successively
at discrete locations - grid nodes - in the aircraft aerodynamic field,
the trajectory being thep calculated by the flight mechanics formulae,
has been compared to the methods of store model dropping or firing ;
this type of testing is currently carried out in the ONERA Modane wind-
tunnels for any kina of military store. Until now, a sting suporting
system with only one remotely controlled degree of freedom, i.e. trans-
lation, was used. It permitted the establishment of the set of aerody-
namic forces exerted on the store in the whole aerodynamic field of the
parent aircraft, but many manual interventicns were necessary for
changing the parameters : orientations and displacements.

With a view to alleviate the task of the experimenter, and to
increase the testing rate, a rig with six motorized degrees of freedom
has been built (figure 1).

Fig. 1 - Six degrees of freedom rig for trajectory studies (captive trajectory system)
installed in the transonic test section of S2 Modane Wind Tunnel (1.76 x 1.75 m 2

).
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This rig is directly controlled by an HP 2100 computer, which cal-
culates and gives to a control logics the set point values for con-

trolling the driving motors. These values are determined from the
positions to be obtained for the store. That assembly - mechanical
rig plus computer - makes it also possible to use the captive trajec-

tor' method. than-,s to t _----outer -rrc hich. . . . that .se. te-

ze-rmnies s-ep y srep :he ant:c_,pea :rajecor z'zc=c ;ne zeasur-a

aerodynamic forces and other preset data.

2 - DEVICE DESCRIPTION

The test device involves a set of three mobile parts hinged
together through gimbal joints. These hinges with two degrees of

freedom permit, by combining their rotations, the displacement of the

model along the Y and Z axes, and its orientation in pitch and yaw.
The upstream element, supporting the model by means of an internal

balance, can embody a rotation control system around the roll axis
and/or be fitted with a bent sting. The downstream element, mounted
on a sliding system, allows the displacement of the model along the
X-axis ; figure 2 shows the basic layout of this device.

Pitd sector

WT main sting -

Aircraft sting Y

Pat 
Rig reference trihedral

Paren aircraf C.YE -Upstrer gimbal join

Store-model Store rollJ Store sting
Balance 5 or
B component

Fig. 2 - Schematic mechanical layout.
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Each hinge of the gimbal joints is mounted on smooth looseless
axes and the control is ensured by electromechanical jacks fitted with
satellite rollers precision screws (figure 3). The driving motoreducers
linked to the intermediate leg through finely adjusted ball joint are
supplied with 24 V direct current. The translation speed of the screw
is about 1 mm/s. The motors involve electromagnetic brakes.

sisting in V-mounted roller pads (figure 4). The motion is driven by
a motoreducer actuating a rack gear.

Return cam Guiding cage Nut

p 0

-Return groove

Ia

Satellite roller

Fig. 3 - Electromechanical jack-roller screw.

V monted roller pads

rack gear

Fig 4 - Guidance for translation motion.
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Each displacement is measured by rotative inductive position
sensors of very high precision - say about 30 arc-seconds.

The aircraft model is mounted independently of the store on a
sting support which can be either deported or bent, and which is fixed
to the rig abreast of the downstream sliding part.

3 - RIG CHARACTERISTICS

The front gimbal joint of the rig has a maximum angular field of
+ 300 on both axes, and the rear one + 20, enabling thus tilting the
model both in the vertical and horizontal planes up to 15' or 300,
depending on the transverse displacement required. That transverse
displacement can reach or even exceed 300 = in the two directions,
along Y as well as along Z.

The overall range along X is 1200 mm, and the roll motion of the
model about the rotating sting can reach + 1700.

The rotational speed about the gimbal axes is about 0.5 degree
per second, resulting in a maximum translation speed in Y or Z direc-
tions of 10 ms/s, with the rear gimbal joint acting alone. The trans-
lation speed in the X direction is at present 6 =m per second, but
could be further increased. The rotational speed in roll is 3 degrees
per second.

- RIG DEFLECTIONS

The setting accuracy of the store position about the parent
aircraft being very high, it is necessary to take into account the
deflections of the rig due to the weights and aerodynamic forces
acting on the various parts. These forces are known, thanks to, on the
one hand, the internal balance which measures the aerodynamic forces
on the store, on the other hand to dynamometric sensors located at the
end of the jacks. These sensors measure the control forces, from which
are deduced the aerodynamic loads on each leg.

A calibration on a bench makes it possible to determine, for each
leg, the distorsion coefficients under the action of forces and moments

exerted on their end, and of distributed loads simulating aerodynamic
forces (figure 5). These coefficients are put into the control program.
For the sliding downstream part, the deflections depend on the displa-
cement in translation, thus the coefficients are given as polynomial
functions of the translation, of the third degree for the transverse
deflections, and of the second degree for the angular deflections.

The deflections of the aircraft sting are independent of the rig
and separately calculated by means of their own distorsion coefficients,
either by measuring the aerodynamic forces on the model with an
internal balance, or by introducing in the computer program the aero-
dynamic coefficients of the aircraft. A third way can be followed by

298

-1d .



measuring directly the angular deflections by means of two goniometers,
and introducing in the program a relation between the angular distorsion
and the corresponding displacement.

These distorsions, as they intervene in the calculus at the level
of the setting of the store center of gravity location, ought lo be

,Cae control mechanism.

Fig 5 - Six degrees of freedom rig-calibration.

5 - ACTUATING SYSTEM

Figure 6 gives the principle of the overall actuating system. The
computer receives information from the measurement apparatus (wind-
tunnel reference parameters, pressure sensors, balances, jacks dyna-
mometers, etc.). It calculates the displacements of the model and sends
the resulting information, on the one hand to the control logic , on
the other hand to the main computer. The latter displays cn its peri-
pheral units the numerical values and the graphs, either on tracing
table or on cathoscope screen.

The control logic receives the information formalized as digitized
set point values. These values are compared to the indications of the
position encoders by means of a numerical comparator which sends a
control order to the motors if the discrepancies between the compared
values exceed preset tolerance margins (figure 7).

The system can operate either manually, by direct control of the
driving motors, or automatically. The automatic control can be in open
loop, with presetting of the position to be obtained (grid method), or
in closed loop, the successive positions of the store-being then cal-
culated by the computer program by means of flight dynamics formulae
(captive trajectory method).
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During the preparation phase, the governing computer is always
linked in a conversational mode with the operator, through a ce-thoscope
and keyboard.

Store balance
jack sensors agnetic

-7 ~ emotv

Coners tin l visuazto Mai digitalco es riin otr
Convcertcreen compute

dig. 6cockira oowrol system

HDigi0 inostaie poito mesrmn

Numc e r~ca l de iaio ntm6 
p

Fongro potor Contro l loggcsor
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6 - COMPUTER PROGRAM

This program calculates the set point values necessa--y the
motor control, from the store position about the parent si.rz-t. In the
grid method case, the initial position and attitude are given .,nd the
incrementation is made by the program (by constant steps !!!A. :n the
-ase of the iaptive tra.,ectcr- methcd. these --2!ues :-e a....' zed 'rr

is made with a constant time interval at.

The computing sequence is as follows (figure 8)

a) Tunnel references calculation, from the pressure and
temperature measurements (dynamic pressure, Mach number, wind speed,etc.).

b) Aircraft sting distortion calculation.
These distortions can be determined through three different

methods

- aerodynamic forces measurement by means of an internal balance
and distortion calculation with the calibration coefficients ;

- input of the aircraft aerodynamic coefficients into the program
data and calculation of the distortions by means of the cali-
bration coefficients ;

- sting angular deflections measurement by means of two goniometers,
and transverse linear deflections calculation by means of an
experimentally established relation between angular and linear
deflections.

c) Store aerodynamic coefficients calculation from the forces
measured by means of the store internal balance ; the weight components
are subtracted from these forces before the aerodynamic coefficients
calculation.

d) Calculation of the store supporting rig distortions ; these
distortions are calculated, part after part, from the applied forces and
the calibration coefficients in the reference trihedral of each part,
and then translated to the point G, store load center, in the reference
trihedral of the rig ; the aerodynamic forces on each part are determined
from the forces measured on the driving jacks.

e) Calculation of the forces exerted on the real stcre, from
the aerodynamic coefficients previously calculated, altitude conditions,
propulsion or ejection forces on the store, weight and load factor.

f) Calculation of the store trajectory about the parent
aircraft, from the applied forces in the store reference trihedral and
the mass characteristics of the real store (mass and inertia coefficients).

The accelerations and speeds, both angular and linear, are
calculated at once. The store orientation about the parent aircraft
(Euler's angles) is then determined by calculating previously the
Euler's angles of the store about the rig.

Knowing the store speed components, it is then possible to deter-
mine the displacement about the aircraft.
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In the grid option, the relative position of the store about the
aircraft L i-en z once, then incremented along X-axis.

g) S.ae-sy .alculation. Apart from the mechanical safety
devices : electrical contact detectors between store and aircraft, limit
switches, initia. ntact checking etc., precautions are taken with a view

71. arod 2=tac- baetween -he -1=rf -=d. t'-jmbl
means of' the computer program. Before the operation, a security suo-
zoutiae - --iz-s I:e position of the critical points of the rig or
store about -he L: raft envelope, defined by means of a set of drawings.
If some collision hazards appear, the operation is interrupted and a
diagnosis appears on the operator cathoscope screen.

h) Calculation of the drive angles of the rig. The orienta-
tion and displacement of the store being defined in the rig reference
trihedral, the rig joints angles are calculated by the computer. This
calculus is based on the projection relations of the various parts of
the rig in its main reference trihedral, and on some relations de-
termined by identification between two matrices of orientation angles.
One of these matrices is established from the Euler's angles of the
store, the other from the rig joints angles.

These relations not being independent, the calculation is made by
iterations. It will be taken into account, in these calculations, the
distortions of the rig and of the aircraft sting support.

7 - ASSESS MT RESULTS

Bench tests permitted us to assess the accuracy with which it was
possible to place the store under the parent aircraft according to the
set values. At each cycle of calculus the position obtained was measured
and compared with the calculated one. Taking into account only the
distortions due to the own weight of the system, the discrepancies
appeared to be of the order of 0.15 mm between measured and theoretical
values.

The vibratory behaviour of the rig and the automatic control of
the motors were then controlled in the wind-tunnel at Mach 0.9. The
approach process of the store in the vicinity of the model has been
tested, and the first three-dimensional captive trajectories have been
successful performed last June.

For example, figure 9 shows two captive trajectories obtained
with the system for the same Mach number with two different altitudes
and load factors. These tests were carried out in the S2 wind-tunnel.

The second trajectory was stopped by the autormatic limit switch,
but the missile was already out of aerodynamic field of the aircraft.

The lateral displacement is due to the local wing field.
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Fig. 9 - Captive trajectories obtained with the system.

8 - CONCLUSION

This 6-degree-of-freedom system has been studied and built by
ONERA, on request from aircraft constructors with the support of the
Technical Service of Aeronautics.

Thanks to a thorough construction, the precision of the airborne
store location and attitude settings about the parent aircraft is quite
good. The computer program for the calculation and the control offers
the possibility to be adapted to various testing layouts.

Many tests, such as emergency jettisoning, firing of self propelled
missiles or store separation by simple dropping or dropping plus firing,
can easily be carried out, with the captive trajectory method, or
studied with the grid method. The time savings and the setting accuracy
given by this system, as compared with previous ones, represents a
significant advantage along with a large increase of experimental
possibilities.
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ABSTRACT. (U) The A-10 stores certification program was uniquely
structured to utilize in-house Air Force expertise wherever possible in
management, engineering analysis, flight test demonstration, and data
reduction. The program was also designed to facilitate the orderly
transition from the contractor of all engineering certification efforts
once the contracted requirements of the aircraft specifications had been
satisfied.

This paper reviews the A-lO stores certification program to include:
analysis techniques utilized, test programs conducted, and problems
uncovered during the flight test program. Lessons learned during the
program are provided, and recommendations are given for the benefit of
managers and engineers who may be involved in future store certification
programs on other aircraft. The major disciplines which were a part of
the A-10 stores certification program are stores separation, loads, flutter,
performance, and stability and control. The store separation aspects of
the program will be emphasized with a more limited discussion of the other
disciplines.

"Approved for public release; distribution unlimited."

305

1.I



LIST OF FIGURES

FIGURE NUMBER

1 1 GENERAL ARRANGEMENT OF A-IOA AIRCRAFT

2 DUAL PISTON BRU-30 MULTIPLE CARRIAGE RACK

306

306

Co



INTRODUCTION

The A-lO stores certification program was uniquely structured to
utiliz 4n-house ir nrca mxoertise 'whernver 'ossible 4n -anacement.
englneering anaiysls, f cignt resz aemonszraton, dna iaca rsaucz:un.
The program was also designed to facilitate the orderly transition from
the contractor of all engineering certification efforts once the con-
tracted requirements of the aircraft specifications had been satisfied.

This paper reviews the A-1O stores certification program to include:
analysis techniques utilized, test programs conducted, and problems un-
covered during the flight test program. The major disciplines which
were a pdrt of the A-l0 stores certification program are stores separa-
tion, loads, flutter, performance, and stability and control. The store
separation aspects of the program will be emphasized with a more limited
discussion of the other disciplines.

The primary industrial and government organizations involved in the
A-10 stores certification program were the following: Fairchild Republic
Company (FRC), A-lO System Program Office (SPO), Air'Force Armament
Laboratory (AFATL), Armament Development and Test Center (ADTC),
Air Force Flight Test Center (AFFTC), and Pacific Missile Test Center
(PMTC).
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FRONT VIEW

TAIL VIEW

FIGURE 1. GENERAL ARRANGEMENT OF A-10A AIRCRAFT
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A-lO AIRCRAFT DESCRIPTION

The following brief description of the A-l0 might be helpful to the
reader before lfscussina the technical srect- if the orocram.

The A-lO is a single place aircraft designed specifically for the
close air-support role by FRC. The aircraft configuration is characterized
by a flat bottom fuselage, a straight wing of relatively high aspect ratio
and high thickness Call of which serve to enhance aerodynamic performance
at low speeds) mounted low on the fuselage, a straight horizontal tail,
twin vertical stabilizers mounted on the outboard tips of the horizontal
tail, and two high bypass turbo fan engines installed in nacelles mounted
on pylons extending from the aft fuselage. Figure 1 shows an overall
view of the aircraft.

The aircraft has an internal 30MM gatling gun mounted in the nose of
the fuselage. In many respects, the gun system drove the design of the
aircraft. This topic is not, however, a subject of concern in this paper.

The aircraft also has eleven non-jettisionable external pylons; three
wing mounted pylons outboard of each gear pod, one wing mounted pylon in-
board of each gear pod, and three fuselage mounted pylons. Pylons are
consecutively numbered from the left outboard CPI) to the right outboard
(Pl). The designed loading capacity of each pylon station is as follows:
1000 lbs. for Pl, P2, PlO, and Pll, 2500 lbs. for P3 and P9, 3500 lbs. for P4
P5, P7, and P3, and 5000 lbs for P6. P1, P2, PlO, and Pll each house a dual-
piston MAU-50 bomb ejection rack. The remaining pylons each house a
dual-piston MAU-40 bomb ejection rack. The basic difference between the
two racks is that the MAU-40 has 14 and 30 inch suspension hooks whereas
the MAU-50 only has 14 inch suspension hooks. For the A-10 application,
all racks use two ARD-863 ejection cartridges with various orifice combi-
nations selected to enhance store separation characteristics. The reader
is referred to reference 1 which contains detailed drawings of aircraft/
pylon geometry, locations of suspension lugs, ground clearances, and so
forth.

PROGRAM OBJECTIVES

The A-lO stores certification program objectives related to specific
performance and functional requirements that the aircraft was required to
demonstrate. These performance and functional objectives stemmed from
the Development Concept Paper (DCP). The DCP defined what capabilities
the A-10 must have to defeat a specific threat. In the DCP, these
capabilities were broad in scope but became more specifically defined
when the detailed aircraft specifications were subsequently generated
and translated into a contractual document between the government and FRC.
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The A-10 specifications contained a list of store types, the minimum
quantities of each type, and certain specific store loading configurations.
The stores list was compiled using inputs from many sources such as the
primary using command (Tactical Air Comand) and was eventually expanded
to approximately 25 store types arrayed in over 200 store loading con-
figurations. This stores list led to the orimary objective of -1-e stores
:'.rir..catun progrlm; :.nat :s, :o e~ons:rate £atls-ac-ory :mpatbii:y
of specific stores in specified loading configurations within the desired
flight envelope of the aircraft. Another major objective was to develop
an Air Force in-house capability in the store compatibility disciplines
(i.e. stability and control) so that all follow-on store certification
engineering and testing could be accomplished by the Air Force.

MANAGEMENT PHILOSOPHY

The A-lO SPO was the single-point manager for the A-lO weapon system.
As such, the SPO had the responsibility for directing FRC and other
government agencies in the accomplishment of tasks that would result in
the achievement of program objectives. For the stores certification pro-
gram, the SPO decided on a joint test concept. Basically, this meant
that the program was divided into two phases; a joint FRC/Air Force phase,
and a follow-on Air Force phase. The distinction between the two phases
was centered on who had prime responsibility for the various areas of
testing. During the joint phase, FRC's responsibility was high in all
areas in order to allow FRC to demonstrate to the Air Force that per-
formance and design requirements had been met. For example, FRC was
contractually required to write test plans, maintain the aircraft, and
prepare test reports. The Air Force however, still reviewed all test
plans, participated in the flight test engineering decision process, and
reviewed all test reports. During the follow-on phase, primary responsi-
bility rested with the Air Force and FRC's responsibility was correspond-
ingly lower.

In order to make the joint test concept successful, the SPO had to
orchestrate the efforts of the AFFTC and the AFATL since much of the Air
Force engineering expertise resided in these organizations. This was done
via a Store Certification Management Plan which defined the duties and
responsibilities of all organizations during the two test phases. The
plan was developed with inputs from FRC, the AFFTC, and the AFATL.

In soliciting support from the AFFTC, the SPO used Program Intro-
duction Documents (PrD's) to define the work load and level of effort the
A-10 program would require from AFFTC personnel. As a result of the PID,
engineers were assigned to the A-lO Joint Test Force and the AFFTC was
funded by the SPO for the test effort. The SPO used less formal docu-
mentation in soliciting support from the AFATL. This was because the
AFATL had agreed to provide on-site engineering support during the stores
compatibility portion of the testing. AFATL engineers acted as technical
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advisors and performed much of the engineering data reduction resulting
from flight testing. With this arrangement, the SPO was assured that the
AFATL was kept in close technical contact with the program and was acquiring
the expertise necessary for the follow-on phase.

70RE *2RTFC.;T:O-N GHT -ZT ROGRAM,

The joint phase of the program was initiated in August 1974 and
extended through March 1976. Testing was conducted with prototype YA-1OA
and A-IOA aircraft and involved the following stores: AGM-65 missile,
SUU-20 training dispenser, 600 gallon fuel tank, SUU-23 gun pod, BLU-27
unfinned firebomb, MK-82 LDGP, MK-84 LDGP and MK-82 Snakeye bombs, BDU-33
practice bomb, LAU-68 rocket launcher, GBU-1O and GBU-12 fixed wing laser
guided bombs, SUU-25 flare dispenser, and MK-20 cluster bomb. Approximately
120 productive missions were flown during the joint phase. The loading
configurations for all missions involved single store types. The results
of joint testing are documented in references 2 thru 7. Problems en-
countered during testing will be discussed in a later section.

The follow-on phase of the program was initiated in April 1976. The
bulk of this test phase was completed in January 1977, but continues to date
at a low level. Testing was conducted with pre-production A-bOA aircraft
and involved the following stores: fixed and deployable wing GBU-lO and
deployable wing GBU-12 laser guided bombs, LAU-68 rocket laucncher, BL-755
dispenser, MK-82 LDGP, MK-84 LDGP and MK-82 Snakeye bombs, BLU-27 finned
firebomb,BLU-52 chemical bomb, CBU-58 and MK-20 cluster bombs, and SUU-25
flare dispenser. Approximately 110 productive missions were flown during
the follow-on phase. The loading configurations involved both single
and mixed store types. The results of follow-on testing are thoroughly
documented in reference 8. Problems encountered during testing will also
be discussed in a later section. It may be noted that after October 1978,
all follow-on testing will be conducted at the ADTC.

CAPTIVE COMPATIBILITY TESTING AND ANALYSIS TECHNIQUES

This section provides a general summary of testing and analyses per-
formed in the disciplines of loads, flutter, stability and control, and
performance. The results of analyses in each of these disciplines were
used to establish the captive flight envelopes of the aircraft with the
various store loadings. References are provided for all disciplines
discussed in the event that the reader desires more comprehensive infor-
mation.

LOADS: FRC designed the A-b pylons to satisfy Air Force load factor
crite-iT Criteria were -3.0 to +7.33g for symmetric maneuvers and -1.0
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to +5.86g for unsymmetric maneuvers with stores carried singly on parent

pylon MAU-40/50 racks. With stores carried on multiple carriage racks,
load factor criteria were -2.0 to +5.Og for symmetric maneuvers and -1.0
to +4.Og for unsymmetric maneuvers. FRC provided the Air Force with
stress reports for each pylon (reference 9).

Two major test efforts were subsequently conducted to verify the
pylon stress analyses and design calculations. The first effort was a
static ground test wherein the pylons were subjected to ultimate load
limits with forces and moments corresponding to worst case analytical
aerodynamic and inertial loadings. The second effort consisted of an
in-flight loads survey to verify that analytical forces and moments
were accurate enough to validate the design and static testing. The
aircraft was allowed to fly to 80% of its design load factor limits
prior to this testing with a restriction on roll rate.

The static ground test was accomplished on a complete A-l0 aircraft
which was identical to the production aircraft except as stated in
reference 10. Testing was conddcted at the Flight Dynamics Laboratory
Static Test Facility located at Wright-Patterson AFB, Ohio. The loading
conditions and instrumentation used for these tests are described in
references 11 and 12. During testing, the pylons successfully withstood
100% ultimate loads without failure. At one test point, however, the
aft hook on a MAU-40 rack deformed and failed at 98% of the ultimate
loading. The test condition simulated a +4.Og rolling pullout with a
600 gallon fuel tank mounted on P4. At the present time the A-10 uses
F-1ll fuel tanks which themselves have a 3.Og acceleration limit so that
the failure which occurred during testing did not impact the captive
flight envelope. Complete results for the static ground tests are con-
tained in reference 13.

The A-l0 flight loads survey was conducted at the AFFTC and was a
joint Air Force and contractor flight test. FRC prepared the test plan
and instrumented the aircraft in accordance with reference 14. The bomb
lugs, swaybrace pad posts, and pylon wing attachment fittings were in-
strumented. Since nn wind tunnel data or flight loads were obtained prior
to this testing the 80% flight conditions were surveyed first and
quantitatively analysed before proceeding to the 100% limits. The store
configurations planned for test and flight conditions can be found in
reference 15. The test program started 11 July 1976 and ended 20 October
1976. The final report was not available at the time the paper was
written, however, all 100% factors were successfully flown and the 80%
load restriction on the A-10 aircraft has been lifted. The precise
correlation between predicted and measured loads will be studied by the
Air Force to determine how accurate the forces and moments can be pre-
dicted.

FLUTTER: FRC was required to design the A-10 to be flutter free to
1.15 times the desired maximum velocity limit of 450 KEAS. Both the Air
Force and FRC performed flutter simulations. FRC modeled the A-lO using
a NASTRAN simulation while the Air Force used both NASTRAN and the
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McDonnell Douglas Corporation FACES simulation. Ultimately, a parametric
wind tunnel flutter test, a ground yibration test, and a flight flutter
test were conducted.

Due to a tight program schedule, it was necessary to allow the YA-1O
irototpe iircrait :c -' with scores .erore any )T -he ,lforementeonec
tests could be conducted. Therefore, baseO on the results of the NASTRAN/
FACES simulations, the YA-1O aircraft was allowed to fly at airspeeds up
to 300 knots with stores. After wind tunnel testing, where speeds of
730 KEAS were tested with realistic store configurations without achieving
flutter, the prototype aircraft were allowed to fly to 420 knots with
selected store loading configurations. Reference 16 presents a detailed
account of the conduct and results of wind tunnel flutter testing.

Ground vibration testing was conducted at FRC and was a prerequisite
for the first flight of the A-IOA in January 1975. Testing was satisfactory
as described in reference 17. Flight flutter testing was conducted from
April through June 1975 at the AFFTC for selected worst case store loading
configurations. Testing, which is documented in reference 18, demonstrated
a complete absence of flutter throughout the flight envelope of the air-
craft.

Although the aircraft is apparently not susceptible to flutter, the
Air Force and FRC have not as yet Been able to match the frequencies of
the wing modes of vibration in the analytical programs tc the ground
vibration test results. At the present time, the Air Force suspects that
possibly the ground vibration test results and the analytical stiffness
model for the wing are slightly in error. rn an attempt to verify the data
base, the Air Force plans on conducting another ground vibration test in
early 1978. In the interim, the Air Force and FRC are proceeding
cautiously, and carefully evaluating the results of flutter analyses to
assure adequate margins of safety exist.

STABILITY AND CONTROL: Static stability and control wind tunnel
testing was conducted by FRC early in the program. Data derived from
this testing was used to form an analytical stability model for the YA-1O
prototype aircraft (data contained in references 19 and 20). Flight
testing was subsequently conducted in order to obtain data from which the
degree of compliance with applicable specifications could be determined.
Based on analysis of wind tunnel data, flight testing was basically con-
ducted with the aircraft in either the ferry configuration (three 600
gallon fuel tanks) or-the close air support configuration (18 MK-82 bombs
and four TER's).

Flight test results showed the following: (1) The speed stability
characteristics of the aircraft were favorable at low speeds with forward
center of gravity locations. Also, as the aircraft speed increased towards .
the limit Mach (0.75), the change in elevator deflection reauired to trim
the aircraft goes to zero. In general, the effects of external stores on
the speed stability characteristics of the aircraft were minimal. However,
the foward center of gravity location of the aircraft when configured in a
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ferry configuration did impact the speed stability characteristics. For
* this reason, the ferry configuration is limited to a maximum speed of 250

knots. It may be noted that this is the only configuration that has a
speed restriction. (2) No appreciable effect due to the stores loading
configurations on the maneuver point was detected. (3) The dynamic
longitudinal short oer~od disturbances ',ere well damoed and In additon.
no snort perioc aivergence vas experiencea with any of che store joaing
configurations tested. (4) The lateral/directional static and dynamic
stability characteristics of the aircraft were satisfactory at all speeds
although the ferry and close air support configurations did degrade
directional stability slightly. C5) The dihedral effect on the aircraft
was increased with stores compared to the clean aircraft. (6) The
inertial effect of stores on the wings did affect roll performance. How-
ever, the aircraft still rolled so fast as to require some roll restriction
on a few store configurations because of induced pylon loads. Interestingly,
with stores, the roll performance of the aircraft increased with speedbrake
deflection. If detailed test results are desired, the reader is referred
to references 21 through 29 which presents the results of FRC flight tests
while reference 30 presents the results of the Air Force Preliminary
Evaluation.

PERFORMANCE: The A-10 performance program was a joint FRC and Air
Force effort. The performance flight test work to date with stores has
been very limited. However, the SPO has used some very specific MK-82
bomb loading configurations to track actual performance against the air-
craft specification requirements. Flight testing to gather sufficient
data to validate performance estimates with stores was initiated in July
1977 at the AFFTC. Data from this testing was not available in time to
reference in this paper. (See reference 31 for the performance test plan).

CAPTIVE COMPATIBILITY TESTING: Once the flight testing and/or
analyses described in the preceeding paragraphs had been completed, a
flight clearance was authorized by the SPO for the specific configurations
to be flown during the stores certification program. Frequently, a
flight clearance was issued for a specific configuration by analogy to
another configuration which had been extensively tested before. Accord-
ingly, it was necessary to qualitatively evaluate the aircraft handling
qualities, performance, and general aircraft/stores compatibility during
flight testing prior to initiating separation tests. To make this
qualitative assessment, captive compatibility tests were performed for
most single store loading configurations using the recommended flight
profile contained in reference 32. Due to fuel limitations, two sorties
were generally required. The first sortie was devoted to qualitatively
assessing aircraft handling qualities and verifying the structural
integrity of the aircraft/stores installation by performing, with
appropriate build-up, dives to the maximum allowable airspeed and pull-
outs to the maximum acceleration limits. During the second sortie,
vibration of the aircraft/stores installation and aircraft endurance in
low altitude flight at the maximum obtainable airspeed were investigated.
Following each sortie, the aircraft was inspected to verify that no
discrepancies existed with the stores, suspension racks, pylons and
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-sUrrounding aircraft structure, arminq wires, and fuzes. It should be noted

that stores were not downloaded or adjusted between sorties -sothat the
cumulative effect of both sorties could be asertained.

SEPARATION TrSTING AND ANALYSIS TECHNIOUES

SELECTION OF STORE SEPARATION PREDrCTION TECHNIQUE: The captive
trajectory technique has been the one most commonly used by Air Force
engineers to obtain predicted store separation trajectories. For
example, this technique was used during earlier store certification
programs involving such aircraft as the F-l05, F-1ll, F-4, A-7, and F-15.
Quite naturally then, and estimate was made of the number of wind tunnel
occupancy hours which would be required to investigate store separation
trajectories for A-1O store loading configurations using this technique.
The estimated number of hours proved to be quite high and would have re-
quired a significant level of funding. In view of the fiscal constraints
of the A-10 program, it was evident that, if feasible, another approach
should be adopted. For this reason, in lieu of using the captive
trajectory technique, we considered using the grid technique, the drop
model technique, theoretical techniques, and a new hybrid method termed
the flow angularity technique. We objectively evaluated each of these
techniques using primary criteria of accuracy, cost, ease of use, re-
sponsiveness, and fault analysis capability. By fault analysis, we are
referring to the ability to trace the cause of unexpected or unusual store
separation trajectories which occur during actual flight testing.

CAPTIVE TRAJECTORY TECHNIQUE: We should like to point out that had
the A-lO store list been composed of fewer store types and loading con-
figurations so as to not require an abnormally large quantity of wind
tunnel occupancy hours (and hence cost), the captive trajectory technique
would undoubtedly have been used for the A-lO program. We have a
preference for this technique because it is so straight forward to use.
Specifically, it takes skill and ingenuity to devise the test plan and
assemble required input data. But, once these tasks have been completed,
our engineers can look forward to obtaining complete six-degree-of-
freedom trajectory data without the need of performing any further
reduction or other mathematical calculations. However, since each
trajectory is calculated for a specific set of flight conditions and

.input parameters, it is complete by itself. Thus, fault tracing is not
possible and where needed, additional wind tunnel testing must be
performed.

GRID TECHNIQUE: Relative to the captive trajectory technique, the
grid technique was judged to have comparable accuracy, but have the
advantage of a fault analysis capability. Unfortunately, grid data
would have to be obtained for each type of store loaded on parent pylon
and multiple carriage racks with and without the presence of adjacent
mounted stores. We estimated that the number of wind tunnel occupancy
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hours for this effort would be comparable to captive trajectory testing.
Since no net reduction in cost would result by using the grid technique,
we rejected its use. The fact that the grid technique is not as
responsive as the captive trajectory technique, nor as easy to use,
were not considered to be deciding factors. The grid technique is
clearly not as responsive as the captive trajectory technioue because
:ubsequent :o .aina :unnei ; sting, :zore jrlu ,a!a -.ius .e remDine5 vit
store free stream data in order to obtain interference force and moment
coefficients. These coefficients must then be input, along with other
pertinent parameters, to a six-degree-of-freedom computer program to
calculate store trajectories.

DROP MODEL TECHNIQUE: This technique has several well documented
advantages (and disadvantages) compared to the captive trajectory
technique. For example, with the drop model technique, extended (rather
than abbreviated) trajectories can be obtained using the captive tra-
jectory technique. However, most of the stores designated for carriage
on the A-lO are of the stable variety so that this was not an important
consideration. With the drop model technique stores may be released in
the ripple mode. This is a big plus for an aircraft such as the A-lO
which is designed to release large numbers of stores. On the negative
side, though, drop model testing can be considerably slower than captive
trajectory testing and, therefore, proportionally more costly. The cost
of fabricating the drop models themselves can be substantial. Another
disadvantage of the drop model technique is that data are only valid
for stores released in 1 "g" straight and level flight. This is a
particularly severe limitation with regard to the A-lO program since
most stores are intended to be released in steep dives up to 60' with
corresponding normal accelerations as low as 0.5 "g". Lastly, drop
model testing, like captive trajectory testing, produces a complete store
trajectory for the specific conditions tested. As a result, fault
analysis is not possible.

THEORETICAL TECHNIQUES: Considerable progress has been made in
recent years in developing theoretical store prediction techniques.
However, while displaying good potential, those with which we are
familiar have been infrequently used to date. Consequently, a data
base to substantiate the accuracy of a particular technique, when used
for specific stores released from a variety of carriage racks and parent
aircraft, is not available to our knowledge. Accordingly, confidence
as to the accuracy of predicted store separation trajectories calculated
by theoretical techniques is, in our opinion, lower than for any of the
other techniques discussed. Further, most theoretical techniques are
complex, time consuming, and require a certain art in their use. For
these reasons, theoretical techniques were rejected for the A-l0 program
even though their cost is by far the lowest of any technique available.

FLOW ANGULARITY TECHNIQUE: None of the aforementioned techniques
adequately met the criteria we considered to be of prime importance for
the A-10 program. This is not to say that for another program one of
the other techniques might not be the best. We cannot overemphasize this
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point. We eventually decided to use the flow angularity technique since
this technique appeared to satisfy most of the established criteria
at the minimum cost.

The flow-angularity technique was developed by Air Force engineers
in -he -arlv 1970's. !t Is hvbr+d v nature In that -t 'itilizes
empericaiiy aerive aata in comoination wzIh an anaiyticaiiy aerivea
six-degree-of-freedom computer program. The technique is predicated on
the thesis that the predominant factors which affect a store's separation
behavior are the forces and moments acting on the store caused by the
interference flow field at the nose and tail of the store. To obtain
these forces, a novel approach is used. In the wind tunnel, the air-
plane model is loaded with several stores in desired loading configu-
rations. However, instead of measuring captive store loads with an
internally mounted balance, a pressure probe is used to survey the area
forward, aft, below, and to the sides of the stores. The output from
this test is a set of data which defines the changes in angles of attack
and sideslip of the flow caused by the immersion of the stores into the
flow field. Another thesis of the technique is that the forces and
moments acting on the store in the captive position can be represented by
a single force on the nose-body, and a single force on the tail of the
store. These forces are obtained by statistically resolving the measured
flow angularities into average flow angularities acting over the nose-
body of the store and average flow angularities acting over the tail of
the store. These flow angularities are then combined, again mathematically,
with component free-stream aerodynamic data to obtain store interference
coefficients. Store free-stream data are ieasured during flow angularity
testing if not already available. If store free-stream data are available,
but not in component form (that is, for the nose-body and the tail),
theoretical methods are used to obtain component data. This feature is
included in the computer program. Subsequently, store interference
coefficients and all other pertinent parameters such as aircraft flight
conditions and ejection forces are mathematically input into a six-
degree-of-freedom computer program which calculates the store trajectory.

As in the case of the grid technique, the flow angularity technique
is readily amenable to fault analysis since input parameters can easily
be changed mathematically and a new trajectory obtained by simply making
another computer run. However, quite apart from the grid technique, the
data from which is only valid for the particular store being tested, a
thesis of the flow angularity technique is that the flow angularities
resulting from the presence of one type of store in the flow field will
not be appreciably altered by the presence of a differenct type of store
so long as their geometric shapes are comparable (i.e. overall length
and body diameter). Compared to the grid technique, this thesis
immeasureably enhances the versatility of the flow angularity technique.
Specifically, by merely combining the free stream aerodynamic data for
the store to be investigated with the flow angularities which had been
previously measured for comparable stores, predicted store separation
trajectories can be obtained by performing low cost computer runs instead
of by conducting additional expensive wind tunnel testing. For an in-depth
discussion of the flow angularity technique the reader is referred to
references 33 and 34.
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'I BRUTE FORCE TECHNIQUE: The brute force technique, for lack of a
better term, begins by qualitatively analyzing the actual separation
characteristics of the store in question when released from another
aircraft. From this analysis, an initi'al release condition, which will
hopefully produce store separation characteristics of a benign nature,
s zstab!ished for =Frst release of the :tore 'rom the new iircraft to Je

tested. Film from onDoara cameras are reviewed after the store nias oeen
released at this first test condition. Depending upon the degree to
which actual separation characteristics match expectations, the store
is released at progressively expanded flight conditions with films
reviewed between missions until the desired employment envelope has been
fully explored, or until adverse separation characteristics preclude further
expansion. Obviously, the success in using this technique depends on
many factors, not the least of which is the level of experience and judg-
ment displayed by cognizant engineering personnel.

The brute force technique was used judiciously during the A-lO
program for two reasons. First, the subsonic operating speed of the
aircraft was deemed to limit the potential for store-to-store collisions
to that of a minor nature. In other words, for the majority of stores,
dynamic pressures were not considered to be sufficient to allow them to
fly back into the aircraft. Secondly, the prediction of store separation
characteristics, under some circumstances, is either too time consuming,
too costly, or the results are of dubious accuracy. For example, the
very small size of a BDU-33 practice bomb does not readily lend itself
to the various prediction techniques. However, this store has been
satisfactorily released from practically all existing fighter aircraft
at speeds far in excess of the A-1O's envelope. Therefore, the risk
associated with releasing this store without first conducting empirical
or analytical predictions was quite low. Another case of where the brute
force technique was effectively used was when stores were released in the
ripple mode at low intervals from multiple carriage racks. Other than by
conducting drop model testing, the effects of the flow field on stores
released in close proximity to one another cannot be easily predicted.
Accordingly, stores were initially released in the single mode, the
separation characteristics of which having been predicted using the flow
angularity technique. Then, following review of onboard film, stores were
released in brute force fashion in the ripple mode at progressively lower
intervals. It should be noted that during the A-lO program, the brute
force technique was never used unless the store had been satisfactorily
released from another aircraft with documented test results available or,
for aerodynamically unstable stores.

SELECTION OF FLIGHT TEST DATA REDUCTION TECHNIQUE: During the course
of flight testing, film from onboard cameras was always reviewed between

missions in order to qualitatively assess store separation characteristics.
Oftentimes, this qualitative assessment was adequate. However, for any
number of reasons, such as when a store displayed sensitivity to variations
in release conditions during envelope expansion, it became necessary to
compare quantitative store trajectory data with predictions. In this
manner, trends could be analyzed and subsequent missions could be modified
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as necessary. However, in making such comparisons, the technique used to
translate films into digital six-degree-of-freedom trajectory data had
to Be capable of good accuracy lest erroneous conclusions be reached.

Since the late 60's, the only film reduction technique used by the

Air orre it the ADTC as been a ohotoaram netry tachnioue. Had the -10
flignt test program oeen conauctea at zne ADTC, chis tecnnique wouia un-
doubtedly have been used again. However, since the A-10 program was
conducted at the AFFTC the opportunity was taken to use a relatively new
film reduction technique available at the Pacific Missile Test Center,
Point Mugu, CA, 90 miles from the AFFTC. The technique was originally
developed by engineers at the Naval Weapons Center, China Lake, CA. The
technique functions in the following manner. One at a time, frames of
film are projected through an optical system and a high resolution video
camera to a television monitor located on the operator's console. A
scale model of the store, having been fabricated previously, is mounted
on a nearby six-degree-of-freedom positioning mechanism. A high re-
solution television camera views this scale model, and with the help of
a video mixer, displays-its image on the same television monitor as the
image from the film. The operator then remotely adjusts the linear
position and angular orientation of the scale model until the image of
both stores are exactly superimposed. At this point, the operator punches
a button which causes the linear position and angular orientation of the
scale store model, along with the frame count, to be automatically punched
onto an IBM card. Once this process has been performed for all selected
frames, usually every fifth frame when the camera operates at a speed
of 200 frames/second, the IBM cards are input to a computer program which
solves the spatial relationships. The technique produces very accurate
trajectory data (+O.l inch for linear motions and +1.0 degree for angular
motions). Those readers desiring a complete technical discussion of this
technique are referred to reference 35.

Based on the experience we gained during the A-lO program, the photo-
data-analysis technique was proven to be far more versatile and accurate
than the photogrammetry technique. For example, unlike the photogramnetry
technique, neither the stores nor the pylon/aircraft require the appli-
cation of a paint scheme (such as a system of dots) and store trajectories
can still be calculated even if the store is not visible in the captive
carriage position. Not surprisingly, the ADTC is now procuring the
equipment necessary to establish its own photo-data-analysis capability
in the near future.

USE OF FLOW ANGULARITY AND PHOTO-DATA-ANALYSIS TECHNIQUE: As has
been discussed, predicted separation trajectories were calculated for
desired stores using the flow angularity technique. Analysis of these
data were used to formulate flight test plans. Between each mission,
film from onboard cameras were reviewed. When deemed necessary, films
were processed using the photo-data-analysis technique and quantitative
store trajectories obtained. Actual store trajectories were then compared
with predictions. If actual results did not adequately match predictions,
a fault analysis was performed. Computer runs were then made in which
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Ji pertinent input parameters were varied until the calculated trajectory
matched flight test results, Once a match. was achieved, the changes re-
quired to produce the match were used to conduct additional simulations
for stores to be released during the next mission. This "anchoring" of
predictions to actual test results from preceeding missions insured that
oredicted store seoaration characteristics would always be close to actual
zes; resuits. The ;ruth of tnis statement is eviaent oy cne fact tnat
during the entire A-10 program, there was only one incident in which we
incurred a collision of a store with one of the aircraft pylons (which
caused minor pylon damage). And, even this one incident, which will be
discussed in a later section of this paper, was due to the fact that the
wings on a GBU-lOC/B store failed to deploy as planned.

RESULTS OF STORE CERTIFICATION FLIGHT TESTING

The purpose of this section is to highlight problems uncovered during
the flight test program with specific stores. The reader is referred to
the references for an in-depth discussion of each problem area.

AGM-65 MISSILE: Minor paint abrasion, due to the exhaust plume of the
missile, was experienced during separation from the inboard launcher
position on pylon stations three and nine. The missiles themselves
separated satisfactorily throughout the flight envelope without any
adverse effect on engine performance. It was determined that periodic
painting would be sufficient to arrest abrasion of affected surfaces
(horizontal and vertical tail).

COLLISIONS OF MK-82 LDGP STORES RELEASED FROM TANDEM MER STATIONS IN
RIPPLE MODE: Flight testing was conducted with multiple carriage racks
(MER-IO) mounted on pylon stations five and seven. Each rack was fully
loaded with MK-82 LDGP stores. Films from onboard cameras showed that
stores separated satisfactorily from each rack station when released in
the single mode at all test conditions. However, in the ripple mode,
using a interval of 50 milliseconds, collisions were incurred between
the tail of stores released from the forward rack stations and the nose
of stores released from the aft rack stations. The cause of the colli-
sions stemmed from incremental differences in drag and normal acceleration
between stores. Stores released from forward rack stations separated
with moderate nose-down pitching motions which generated an incremental
increase in drag and normal acceleration away from the aircraft. Stores
released from aft rack stations separated with neutral to slight nose-up
pitching motions which had a minimal effect on store drag, but generated
a small incremental decrease in normal acceleration from the aircraft.
The net effect of these two factors was to allow stores released from
the forward rack stations to "catch up" and collide with stores released
from the aft rack stations.

It was determined that store-to-store collisions could be precluded
at reduced airspeeds or with increased minimum intervals. However, these
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modifications were unacceptable from an operational standpoint. It was
also determined that the racks could not be shifted to an area of more
favorable flow. That is, to an area in which the flow angularities
between stores carried on forward and aft rack stations are better dis-
tributed, without incurring a substantial increase in program costs due to
incineer na inalyss hicn iould )ave :o : e 7erFormea In :re-s uch as
structures, flutter and aircraft hanaling qualities, possioie moaifi-
cations to the airframe itself, and additional flight tests.

Quite by coincidence, at the same time that the aforementioned
separation problem was occurring, we were advised that a modification
of the standard multiple bomb rack had just been developed by the AFATL
and tested on an F-4 aircraft. Basically, the modified rack consisted of
a standard MER-1O beam but with each ejector unit modified to incorporate
dual pistons instead of the single piston on standard ejector units. Thi's
modification did not involve a redesign of the standard ejector unit. A
new ejector piston housing was merely bolted onto each end of the ejector
unit by using existing bolt holes and appropriate gas tubes were added
(see Figure 2). The modified rack is discussed in detail in reference
36. The primary reason for developing the dual piston ejector unit was
to obtain a means for imparting ejection moments, in the desired direction,
to the store in order to counteract aerodynamic moments.

The modified MER (called the BRU-30) was substituted for the standard
MER and flight testing was continued. It was determined that by properly
ratioing the forces between the forward and aft pistons, sufficient
moment control was obtained such that MK-82 LDGP stores could be released
in the ripple mode at maximum desired airspeeds and dive angles and
minimum intervals without incurring collisions between stores released
from tandem rack stations.

PITCHDOWN OF STORES RELEASED AT AIRSPEEDS ABOVE 350 KNOTS:

BLU-27 Unfinned Firebomb: The release of this store from parent
pylon racks showed that the magnitude of pitching motions were quite
senstive to variations in airspeeds above 350 knots. In general, stores
separated with divergent nose-down pitching motions at all airspeeds.
At airspeeds between 150 and 350 knots, the magnitude of store pitching
motions increased only slightly. However, in excess of 350 knots, the
magnitude of store pitching motions increased substantially to the point
that at the maximum desired release speed of 420 knots, the tail of one
store grazed the bottom aft end of the pylon. As a result, the maximum
release speed had to be limited to 350 knots to insure safe separation.

CBU-58 Bomb: The magnitude of pitching motions of stores re-
leased from the centerline station of triple ejector racks CTER) increased
In the same manner as for BLU-27 firebombs at airspeeds above 350 knots.
For example, the maximum amplitude of store pitching motions averaged
180 at 300 knots, 260 at 350 knots, 360 at 378 knots, and one store
separated with a maximum amplitude of 600 at 426 knots. Above 375 knots,
the fins of stores translated vertically above their initial captive
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FIGURE 2. DUAL PISTON BRU-30 MULTIPLE CARRIAGE RACK
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carriage position and physically contacted the bodies of the captive stores
on the TEA shoulder stations. However, other than minor scratches, no
damage resulted from the contact. Accordingly, this minor interference was
considered to be an acceptable tradeoff for the ability to release stores
at higher airspeeds.

7)e pictcnaown prooiem aescr~bea -or :-.e LLU-;7 ana SU-3 szores -as
been attributed to aerodynamic effects stemming from the relatively thick
wing of the A-lO. This same phenomena incidentally, has been observed
(at the same speeds) bn the B-57 and A-lE aircraft which also have a thick
wing with a relatively blunt leading edge. On aircraft such as the.A-7
and F-4 which have fairly thin wings, pitchdown problems do not generally
occur until airspeeds on the order of 500 to 550 knots are achieved.

STORE-TO-STORE CLEARANCE IN RIPPLE RELEASE MODE: The relatively close
spacing of the ten aircraft pylons precludes the release of stores from
more than one pylon in the ripple single or pair modes in an arbitrary
manner. We recognized early in the program that some sequence had to be
devised if stores were to be safely released from multiple pylon stations
without incurring store-to-store collisions below the aircraft. It was
determined that the following sequence minimized the probability of store-
to-store interference: P8, P4, Pll, Pl, PlO, P2, P9, P3, P7, P6, and P5.
If stores are released in the ripple single mode, the preceeding sequence
applies. In the ripple pair mode the following sequence occurs: P8 and
P4, Pll and Pl, PlO and P2, P9 and P3, and P6 Cor P7 followed by P5).
Stores may not be simultaneously carried on P5, P6, and P7. Stores are
either carried on P5 and P7 or on P6 only due to close pylon spacing.

Using the aforementioned sequence all required stores, except the
MK-82 Snakeye in the high drag mode, were satisfactorily released in the
ripple single/pair mode at minimum desired intervals. Because of the span
of the open MK-82 Snakeye fins, it was necessary to impose a restriction
on the minimum interval in the ripple pair mode.

COLLISION OF MK-20 FINS WITH ADJACENT MOUNTED CAPTIVE STORES DURING
SEPARATION: Surprisingly, in spite of the relatively close pylon spacing,
only a few store configurations had to be modified so as to preclude
physical interference of stores when released in the presence of stores
loaded on adjacent pylons. For example, flight testing was conducted
with BRU-30 racks mounted on PS and P7. Each rack was fully loaded with
MK-20 cluster bombs. The MK-20 has fins which open almost immediately
after release. During testing, numerous instances occurred.wherein the
open fin of MK-20 stores released from the inboard shoulder station of
the BRU on P7 contacted the facing closed fins of the captive MK-20 stores
mounted on the inboard shoulder and centerline stations of the BRU on P7.
As a result of contact, the fins frequently failed which destroyed the
ballistic accuracy of the weapon. Since these collisions occurred at
many airspeeds, the solution adopted was to offload stores mounted on
the inboard should stations of the BRU on P7.

BLU-52 FIN VIBRATIONS: During captive compatibility flight testing,
it was noted that the fins on BLU-52 stores vibrated unsatisfactorily
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.- rwhen carried on TER's at even moderate airspeeds. As a result, it was
necessary to delete TER carriage of these stores. The fins on the BLU-52
are identical to the fins on BLU-27. These fins have a history of
vibrating, bending, and cracking. Unfortunately, it is most difficult to
effect a design change to such a store component after it has been in
)roauc:jon or -ears. -"ierefcre. ie )ny '2course 's -o -sa -:,e XIst~na
fins and identify discrepancies during compatibility testing ana impose
restrictions as appropriate. This was done, but the time and cost in
performing pre-flight analyses cannot be recovered.

SLOW OPENING OF GBU-lOC/B WINGS: The GBU-IOC/B store employs wings
which are designed to open very quickly after release from the aircraft.
Wing opening must in fact occur quickly as the store is statically unstable.
To insure that the wings open, the wing release lanyard is hardwired
to the rack. Several stores separated satisfactorily and their trajectories
matched predictions. However, the wings on one store were slow in opening
when released at 420 knots in a 600 dive. This allowed the store to
separate with a divergent nose-down pitching motion of over 150 ° . During
the separation from the aircraft one of the closed wings contacted the
aft end of the pylon causing minor damage. We conducted post-flight aero-
dynamic simulations, with the wings closed, and were able to match the
actual store trajectory.

This incident highlights the fact that with the ever increasing
numbers of guided type stores which have moveable aerodynamic surfaces,
deployable wings, and/or and autopilot, proper consideration must be given
in the event of a store failure. As can be imagined, any incident wherein
damage to the aircraft is incurred, no matter how minor, generates
probing questions from management. In such instances, the ability to
rapidly respond with a fault analysis is essential. The failure analysis
for the GBU-IOC/B was performed in a matter of days using the flow
angularity technique. We do not wish to "push" the flow angularity
technique. Rather, we merely want to reiterate that in considering a
technique for predicting store trajectories, responsiveness in terms of
being able to perform a fault analysis should be emphasized.

CONCLUSIONS

The A-10 stores compatibility program was conducted on schedule and
on cost. Clear program objectives and an effective management philosophy
were major contributors to the program's success. Many things were learned
during the program, some of the more important of which are enumerated
below.

The joint test concept was proven to be a very satisfactory
method for structuring the program. Air Force directives
stress the desirability of eventual in-house management of

stores compatibility programs. By utilizing the joint test
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concept, the Air Force is assured of early acquisition of the
expertise and data vith. which to conduct follow-on store
compatibility efforts,

The aircraft was designed in accordance with pertinent stores
:omoatibi i4/ oecft -: trons -or - ec-c :_:crrs ".-a4nqs
within a predefined flight envelope. Accordingly, there are
few aircraft restrictions with stores loading configurations.

Stores loading configurations are.not restricted due to
flutter. The known flutter limits are far in excess of the
airspeed capability of the aircraft.

Stores loading configurations have a minimal effect on
aircraft stability and control characteristics. Stores
loadings do, of course, have a degrading effect on aircraft
performance, particularly heavy loadings.

. The flow angularity technique proved most effective in
accurately predicting store trajectories. The ability to
perform fault analyses was a crucial ingredient in the
successful use of this technique.

. Film reduction via the photo-data-analysis technique was
rapid, accurate, and cost effective. The computer-graphics
capability of the PMTC allowed reduced film data to be plotted
in any manner desired and resulted in a net savings of many
man-hours.

. Flight testing demonstrated that there were no measurable
effects on the separation trajectory of a store due to the
presence of adjacent mounted stores. This significant finding
means that any new stores loading configuration can be devised
as long as the separation characteristics of each store type
has already been determined and trajectory plots in the Y -
Z plane show that the store will clear the adjacent stores
loading.

• The thick wing of the aircraft contributed to a marked
sensitivity in store pitching motions at airspeeds above
350 knots.

Use of a dual piston multiple ejection rack provides suffi-
cient moment control to enable stores to be released from
tandem rack stations at maximum desired airspeeds and mini-
mum desired intervals without incurring nose-to-tail colli-
sions between stores.

A specially devised pylon sequencing system enables most
stores to be released in the ripple mode without incurring
store-to-store collisions below the aircraft in spite of the
relatively close spacing of the pylons.
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* The tail of a GBU-IOC/B store hit and caused minor damage to
the bottom aft end of a pylon due to the slow opening of the
store wings. The incident highlighted the fact that a failure
analysis should be performed for all controllable type stores
to determine the ramifications of improper functioning on
:tore senaration characteristic-.

Launching of AGM-65 missiles from certain stations resulted
in minor paint abrasion on the horizontal and vertical tails.
This abrasion was easily controlled, however, by periodicapplication of protective coatings.

TER carriage of BLU-52 stores was deleted due to unsatis-
factory fin vibrations. Since vibrations have also been
experienced on other aircraft, the problem was primarily
one of faulty fin design.

RECOMMENDATIONS

We learned a few lessons during the A-10 program which we would like
to pass on for the benefit of managers and engineers who may be involved
in future store certification programs.

First, sufficient consideration must be given to stores compatibility
in preliminary design consistent with intended mission requirements. This
simply means that if the aircraft is to be designed for the air-to-ground
role, stores compatibility should be a driving design factor. If the air-
craft is to fill an air superiority role it is possible that only a few
store types are intended for carriage. But even in this event, stores
compatibility must be considered early in the program to insure that the
airframe will not be restricted from a flutter, loads, stability and
control, or other standpoint.

We recommend that the general criteria pertaining to stores compati-
bility as outlined in reference 32 be closely adhered to. This document
outlines design and test criteria for insuring satisfactory aircraft/
stores compatibility. Included in the document are many pitfalls to be
avoided such as close pylon spacing and high wings in combination with
low horizontal tails. Conceivably had this document been in existence,
and its precepts been followed, the basic design arrangement of the air-
frame would have been altered. For example, it serves little purpose to
have a large number of closely spaced pylons if these pylons cannot be
fully loaded without incurring undue restrictions.

Second, proper emphasis must be given to stores compatibility testing
early in the flight test program. In the case of the A-lO, the emphasis
during early testing was on the 30MM gun. Even during the competition
phase, testing was limited to demonstrating single carriage/release of
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stores at benign speeds. This led to problems such as described in the
paper not being discovered soon enough. to effect design changes to the
airframe or stores installation.

And third, mission requirements must be continuousiy inputted by the
'iser durina desiqn/test Thases -o as to iinimize :ostiv :hanaes 'ater.
A gooa case in point is wnere consideraoie funos aere expenaea o certify
the BLU-27 store on the A-l0 only to learn upon completion of the program
that it was no longer desired. Agencies which levy requirements must
keep in close touch with all phases of design and testing so as to be in
a knowledgeable position to advise system managers accordingly. Require-
ments change, but every effort should be made to minimize the costs of
these changes.
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Wright-Patterson AFB, Ohio 45433

ABSTRACT. (U) A rapid analytical method for flutter
prediction of aircraft/external store combinations has been

applied and evaluated. This method, called FACES (Flutter
of Aircraft Carrying External Stores), was developed by
McDonnell Aircraft Company, and is based on a finite section
vibration model which includes the wing, fuselage and wing
control surfaces. Any mix of single or multiple external
stores with up to five pylons per side can be analyzed.
Analyses were conducted using FACES for a wing with tip tank
and fin to show the effects on flutter of store aerodynamics
and store mass center-of-gravity location. Aerodynamics on
the tank and fin were found to have a significant effect on
the flutter characteristics. Also, movement of the tank
center-of-gravity location aft had a drastic, detrimental
effect on flutter stability for the configurations analyzed.
The flutter results from FACES calculations using both modi-
fied strip theory and doublet-lattice unsteady aerodynamics
correlated well with actual flu.tter results available from
a flight test incident.

The same configurations were also analyzed using the
flu'tter analysis module within the automated computer program
for flutter and strength optimization called FASTOP. FASTOP
and FACES gave essentially the same results, with less com-
puter time required by FACES. Areas for further increasing
the capability of the FACES program are discussed.

"Approved for public release; distribution unlimited."
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INTRODUCTION

A very large number of external store configurations
are possible for attack and fighter aircraft performing a
wide variety of military missions. Each configuration of
!x=ar-ai 3cores =usc ..e ivaiuaced :or Iurer -,na cieareu
to safe flight speeds. Therefore, the flutter safety evalu-
ation program may entail many cosely and time consuming com-
putations, flutter model tests, and flight flutter tests.
In response to the need for a rapid, economical method to
predict flutter of wings with external stores, an evaluation
of several approaches was performed under Air Force Flight
Dynamics Laboratory sponsorship and is described in Refer-
ence 1. Based on this evaluation, the Air Force Flight
Dynamics Laboratory has been sponsoring research to develop
rapid computational procedures. Two of these methods are
described briefly in Reference 2. A perturbation approach
which was developed by Northrop (Reference 3) shows promise
for significant reduction in computation times (up to 90
percent) where the method is applicable. The second
method, called FACES (Flutter of Aircraft Carrying External
Stores), is a rapid aircraft/store flutter analysis program
(References 4, 5 and 6). The FACES method was developed by
McDonnell Aircraft Company and has been applied successfully
by several organizations to various aircraft/external store
combinations. It is described in more detail in the next
section.

The objective of this study was to apply and evaluate
the accuracy and efficiency of FACES by comparison with both
flight flutter test results for a wing with a nonstandard,
aft-ballasted tip tank, and with results from an available,
conventional flutter analyses module in the FASTOP flutter-
strength optimization program (Reference 7). A secondary
objective was to perform parameter variations including tip
tank and fin aerodynamics, and tip tank center of gravity
for determination of their influence on wing/store flutter.
Also, recommendations for further work are discussed.

APPROACH

METHODS

I. FACES

The FACES computer program was developed especially for
simplified and efficient aircraft/external store flutter
analyses. As shown in Figure 1, the FACES computer program.
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is in modular form and requires very simple, straightforward
input data. Both batch and graphics *ersions of the program

are available for both CDC and IBM computer equipment. Only

145K octal central memory is required on the Wright-Patter-

son Air Force Base Cyber 74 computer. Measured vibration

data or vibration properties from other analytical methods
can be invut to the FACES orogram if desired.

The vibration model for calculation within FACES allows
up to 14 wing sections, each with bending and torsion
degrees of freedom. The wing mass can be based on stream-
wise or elastic axis cuts, while wing elastic properties can
be based on simple bending and torsional rigidities, El and
GJ, respectively. Vibration and flutter cases can include
.cantilever (with and without wing root springs), symmetric
and antisymmetric options for a rigid fuselage. For a
flexible fuselage, up to 24 sections can be allowed which
have vertical bending degrees of freedom in the symmetric
case and have lateral bending and torsion degrees of freedom
in the antisymmetric case. One to five pylons per side with
single, TER or MER carriage of multiple weapons are allowed.
Up to two control surfaces per side can be included with a
total of 14 sections.

The unsteady aerodynamic theory options available in
FACES include doublet-lattice, strip theory, modified strip
theory and supersonic piston theory. For subsonic, com-
pressible flow, the doublet-lattice method (Reference 8) is
generally considered to be the best available unsteady aero-
dynamic theory. The unsteady airloads on external stores
can be represented in doublet lattice by either lifting sur-
face panels or by a constant cross-section cylinder based on
the method of images. Both of these representations were
used in this study. The method of images would be expected
to provide the best representation of a body, and thus pro-
vide the most accurate lifting surface/body interference
effects.

The strip theory option assumes that the sectional
lift-curve slope, CLC, is 21 with the aerodynamic center,
a.c., at the quarter chord, in accordance with two-dimen-
sional, incompressible flow theory. Although strip theory
analyses are very fast, the two-dimensional theory usually
overestimates the aerodynamic forces on three-dimensional
surfaces and thus generally provides conservative flutter
speed predictions.

To retain the rapid, efficient capability of the strip

theory approach and also improve the accuracy, available
measured or analytical values for steady state CL, and a.c.
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can be used in an option called modified strip theory. In
the present study the CLa and a.c. used in modified strip
theory were based on steady-state doublet-lattice calcula-
tions (cylindrical tank). Piston theory, while available in
FACES, is applicable only at high supersonic Mach numbers
and was not used in this study.

ilurzer caicdiacion in cnis study using cne aoubiec-
lattice method involved the following FACES modules from
Figure 1.

050 - Calculated Vibration

065*- Surface Fit (used to calculate polynomials for
the doublet-lattice method)

104 - Generalized Mass Input

213 - Doublet-Lattice Aerodynamic Method

302 - Interpolation of Aerodynamic Derivatives (used
for interpolation to reduce expensive computa-
tions with the doublet-lattice method)

401 - V-g Flutter Solution

For strip or modified strip theory calculations, modules
065, 213 and 302 are replaced by module 207 (Figure 1).

2. FASTOP

FASTOP (Flutter and Strength Optimization Program) is a
computer program developed by Grumman for the AFFDL (Refer-
ence 7). It performs integrated analysis for sizing (near-
minimum weight) of cantilever and free-free lifting surface
structures with both strength and flutter-speed constraints.
Only the conventional flutter analysis module of FASTOP is
used in this study for comparison of results with some of
the FACES calculations. The FASTOP flutter module requires
222K octal memory on the WPAFB Cyber 74 computer.

The vibration modes and frequencies which were calcu-
lated by the FACES program were used directly as input to
the FASTOP flutter analyses. In the FASTOP program, the
doublet-lattice method used is an earlier version (Reference
9) which permits only flat plate or panel representation for
lifting surfaces and bodies. Therefore, the tip tank was

represented by panels as will be discussed in the next
section on configurations analyzed.
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CONFIGURATIONS ANALYZED

Vibration and flutter calculations were performed for
an aircraft wing with a 230 gallon tip tank as shown in
Figure 2. This configuration was selected because flutter
results were available from flight tests on an F-80 with a
-ionscandard. :f-.b ii*ne -:. 2 e se --e-su.':Z -,;er,2

ootained during zilignt flutter tests in July i950. iiucter
was encountered on the F-80 with 85 pounds of lead located
in the tank 59 inches aft of the wing elastic axis. This
corresponded to 13 gallons of fuel., entirely in the aft end
of the tank. The flutter occurred at an altitude of 10,000
feet and an indicated airspeed of 458 mph (M - 0.63, V - 382
KEAS). Instrumentation aboard the aircraft provided data on
damping versus velocity which showed a very rapidly diver-
gent flight instability at a frequency of 5.0 Hz. Consid-
erable damage was done to the wing of the F-80 although the
tanks were jettisoned within approximately three seconds
after the oscillations began. The aircraft was subsequently
landed.

The wing/tank configuration was represented in the
FACES vibration calculations by 10 eections as shown in
Figure 2. Wing geometry and mass data from Reference 10
were used and are presented in Table I. Spanwise bending
and torsional stiffnesses from Reference 11 were used and
are shown in Figure 3. Table I and Figure 3 present the
required data in the appropriate format for input to the
FACES program for vibration calculations.

Using the vibration results calculated with the FACES
program, flutter analyses were then performed for M - 0.63
with both FACES and FASTOP methods. Unsteady aerodynamic
methods used were strip theory, modified strip theory and
the various doublet-lattice representations. The strip
theory and modified strip theory flutter calculations used
the same ten wing sections for the aerodynamic strips as
were used for vibration calculations (Figure 2).

Figure 4 is a sketch ot the doublet-lattice unsteady
aerodynamic representations used in the flutter analyses.
In all of.the models, 40 boxes were used to represent the
wing; four evenly spaced chordwise by 10 spanwise, with the
same spanwise divisions as used for the vibration model.
For the fin, nine boxes were used; three evenly spaced
chordwise by three evenly spaced spanwise. In all of the
aerodynamic models the tank was 139 inches in length with
a diameter of 25 inches (equal to tank diameter at largest
cross-section). The FASTOP doublet-lattice representation
for the tank was a hexagon with six equal face panels, each
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Table I. Wing and Tank Properties Used in
Vibration and Flutter Analyses

SECTION Xcgs in Ycg' in W, lbs Ip, lb in2 Ay, in

A 64.J 23.3 59.i 36,850

2 11.9 41.0 283.8 88,983 14.7

3 12.6 55.7 279.8 75,936 14.7

4 13.3 73.6 280.4 96,367 21.1

5 13.8 94.7 271.6 78,017 21.1

6 14.3 115.8 262.7 62,956 21.1

7 9.8 137.5 156.3 35,527 22.4

8 10.4 159.9 146.5 25,710 22.4

9 11.1 182.3 136.6 16,820 22.4

10 11.8 204.7 126.7 9,230 22.4

Ballastedanst 42.8 231.0 263.0 406,801 25.0
i Tank*

* 85 lbs of lead 59 inches aft of wing elastic axis

X Chordwise distance of center of gravity from
reference axis, positive aft

Y Spanwise distance of center of gravity from
cg aircraft center line

W Weight

I Pitch Inertia* p

Ay Section width
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having ten evenly spaced chordwise boxes as shown in Figure
4. The flat plate tank representation in the FACES doublet-
lattice model consisted of ten evenly spaced chordwise boxes
by two evenly spaced spanwise boxes. The other FACES tank
model used the method of images with the tank represented as
a circular cylinder as shown in Figure 4.

RESULTS

* VIBRATION CALCULATIONS

Table II gives the vibration frequencies predicted by
the FACES program for the first four modes of the F-80 with
the tip tank. Figure 5 shows the calculated bending and
torsion node lines which are shown in subsequent sections to
be the principal modes involved in the flutter mechanism.

FLUTTER CALCULATIONS

The calculated flutter results for correlation with
flight test data on the F-80 are presented in Table III and
Figures 6 and 7. In Figure 6, both the predicted and
measured data on damping versus velocity is plotted for
vibration mode 2 (primarily wing torsion) which is the mode
that goes unstable. The measured flutter crossing is at a
velocity of 382 KEAS, with the slope of the damping versus
velocity curve being very steep. This rapidly divergent
type of behavior is typical of coupled bending-torsion
flutter.

The FACES method using two doublet-lattice unsteady
aerodynamic options for the tip tank gave very good agree-
ment with the experimental flutter speed as shown in Figure
6.. The FACES cylindrical tank representation gave a flutter
speed of 380 KEAS which is within one half percent of the
flight value, and the flat plate tank representation gave
375 KEAS, which is within two percent of the flight value.
The FASTOP program using the doublet-lattice unsteady aero-
dynamic representation predicted a flutter velocity of 407
KEAS which is 6.5 percent above the measured value. Thus,
both FACES and FASTOP, using doublet-lattice aerodynamics,
give reasonably good prediction of the flight flutter speed.
The slight differences between FACES and FASTOP can probably
be attributed to the different unsteady aerodynamic repre-
sentations for the tank and also the use of different proce-
dures for interpolating the vibration modes in calculating
unsteady aerodynamic loads.
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Table I. FACES Vibration Calculations,
Wing with Tip Tank

MODE NR. FREQUENCY (Hz) MODE DESCRIPTION

231 -- t -Jin; -Jenai.ng

2 7.10 Primarily 1st Wing Torsion

3 16.61 Primarily 2nd Wing Bending

4 26.32 Primarily 2nd Wing Torsion

Table III. Flutter Characteristics,
Wing with Tip. Tank

FLUTTER FLUTTER
ANALYSIS METHOD/AERODYNAMIC REPR SPEED (KEAS) FREQ (Hz)

FACES/Doublet-Lattice (Cyl Tank) 380 5.5

FACES/Doublet-Lattice (Plate Tank) 375 5.5

FACES/Strip Theory 283 5.0

FACES/Modified Strip Theory 380 4.8

FASTOP/Doublet-Lattice (P-k) 407 5.3

Flight Test, July 1950 382 5.0
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The FACES method using strip theory unsteady aerody-
namics was very conservative, predicting a flutter speed of
283 KEAS which was 26 percent lower than measured. The
lower flutter speed predicted by strip theory was expected
due to use of the two-dimensionai, incompressible lift-curve
slope. The modified strip theor7 calculations gave excel-
en c resuits using ne I f-.r-e i . n1 :ptnier 2 r

pressure based on steaay state aouoiec-iaccice caicuiations
(cylindrical tank). The flutter apeed predicted with this
modified strip theory was 380 KEAS which is the same speed
predicted by the FACES doublet-lattice method with the
corresponding cylindrical tank representation.

Figure 7 presents the predicted frequency versus velo-
city for modes 1 and 2. The calculated and measured flutter
frequencies are also indicated at the corresponding flutter
velocity. The plotshows the coalescence of the two modes
with increasing airspeed. Strip theory predicts a flutter
frequency of 5.0 Hz which is the same as the measured
flutter frequency. FACES with modified strip theory pre-
dicts a flutter frequency of 4.8 Hz. Both FASTOP and FACES
with doublet-lattice unsteady aerodynamics predict flutter
frequencies slightly higher than measured, 5.3 Hz for FASTOP
and 5.5 Hz for FACES (both cylindrical and plate tank).

UNSTEADY AERODYNAMICS

The tip tank unsteady aerodynamic loading and interfer-
ence effect on the wing would be expected to have a signifi-
cant effect on flutter. Figure 8 is a plot of this aero-
dynamic loading along the span of the wing/tip tank/fin as
predicted by the various unsteady aerodynamic theories. The
strip theory loading based on the two-dimensional incompres-
sible value of 2V for the lift-curve slope, CLn, is seen to
be much higher than predicted by doublet-lattice on the
tank, and also somewhat higher over most of the wing except
for a small outboard region. This outboard region is where
tank interference effects, as accounted for by doublet
lattice, would have the maximum effect of increasing wing
loading. The generally higher loading with strip theory
accounts fZr the low flutter speed predicted by this theory.

Figure 8 also indicates that the overall span loadings
for the various doublet-lattice unsteady aerodynamic tank
models are in fairly good agreement with each other. How-
ever, there are some differences in distribution of span
loading due to the various tank representations. For
instance, the loading on the tank was lowest with the FACES
cylindrical representation, higher by 11 percent with the
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FASTOP paneled (hexagonal) tank and higher by 19 percent
j with the FACES flat plate tank. The loading on the outboard

portion of the wing surface due to the presence of the tank
can also be seen in Figure 8. The outboard wing loading was
highest with the FACES cylindrical tank representation,
lower by four percent with the FASTOP hexagonal tank and
lower by 15 percent with the FACES flat plate tank. However,
-.e %various zoan iaoings -D r .:a e ;.Zf ecenc :u i - . ..

tank representations resulted in predicted flutter speeds
which were in reasonably good agreement (within 6.5 percent
of test).

The lift-curve slope for the wing alone (no tank aero-
dynamics) as predicted by doublet-lattice theory is also
shown in Figure 8 for comparison purposes. The span loading
on the wing is considerably lower, particularly'near the
outboard portion, without the tip tank interference effects.
For instance, the loading near the wing tip is about 39 per-
cent less when neglecting the tank aerodynamic effects.
This indicates a very significant effect on the wing loading
due to the presence of the tip tank.

Figure 9 shows the center of pressure, c.p., predicted
using the various theories. As expected at this Mach number
(M - 0.63) the c.p. predicted by the doublet-lattice lifting
surface theory is close to 25 percent of the local wing chord
except on the tip tank and fin. Both the hexagonal and
circular cylindrical tank models predicted a c.p. at 46 per-
cent of the local tank chord while the flat plate model c.p.
was about 35 percent. On the fin all of the doublet-lattice
models predicted a c.p. of about 19 percent of the local fin
chord.

Figure 10 shows the effects of the tip tank and fin
aerodynamics being either included or deleted in flutter
analyses. The results are based on analyses using the
FACES/doublet-lattice (cylindrical tank) method and are
presented in the form of damping versus velocity for three
different cases: (1) wing with tank and fin aerodynamics
included, (2) wing with tank but without fin aerodynamics
and (3) wing without tank or fin aerodynamics (wing alone).
The vibration modes and mass characteristics were the same
for all cases. Including tank and fin aerodynamics (case 1)
gives a flutter speed of 380 KEAS which correlates well with
the flight flutter speed of 382 KEAS as discussed previously.
With wing and tank aerodynamics but no fin aerodynamics
(case 2), the predicted flutter speed was 342 KEAS which is
a decrease in flutter velocity of 10 percent. This illus-
trates the stabilizing effect on the flutter speed of
including the fin aerodynamics.
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In case 3 on Figure 10, neither tip tank nor fin aero-
dynamics are included (wing alone). The predicted flutter
speed is 476'KEAS, which is 23 percent higher than case I
where wing/tank/fin aerodynamics were included.

The 1er-P Jestabilizing -_ fect 3n flutter of ncludinz

zhe :4p tore aerodynamics :an e seen 3v cumpariag case 2
with 3 from Figure 10. The flutter speed with tne tank aero-
dynamics included (case 2) when compared with the ;ing alone
aerodynamics (case 3) shows a decrease of 28 percent. This
illustrates the importance of properly accounting for the
store aerodynamic effect in flutter analyses.

PARAMETER VARIATION EFFECTS ON FLUTTER

To illustrate the application of the FACES program in
identifying important flutter parameters the following vari-
ations were studied. The modified strip theory aerodynamic
approach was used because of its efficiency and the ease of
making such parametric trend variations.

1. Center of Pressure Location on the Tip Tank and Fin

The effect on flutter velocity of center of pressure
variation on the tip tank/fin (10th section) was determined
while holding lift-curve slope constant at the value pre-
dicted by doublet-lattice theory. The area of the 10th
section includes the tip tank, fin and tip of the wing.
Figure 11 is a plot of flutter velocity versus center of
pressure and shows that as the c.p. moves forward the flutter
velocity decreases. This decrease is 14 percent for the c.p.
range investigated (.59 chord to .20 chord). The primary
effect of the fin is to move the c.p. aft which is shown to
be beneficial from a flutter standpoint.

2. Lift-Curve Slope of the Tip Tank and Fin

Figure 12 gives the variation of flutter speed and
flutter frequency with lift-curve slope of the tip tank and
fin (Section 10),holding center of pressure constant at the
doublet-lattice value. The flutter velocity decreases 16
percent as lift-curve slope on the tip tank/fin goes from
25 percent less than the doublet-lattice value to 25 percent
greater than the doublet-lattice value.
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3. Center of Gravity, c.g., Location of the Tip Tank

Figure 13 shows the effect of tip tank c.g. location on
flutter speed and frequency. The c.g. is varied from 12
inches forward to 6 inches aft of the tank c.g. for this
study. The flutter speed decreased 28 percent and the
'!uttar !raquenc-. lecreased !3 -erc:int &ue :: :he movement
oi che e.g. 18 inches ait. This Ilusraces the drastic
effect of c.g. on flutter which means caution should be
exercised whenever tip tank modifications are made.

COMPUTER TIME AND COST

A very significant and practical aspect in flutter
analyses is the computer time and cost. For the configura-
tion analyzed the computer costs per run on the Cyber 74
varied from $2.90 for FACES with strip theory and modified
strip theory aerodynamics to $33.09 per run for FASTOP/
doublet lattice (see Table IV). The cost per run for FACES
with the flat plate doublet-lattice model was $12.12 while
the cylindrical tank doublet-lattice model with FACES cost
$20.60. The most economical approach for the cases consid-
ered is FACES with strip theory aerodynamics although
unfortunately, as discussed previously, this is the least
accurate approach. However, the FACES modified strip theory
offers the advantages of equally low cost and very accurate
results provided either measured wing aerodynamics or calcu-
lations using a good lifting surface theory such as doublet-
lattice are available. Thus, the modified strip theory is
an especially attractive approach for parametric studies
which are useful for store flutter investigations. The
doublet-lattice unsteady aerodynamic method, although more
expensive than strip theory, provides a valuable tool when
reasonably accurate three-dimensional effects of the flow
need to be included in the analyses to obtain reliable
flutter prediction for flutter safety confirmation.

CONCLUSIONS AND RECOMMENDATIONS

The results of this investigation lead to the followingconclusions and'recommandations:

1. Applications of the FACES computer program to a wing
with tip store/fin indicates the procedure is functioning
properly and capable of providing very good flutter speed
predictions based on comparison with available flight test
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Table IV. Computer Costs per Run
for Various Methods

I METHOD/AERO REPRESENTATION }COMPUTER COST/RUNJ

FACES

DOUBLET-LATTICE/CYLINDRICAL TANK $20.60

DOUBLET-LATTICE/FLAT PLATE TANK $12.12

STRIP THEORY $2.90

MODIFIED STRIP THEORY $2.90

FAS TOP

DOUBLET-LATTICE/PANELS ON TANK $33.09
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data and with results of a conventional, general purpose
analysis method.

2. The FACES/doublet-lattice unsteady aerodynamic
representations used for the store body (method of images
and lifting surface panels) both provided comparable and
verv ;ood :.ut:er, soeed ,redct_±'n fir :he .:ases -_vaiuarau
and would oe considered the most accurate theory for the
subsonic compressible flow region. The two-dimensional
incompressible strip theory option gave very low, conserva-
tive flutter speed predictions. The modified strip theory
et'.d si. -spaawiae CL and c.p. corrections based on

steady-state doublet-latice calculations gave very good
flutter speed predictions with significant time and cost
savings and is particularly suitable for many parametric
variation calculations such as for .wing/store flutter
clearance.

3. The effect on flutter of unsteady aerodynamic
loadings on the tank and fin were shown to be extremely sig-
nificant. If the aerodynamics on the tip store and fin were
neglected, the predicted flutter speed would be 25 percent
higher (unconservative) than if they. are included. The
aerodynamic effect of the fin is stabilizing, increasing the
flutter speed about 10 percent for this case.

4. Parameter variations for this wing/tip tank/fin
configuration showed.

a. Effect of Lift-Curve Slope. Increasing the
lift-curve slope on the tip tank/fin decreased the flutter
speed.

b. Effect of Center of Pressure. Aft movement of
the center of pressure on the tip tank/fin increased the
flutter speed.

c. Effect of Tip Tank Center of Gravity. Aft move-
ment of the center of gravity on the tip tank decreased both
flutter speed and flutter frequency.

5. While the FACES program has been shown to be a very
useful analytical tool for wing/store flutter predictions,
some suggestions are offered on further refinements, capa-
bility extensions, and applications as follows:

a. Flexible Empennage Capability - McDonnell Air-

craft Company has recently been awarded an AFFDL contracc

to add a flexible empennage capability to FACES in response
to Air Force system requirements. This is expected to be
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completed by September 1978. With this additional capabi-
lity, the FACES program will be able to analyze complete
aircraft/external store configurations.

b. Aerodynamic Influence Coefficients (AIC's) -

The FACES program could be improved by computing and storing
.rit:14n rl gra= :."e L10 or tbte 'ob~-L:' ~cc
dure. This would provide the capability to more rapidly
perform multiple flutter calculations for various external

store configurations at the same flight condition without
repeating the lengthy doublet-lattice calculations. The
capabiiiy tv iLU;VV--aCZ AIC .

reduce the computation time and cost for analyses involving
parametric trend investigations for multiple store loadings.

C. Supersonic Unsteady Aerodynamic Method - For
flutter analyses involving external store carriage in the
low supersonic speed range (up to about Mach 2.5), a three-
dimensional supersonic unsteady aerodynamic method should be
incorporated into the FACES program. The well-known Mach
box procedure is a numerical three-dimensional method which
represents the wing with a box grid having diagonals para-
llel to Mach lines. Also, other theoretical developments
being pursued for this flow regime may prove to be worthy
of consideration.

en d. Finite Element Vibration Model - A finite ele-
ment capability would be desirable within the FACES program
for predicting vibration characteristics of low aspect ratio
wings. Since the FACES program has the capability to use
predetermined vibration data this could also be accomplished
by interfacing FACES with an available finite element method.

e. Additional Verification of Flutter Prediction
Method - Further applications of the FACES program would be
desirable for correlation with available or future wind
tunnel and flight unsteady aerodynamic and flutter data on
aircraft/store combinations. Particular emphasis should be
placed on the transonic speed regime which is often flutter
critical and difficult to predict, and on those configura-
tions where aerodynamic interference effects for the wing/
pylon/store combinations would be significant.
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4 LIST OF STOBOLS

*1[A] submatrix of aerodynamic influence coefficients

4 7'eii.Y 01 soz unc.

o unsteady pressure coefficient ;CP -p.9/q.d

C local side load coefficient C = side 1oad/ql,.
yy

C local normal load coefficient Cz=normal load/q t

c local chord

Smean chord

a root chord

d displacement of reference point (x/c-0.87l ,Y/8=0.143)

f frequency ;f - O2r

k reduced frequency k -c ws=

t reference length wing-c, body emax.diam.

14 Mach number

p, unsteady pressure

p0 stagnation pressure

q velocity vector

c6~ dynamic pressure

S surface of wing or body

s semi span

t time

04free stream velocity

x,y,z right-hand cartesian coordinate system -

4Lc unsteady pressure j-ump between the lower and upper wing
psurface

S angular coordinate on the body
0 source strength

g velocity potential

(p perturbation velocity potential

ii oscillation frequency
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Superscripts

- e fl ,ng o he 3ody

D referring to the lifting surface
' referring to the component in phase with the motion

referring to the component in quadrature with the motion

Subscripts

o referring to the steady flow field

1 referring to the unsteady flow field

00 referring to the freestream conditions

I
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1. flNTRODUCTION

Tn the last iecade the ievelorment of -i2itar- airorz'af
:. - zam i. _.ar-end.ency :o wars _arger ;crs, . e2g -arr:_e
in close proximity to the wing and the fuselage. To investigate
the implications of this on the aeroelastic characteristics of an
aircraft (flutter, gust response and manoeuvring loads), the NR
has carried out an extensive research program. This program was
focussed on an accurate determination of the unsteady aerodynamic
loading on complex wing-store configurations. It consisted of

three distinct parts:
1. the development of a calculation method to compute the unsteady

loading on such oscillating configurations
2. unsteady pressure measurements on an oscillating wing-tip tank-

store wind tunnel model
3. the verification of the calculation method in a series of

flutter tests, both with the (adapted) wind tunnel model and
with the real aircraft.

In this paper the different facets of this research program are
touched upon. First a short outline of the calculation method is
given, followed by a description of the experimental investigation
on the unsteady pressure distributions. Results of these tests are
shown in a comparison with theoretically obtained unsteady pressure
and load distributions. Finally, both flutter experiments are
described and their results are compared with flutter data obtained
by using theoretically detexmined aerodynamic loads.

2. THE '1 t=1" CALCULATION METHOD

2.1 General observations

Until recently the unsteady loading on oscillating airplane
configurations was approximated by "thin wing theory", such as
lifting surface or lifting lattice techniques. The effects intro-
duced by the fuselage and/or the stores were neglected or taken

into account by using slender body theory. Kalman, Rodden and
Giesing (Ref. 1) were the first to attempt a more thorough compu-
tation of wing/body interference effects. Lately, their original

ring-wing concept as applied in the doublet lattice method has
evolved into a more complete method (Ref.2), which can be expected to
produce satisfactory results as far as unsteady aerodynamic
coefficients are concerned. Recently, Morino et al (Ref. 3 and 4)
have developed a computer program, which can treat complex
configurations in steady and unsteady, subsonic and supersonic flow.
As far as unsteady flow is concerned, an evaluation of both methods
still awaits a comparison with experimental data for a complex
wing/body configuration.
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The method developed at NLR (IRTI-method) is set up to meet

two requirements. It should provide:
t. he -isteady erod.amic f-rcos -n -*/0_n-idv f a6ios

for aeroe-asc.c inaLysis
2. detailed pressure distributions to support unsteady wind tunnel

measurements and to obtain more information about the distri-
bution of the loading over the configuration.

This means that the method has to compute both local and overall
aerodynamic coefficients and generalized aerodynamic coefficients
as well as detailed pressure distributions on both the body and
the wing. These requirements have been met by combining the already
existing doublet-lattice method with an unsteady source panel method.

The next chapter gives a short outline of the NLRI-method. For
a more detailed description of the method and its formulations, the
reader should consult references 5 and 6.

2.2 Outline of the method

The flow field about a configuration is described with a
velocity potential $ = TUx +(p.
The perturbation potential p satisfies the linearized equation:

2) 2 9 1x = (0

The flow is assumed to remain tangential to the surface of the
configuration as is expressed by the boundary condition

DS S + .VS 0 (S-O) (2)Dt at

in which S(x,y,z,t ) = 0 describes this surface. The configuration
is taken to perform harmonic oscillations about a steady
mid-position. Therefore the perturbation potential ' is split into
a steady part 'p and an unsteady part le' w . This results in a
decoupling of tfe steady and the unsteady flowfields, for which
the governing equations can be reduced to the Laplace equation
and the Helmholtz equation respectively. The solution for both
flow fields can be found in terms of an integral over a source
distribution on the surface of the configuration and a dipole
distribution on the camber surface and the wake. The strength
of these distributions is found by applying boundary condition
(2) in which now S represents the surface of the harmonically

oscillating surface. The result is a set of integral equations
for both the steady and the unsteady flow field, of which for
practical applications a solution can be found only with a panel
method approach.
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The approach used here is a combination of a liftin ttice
method for the lifting surfaces and a constant zource p.anei method
for the bodies. Tn particular for the usteadr f'low fie ia -he choice

3.- _n -,Ie -,aIG-W-7-onn ic e-i.c eoa =.a -.r Zt3-a

source panel method of the type described by Hees (Ref. 7). The
doublet-lattice ethod is chosen because of its sstablished
success and flexibility in applications on interfering lifting
surfaces. The constant source panel method is preferred in view
of the experience available at the NLR with this method for
steady flow fields.

With the discretization in panels the integral equations
are reduced to sets of algebraic equations which in matrix
form read:

IA (3)

DI DD

A I A IC

withdbeing the yet unknown source strengths on the body panels
(B) and AC the group of lifting line strengths (equivalent to
the pressuge jump across the surfacel for the 1/4-chord lines
of each lifting surface panel (D). PO and FD stand for the
prescribed normal velocity (boundar7 condition) in all collocation
points of respectively the body and lifting surface panels. The
matrix of aerodynamic influence coefficients is partitioned into
four submatrices. The coefficients in the submatrices[ABB] and
CADBJ, which represent the normal velocity induced by a body
panel with a unit source strength, are computed with the
formulations of the constant source panel method for respectively
steady and oscillatory flow. The coefficients in the submatrices
[ABJ and [AD  represent the normal velocity induced by a
lifting surface panel with a lifting line of unit strength.

These are computed following the lines of the vortex and doublet
lattice methods.

For the solution of the matrix equation a method is used
based on the expected properties of the submatrices. First the
subset of equations containing UABB] is solved with an iterative
Gauss-Seidel process. Then, the residue is determined and used
to solve the set containing [ADD] with a direct Crout process.
The residue is determined again and the process is started
from the begi.-zing. This iteration process is repeated several
times until the increment, which during each run is added to
the solution ofaand AC has become smaller than a certain
value. A relaxation factor takes care of large oscillations
during the first few iteration steps.
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From the computed source stren~gth e the velocity and pressure

distribution on -he bois ;an '- 7.-mined while the pressure
-cross he - -:' _'aces - , . z9=-zu ".c --- z-V.leads T6 o-n ocai ana jverall aerodynamic coefficienis.

A schematic diagram, indicating the important steps in the
calculation method is given in figure 1. As was mentioned before
dividing the perturbation potential in a steady and an oscillatory
part results in a decoupling of the steady and unsteady flow fields.
As indicated in figure 1, the coupling is restored if in the

unsteady boundary condition and the expression for the unsteady
pressure at the body surface the effects of the local changes in
the steady flow field due to the presence of the bodies are taken
into account. The realization of this coupling requires the compu-
tation of second order derivatives of the steady perturbation
potential, which on certain parts of the configuration turn out to
violate the small perturbation assumption (the first derivative
remains small). Clearly a constant source panel method is not
suited to compute higher order derivatives. Therefore in the
computations which yielded the results mentioned in this paper,
the coupling was ignored, which means that first order boundary
conditions and pressure formula were used.

3. UNSTEADY W12TD TUNNEL MEASUREMENTS

3.1 The experiment

To obtain an insight into the aerodynamic consequences of
the addition of stores on a wing oscillating in subsonic flow
and further to have a first check on results computed with the
NTLRI-method, a wind tunnel experiment was performed. The model
concerned was a swept tapered wing equipped with a tip tank and
a detachable under-wing store (see figure 2). A sketch of the
model, showing the planform and its overall dimensions is given
in figure 3.

The model could be driven into sinusoidal pitching oscilla-
tions with adjustable frequencies and two locations of the pitch
axis (15% and 50% of the root chord). To determine the vibration

mode of the model during the tests, the wing and stores were
equipped with miniature accelerometers. Using the NLR unsteady
pressure measuring system, which employs pressure tubes connected
to scanning valves, a detailed mapping of the unsteady pressure
distribution was obtained on the wing as well as on the tip tank
and the store. The number of pressure orifices totalled 160 on
the wing, 78 on the tip tank and 86 on the under-wing store.

Dynamic calibration of the measuring system was provided by some
miniature pressure transducers built in the wing.
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Figure 1 :Schematic outline of~ the NLRI-method
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Figure 2: Model of the wing with tip tank and store
mounted in the testsection of the wind tunnel
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Pigure 3 : Sketch of the wing/tip tank/store configuration
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The measurements were carried out for several combinations of
Machnumber, frequency and pitch axis -ication. Further all tests
'zeri run for two model ronfi zaticns: ".nz ,ri'h 14- 4rk an!

A more detailed description of the experiment was given by
Renirie (Ref.8), who also presented-some preliminary data. In
this paper a few additional results, taken from reference 6, are
shown. Here the data are used as a check on the results obtained
with the aforementioned NLRI-method.

3.2 Comvarison of exnerimental and theoretical results

The results presented next concern both configurations, with
and without store, pitching about the 15% chord axis with a
frequency of 11 Hz at a Machnumber 0.45.

For the wing with tip tank figure 4 contains the chordwise
distribution of the unsteady pressure jump LC across the wing
in a section close to the tip tank. The experimental data are
seen to be in satisfactory agreement with the theory. Since the
model tip tank was not detachable its influence could not be
determined separately, but the computed results for the wing with
and without tip tank show this influence clearly. Apparently
addition of the tip tank results inan increase of the pressure
jump near the wing tip.

The measured and calculated pressure distribution in axial
direction on the tip tank (fig. 5) shows a rather good agreement
except at the rear where in reality separation is present. Both
theory and experiment show the influence of the wing in terms of
the relatively large pressures near the attachement position.
Integration of the pressure distribution in angular direction leads
to the unsteady normal force distribution presented in figure 6.

Figure 7 shows the spanwise unsteady normal load distribution
for the two different configurations. The theoretical. curves show
that the tip tank acts as an endplate, preventing the loading to
go to zero at the tip. Addition of the pylon and store under the
wing is seen to introduce a jump in the spanwise load distributions.
This jump indicates that circulation is carried off by the pylon
towards the store. As a result of this, the pylon and store will
experience an outward pointing side load. Although the magnitude
of the jump and the trend of the theoretical and experimental
curves are about the same, the overall level of the measurements
is somewhat lower, at least for the in phase loading. This feature
is common for "flat plate" theories, which exhibit an infinite
pressure peak at the leading edge.
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An example of an unsteady pressure distribution along the
under-wing store is given in figure 8. The agreement between
-ix-eriment ?md +h3orv is rather satisfactorr except near the rear

:ae ncre .nsre eparat:on _s resent. au n zauae
for the isolated store and the wing with the store only show that
the presence of the wing and pylon introduces a marked interference,
which is largest near the attachment of the pylon with a maximum
near the wing leading edge. Adding the tip tank has only a marginal
effect.

In figure 9 and 10 the normal and side load distributions along
the store are presented for the same three configurations. On the
isolated store the normal load distribution is antisymmetrical,
reflecting the fact that the front and rear end are identical. In
figure 10 the isolated store is missing since for a rotational
symmetric body the side load is zero. Interference effects introduced
by wing and pylon are clearly visible in both figures. The side load
on the store is in agreement with the observations made on the jump
in the normal load distribution on the wing.

When comparing the load distributions on the wing, the tip tank and
the store it is essential to notice that they are nondimensionalized
in a different way. The scaling factors are given in the figures.
For the case considered here(15%P pitch axis)it is found that the
loading on the tip tank and store is of the order of 7% to 10% of
the wing loading. However, as will become evident in the last part
of this paper, this does not necessarily mean that these loadings
can be neglected in aeroelastic calculations.

4. FLUTTER TESTS

4.1 General

Considering the reasons for developing the ITLRI-method, a
further check on the quality of the results of this method was
obtained by applying them in a flutter investigation. To acquire
data for comparison, flutter experiments were carried out on complex
configurations to which it was sensible to apply the MLRI-method.
These experiments consisted of flutter test in the wind tunnel on
the model previously used for the unsteady pressure measurements,
as well as a series of flight tests with the aircraft on which the
model was based (except for a difference in under-wing store). In
the following these tests are discussed shortly and the data are
compared with results of flutter calculations with aerodynamic
input from the NLRI-method.

4.2 Model experiments

To convert the model, used for the pressure measurements,
into a simple flutter model its suspension mechanism was modified
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(see fig. 11). The root of the model was suspended in a set of
elastic springs resulting in a two degree of freedom system:

itch and roll. The stiffness of the snrinls ,7as les-imed :oh,

of the variable density wind tunnel HST of the ".TLR. A -hr
requirementset to the stiffness of the springs,was that the
resonance frequencies of the model remained within the range
of frequencies covered in the earlier unsteady pressure measure-
ments. Moreover, at these frequencies the model itself cou-.. be
regarded as almost stiff thus leading to rather simple vibration
modes.

In order to get as complete a check on the NLRI-procedure as
possible the model was tested in three different configurations:
the plain wing, the wing with tip tank and finally the wing with
tip tank and under-wing store. All three configurations were
tested at about the same resonance frequencies and vibration modes.
This was achieved by replacing the tip tank and the pylon-store
combination, when not present, by additional masses outside the
airstream, thus keeping the inertia characteristics the same. In
this manner all differences in the flutter behaviour of the three
configurations should in principle be attributed to the va-iations
in the unsteady aerodynamics as caused by the presence of the bodies
and not to the combine.-, variation of unsteady aerodynamics and
inertial characteristics.

Finally the flutter experiments were carried out at a constant
Mach number but varying stagnation pressure. The Mach number was
fixed at M,,= 0.7 in order to avoid transonic effects, which are not
included in the unsteady aerodynamic theory.

The results of the flutter experiments performed on the three
configurations are gathered in figure 12. This flutter diagram gives
the behaviour of the hysteresis damping and frequency of the various
modes as a function of the stagnation pressure at a constant ;ach
number. It should be mentioned that the results shown are obtained
by averaging the data of several repeated tests. Further, all wind
tunnel tests were carried out for conditions below the actual
flutter points. The latter were determined by applying the method
of Zimmerman and Weissenburger (Ref. 9).

From figure 12 it can be observed that the flutter behaviour
of the three configurations is very different indeed. While the two
frequencies and the damping for the bending mode remaL relatively
unaffected by the change in configuration, the damping for the torsion
mode and the predicted flutter point vary considerably. The more
complex this configuration becomes, the lower the damping in torsion
and the lower the stagnation pressure required for flutter will be.
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Evidently this effect is caused by the unsteady aerodynamic loads
generated by the external bodies, for the differences in inertial
characteristics between the -mrious onfir-ations are made 'negi-
6--'017mil

A comparison between the theoretical and experimental flutter
characteristics is presented in fig. 13 through 15. In the first
plot (fig. 13) the flutter diagram is shown for the bare wing.
As can be expected the agreement between computed and measured
flutter behaviour is rather good. Both resonance frequencies and
the development of the corresponding dampings are predicted very
well. Only at higher stagnation pressures a small difference
between theoretical and experimental results can be observed.
Then the two vibration modes appear to couple less in theory than
in the experiment and as a consequence the theoretical flutter
point occurs at a higher stagnation pressure than when predicted
on the basis of the subcritical experimental data points. Thus the
unsteady aerodynamic forces appear to be a little more effective
than predicted by theory. In this respect it should be noted that
when the results are transformed to actual flight speed, these
differences amount to not more than about 3 per cent. This means
that for the purpose of flutter speed prediction an excellent
agreement is obtained.

The theoretical and experimental flutter results for the
octifiguration of the wing with tip tank are compared in figure 14.
Although he trend is predicted correctly, the agreement is not
as good as in +he case above. The theory predicts flutter to occur
at a lower stagnation pressure than indicated by the experimental
data. Apparently, the unsteady aerodynamic forces are slightly
overestimated by the theory.

To find out to what extent the unsteady aerodynamic forces
generated by the tip tank itself contribute to the flutter behaviour
of the present configuration, additional calculations were performed
in which the unsteady aerodynamic loads on the tip tank were omitted.
The unsteady interference loads from the tip tank onto the wing
were not excluded. Although the flutter characteristics develop
in the same manner as before (fig. 14), the difference in the
damping curves of the two vibration modes is remarkable. The stag-
nation pressure at which flutter is predicted has shifted conside-
rably: from about p - 1.53 bar for the case the unsteady loads on
the tip tank are taken into account to about p - 1.76 bar for the
case these loads are omitted from the calculations. Apparently the
unsteady aerodynamic loads on the tip tank decrease the dynamic
pressure at which flutter is encountered by about 12%.
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The flutter results for the wing with tip tank and pylon-store
combination are oresented in fig. 15. When comparing the experimen-
tal data with the results oredicted by theor-. azain a rather zood

flutter stagnation pressure than predicted by theory. For this
configuration the unsteady aerodynamic loads are slightly underesti-
mated by the theory.

For this configuration also it was analysed to what extent
the flutter characteristics are governed by the unsteady aerodynamic
loads on the externally mounted bodies. To that end two sets of
additional calculations were performed: firstly, flutter calculations
in which the unsteady aerodynamic loads on both the tip tank and
the store were omitted and secondly calculations with only the
unsteady loads on the tip tank omitted. In both cases the interference
loads from tip tank and store onto the wing were taken into account.
The results of these calculations are incorporated in fig. 15. As
can be expected from comparison with the previous configuration,
the omittance of the unsteady loads on the external bodies leads
to more stable configurations. When the aerodynamic forces on the

I tip tank are omitted, the stagnation pressure at which flutter is
predicted goes up from about p = 1.3 bar to about 1.5 bar.
Neglecting the aerodynamic loaaing on the under-wing store also
causes the pressure to rise to about p0 = 1.65 bar, which compared
to the complete configuration means an increase of 25 per cent.
Comparing these figures it may be observed that some 4005 of the
difference between the configuration with and without external
bodies can be attributed to the unsteady aerodynamic loads on the
store under the wing. Evidently the remaining 60% of the difference
is due to the unsteady loads on the tip tank. The cause for this
is very much related to the location of the two bodies as compared

q to the two vibration modes of the model.

4.3 Flight tests

The flight flutter tests were performed on a fighter airplane
of which the wings were equipped with a tip tank and two external
stores mounted at two separate wing stations: an outboard and an
inboard station. The test data were gathered at a constant altitude
and varying Mach number.

The two basic vibration modes that are important here, are:
first wing bending and first wing torsion. in both cases the
tip tank exhibits a considerable amount of pitch roughly about
its midpoint.

An illustrative result of these flight flutter tests is
presented in fig. 16. It concerns the flutter characteristics
for a flight Mach number of M= 0.8. The theoretical results
in figure 16 have become available from flutter calculations in

393

- -- - 'i q t,.L. ,



"Mol

UAU

I-( - M

Cd +

0 (1

'UU
I-.

I-D

0

U- -

-co

ul2 *-/ul 
0/

00, l

394



9IRST WING TORSION

-. 34

. .111-.80 :

FIRST WING B&ENDING

-84

-.80

0.12 0.08 0.4 0 14
.- DAMPING (g) FREQUENCY (Hz) .-

* ALT. : 000 ft
CONFIGURATION FLIGHT TESTS *

THEORY: MCC .8
AEROD. LOADS METHOD:

DL :WING ONLY
-. .- NLRI : WING+TIPTANK

-- NLRI : WING-TIPTANK+INSBOARD STORE
NLRI :WING+4-TIPTANK-IN BOARD AND

OUTBOARD STORE

Figure 16 :Comparison of theoretical and experimental flutter
results for an aircraft equlipped with stores

395



which various assumptions were made with respect to the unsteady

aerodynamic forces taken into account. First of all calculations

were made in which the unsteady loads on the external bodies were

:ecTeo.. -- omarizcn f 7hese nevrsTia- -:2-- -::

experimental data reveals, that especially for the damping values

the theoretical prediction is rather poor. However, adding 
the

unsteady aerodynamic forces on the tip tank brings the theoretical

values of the damping for both the bending and the torsion 
mode

much more in agreement with the experimental values. A further

expansion of the unsteady aerodynamic forces with those on the

inboard and outboard store on the other hand hardly modifies the

result obtained already. It may be concluded that in this case

unsteady forces generated by the underwing stores hardly contribute

to the flutter behaviour of the airplane. Apparently this is due to

the fact that the vibration modes under concern both have 
a considera-

ble and effective displacement in the region of the tip tank, whereas

at the location of the inboard and outboard store the amplitude of

vibration is rather small.

5. CONCLUSION

In the present paper a description is given of an extensive

investigation of the unsteady airloads on ,drg-store configurations

oscillating in subsonic flow and of their effect on the flutter

characteristics. This has resulted in a theoretical method to predict

these unsteady airloads, which is verified by two different types of

experiments: unsteady pressure measurements and flutter tests in

both the wind tunnel and free flight. It is found that reliable

predictions can be obtained and that the unsteady aerodynamic loads

on the external bodies, although being small in comparison with the

unsteady loads on the wing, may influence the flutter characteristics

greatly.
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PARAMETRIC APPROACH TO FLUTTER
CLEARANCE OF AIRCRAFT COh-FIGURED

WITH EXTERNAL STORES

(Article UNCLASSIFIED)

By

Alexander E. Clelland
ASD/ENSL

Wright-Patterson AFB, Ohio 45433

ABSTRACT. (U) Flutter certification of an aircraft configured with
external stores is, in general, a highly complex and cumbersome task.
The most difficult aircraft to deal with are transonic fighter air-
craft configured with large underwing and wing tip stores. On past
aircraft weapon system programs, a limited number of specific stores
(baseline stores) have been certified during aircraft development and
additional store loadings (follow-on stores) have been certified on
an individual basis as required by the users through ECP's. Thus,
the aircraft is only minimally engineered with respect to external
stores carriage at the end of program development phase and consider-
able and often redundant flutter effort continues throughout the life
of the weapon system.

The parametric approach to flutter clearance of aircraft with
external stores advocated herein focuses on the understanding of the
fundamental flutter mechanisms involved and the identification of
flutter boundaries for all potential store loadings up to the design
limit of the aircraft. Thus, during design phase, the aircraft is
completely engineered with regard to external store carriage
capability. The residual follow-on store certification can be
accomplished by analogy or minimal flutter analysis.

"Approved for public release; distribution unlimited."
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KI

INTRODUCTIONI

The enormity of the task facing the aeroelastician when reouired
:ar-.:_7 =anv -vies or :axteruai storas -ar arriage :3f rcra.Z

arises not so much from the technical procedure required to cert-tty
a particular loading (for using state-of-the-art analyses, flutter
model tests, airframe rigidity tests, and flight flutter tests a
safe clearance speed can be confidently established) but from certify-
ing many external store loadings within imposed time constraints and
using only limited engineering resources. Obviously, if more than a
few stores are to be certified, all take-off loadings and associated
down loadings cannot be individually analyzed and tested. Therefore,
Judgement must be used to identify the critical loading configurations
to be examined.

The term flutter as used in this paper refers to classical flutter
of the aircraft wing. The structural modes which couple to produce
divergent motion may be aircraft modes modified by the presence of
external stores or may be aircraft modes coupling with store/pylon
modes. Other aeroelastic phenomena such as divergence and store
flutter occurs for relatively uncommon, but easily recognizable store
loadings which are most efficiently investigated on an individual
basis as required. Aeroservoelastic phenomena can be treated as
additional degrees of freedom in the flutter analysis. Those store
loadings which modify the dynamics of the aircraft so as to cause
interaction between the flight control system and the aircraft
structural modes can be identified and the appropriate flight control
system changes made.

Flutter clearance of any aircraft which is required to carry
many types of external stores presents a formidable problem. However,
the transonic fighter aircraft is generally considered the most
difficult to deal with. This is the case which will be used as a
basis for discussion; all comments apply to other aircraft to some
degree or other. For the transonic fighter aircraft, the heavier
stores tend to be comparable in weight to the weight of the wing;
thus, significantly altering the clean wing flutter mechanism and/or
introducing new aircraft/store flutter mechanisms. Several underwing
store stations are usually provided per half span along with a wing
tip station, resulting in millions of potential aircraft loading
configurations. In addition, the problem is aggrevated by the
carriage of "variable mass stores" such as fuel tanks, rocket pods,
and MER & TER configurations. To further compound the problem, much
of the operation of the aircraft while configured with external stores
is in the transonic flight regime, where normally flutter speeds are
the lowest and flutter margins at a minimum. Since aircraft store
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flutter usually occurs well within the performance flight envelope,
flutter boundaries must be identified as well as clearance speeds.

In t/he ,ast. -a order to -educe the gcooe if the nr!blem to-zanageaDie -3ro.Dort.!cms, S=ome ii i -n -srcln ave -eea
suggested. While some of the restrictions have been acceptable for
some particular aircraft, most of them compromise the potential of
modem day aircraft as a weapon system, and thus, are not acceptable
to the user or comprate management, as the following reassessment shows.

a. Keep all store stations as close to the fuselage as possible:
If the aeroelastician succeeds in having the external store stations
moved inboard, no sooner is this accomplished than it is realized that
the outboard wing is an ideal place to mount additional weapon pylons,
thereby enhancing aircraft capability. With the versatility demanded
in modern transonic fighters, the maximum number of store stations
which physically fit are apt to be installed. The F-16 aircraft and
F-5 series aircraft are prime examples.

b. Tune the pylons: This action is only effective if the pylon
is to be configured with a permanently installed non-varying store,
such as an engine. If stores encompassing a broad range of weights
and inertia are to be carried, then tuning for one weight range
results in de-tuning for another. Thus, high flutter speeds can be
established for some weight ranges, but low flutter speeds must still
be dealt with for other weight ranges.

c. Restricting types of stores to be carried on a particular
pylon: This is not within realm of authority of the aeroelastician.
However, acceptable alternate configurations can be suggested. If a
particular loading is required, flutter clearance speeds must be
identified.

d. Conformal Carriage: In practice, conformal carriage has
limited application. Fuel tanks and ordnance such as rocket pallets
lend themselves to this type of carriage. However, for conventional
ordnance, underwing installation is preferred since it allows much
greater freedom from geometric constraints.

Some things which the aeroelastician can do to promote high
flutter speeds are to specify wing stiffnesses which results in as
high bare wing flutter speeds as possible and identify optimum
pylon stiffness and fore and aft location. Aside from these, there
is little that aeroelastician can do with regard to dictating air-
craft design which will result in high flutter speeds for the store
carrying mode and will reduce the number of .ossible flutter critical
store configurations. The parametric approach to be discussed herein
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will illustrate how an orderly, logical, and efficient approach to
this seemingly overwhelming problem, can be accomplished.

For the purposes of further discussions, consider a transonicgi~zar = rcrair- r ta =s. ,vene-ra I, :iore '-oadiz v~l: u
tip missile, two underwing store stations per wing, and a centerline
store station as shown in Figure 1. This example is representative
of current inventory aircraft.

CONVENTIONAL EXTEE41AL STORES CLEARANCE PROGRAM

General Review of Past Procedures.

On past weapon system programs involving aircraft configured with
external stores, the approach taken has been to identify the basic
aircraft missions and the specific stores required to support these
missions and then require that only these specific stores, termed
baseline stores, be certified for carriage during the development
phase of the aircraft. Occasionally other stores termed follow-on
stores, will be identified as being potential candidates for carriage
at some future date. However, in many cases it has been asserted
that the need for carriage of other stores will never exist and
therefore, certification of the baseline stores will satisfy, for all
time, the external store carriage requirements. Of course, experience
has shown that throughout the life of a store carrying aircraft that,
because of aircraft mission changes, introduction of new stores into
the inventory, and modifications to existing stores, the certification
of additional stores is inevitable. Whether or not the certification
of follow-on stores has been initially recognized, the immediate
concern has been to address, almost exclusively, the baseline stores,
and postpone dealing with follow-on stores. As the aircraft weapon
system progresses into the operational phase, separate groups of
follow-on stores are certified in response to user requests. External
store certification continues in this fashion throughout the life of
the system. As shown in Figure 2, groups of stores are still being
certified many years after completion of basic aircraft development
effort.

Flutter Certification for Conventional Program.

As external stores flutter clearance programs have proceeded in
the past, the aeroelastician is initially tasked with analyzing,
testing, and establishing safe flutter clearance speeds for the air-
craft configured with only the baseline stores; an effort which, in
itself, is formidable even if the stores list is very restricted.
Since consideration of all possible loadings which can be constrix:ted
from the baseline stores list is prohibitive, the flutter analyst must
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identify the store loadings to be analyzed and tested and those to be
cleared by analogy.

Once the basic aircraft design has been established, the aircraft
izaramecers -tc nu C.:DEc~eecs. ira :~ei t _CMaia -;r.-.aas:.
thus, the variation in flutter speed of the aircraft/store combination
is dependent upon variation in store parameters. External store
aerodynamics have little effect upon aircraft flutter speeds, with the
possible exception of unusual stores configured with large lifting
surfaces. Thus, it is the mass properties of the external stores
which are responsible for altering the flutter stability characteristics
of the aircraft. Store weight, pitch inertia, and center-of-gravity
location are the critical parameters for aircraft stability. For
most external stores, the center-of-gravity is located within a narrow
range mid-way between the attach lugs, and thus, once the pylon fore
and aft locations are established, can be considered essentially
constant for all stores. Exceptions are easily identified and can be
assessed individually. Thus, store weight and pitch inertia become
the controlling parameters. Figure 3 shows the store weight versus
pitch inertia diagram which is conventionally used to characterize
external store loadings. The external stores flutter clearance program
essentially reduces to determining the aircraft flutter speed for
various weight and inertia loadings for the pylons individually and in
combination with all others. As can be seen in Figure 3, the baseline
stores constitute a very small portion of the achievable store weight
versus pitch inertia region.

By examining only those points associated with baseline stores
the flutter mechanisms and sensitivity to critical parameters can only
be investigated in an rudimentary manner, since flutter speeds
associated with important flutter mechanisms are not tracked as a
function of critical store parameters and flutter speed contours not
analytically established and verified. Figure 4 shows the flutter
speed of various baseline stores for a selected aircraft loading

configuration. The speeds. are established for baseline stores
in the normal manner, by using flutter analyses, ground tests, and
flight flutter tests. When additional stores are required for
certification which vary more than about 5% in mass properties from
previously cleared stores, few, if any, can be cleared by similarity
with any degree of confidence. What is generally done, is that a
flutter clearance program consisting of analysis, ground test, and
flight flutter test and similar in scope to the baseline program is
conducted for each additional group of follow-on stores. Referring
again to Figure 2, many times stores in later follow-on groups, such
as group C are more critical than stores in earlier groups such as A.
! group C stores had been certified first, the clearance of group A
could have been made by analogy. Thus, the amount of flutter effort
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required to certify each group of stores independently as a separate
entity is greater than that which would be required if all stores were
identified for certification initially.

toboOemas -*ssoc4arc 7i=- oencaiL . oroach.

When the aircraft enters the inventory, the external stores
carriage capability has only been minimally developed. Long lead
times are required to respond to user requests for certification of
additional stores. This has especially been a problem in the past
during wartime situations, when store carriage requirements are
immediate. Aircraft systems are ready for retirement before full
stores carriage capability has been developed. The conventional
approach also leads to redundant flutter effort; thus, is not cost
effective.

PARAMETRIC APPROACK TO FLUTTER CLEARANCE

Goal of Parametric.

The intended goal of the parametric approach to flutter
certification of aircraft configured with external stores is to
identify and investigate the flutter characteristics of the aircraft
configured with any combination of pylon or launcher rail loadings
which are consistent with the structural design limits of the aircraft.

Scoping Level of Effort.

Initially, when the goal of the parametric flutter program is
considered with regard to the aircraft of the type shown in Figure 1,
it appears to be an all encompassing, forbidding task requiring an
infinite amount of time and resources. This indeed would be the case
if a strict methodical approach were adopted which considered the
independent variations of all store and aircraft parameters which
could affect the aircraft flutter characteristics, since literally
millions of unique dynamic cases can be constructed. Fortunately,
the situation is actually not that grim. The task can initially be
reduced to comprehensible, although still monumental proportions by
consideration of the operational aspects of the aircraft and the
practical, realistic limits of external store parameters.

Figure 5 shows the aircraft pylon design weight limits for the
example aircraft in relation to the bounded region which limits
weight and pitch inertia to realistic values representing physically
viable stores.

For operational simplicity, a limited number of safe speed
clearance values are established for the aircraft while configured
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with external stores. An example may be 650 KEAS, 600 KEAS, 520 KEAS,
and 450 KEAS . All external store configurations are assigned one of

Sthese clearance speeds, which is the highest speed possible without
exceeding the flutter speed for that configuration. As will be
discussed, this simplifies store clearance by analogy.

Basic Approach.

The parametric approach to flutter clearance of an aircraft
configured with external stores requires a departure from traditional
thinking. Flutter speeds are not calculated for specific store
configurations per se. Instead, the dynamic characteristics, flutter
mechanisms and flutter speeds of the aircraft are examined with
respect to the range of weight and pitch inertia possible for each
store station singly and in combination with all others. Thus, the
effects of these important parameters, such as static unbalance of the
wing tip store must be included as additional variables. Flutter
clearance boundaries are established as shown in Figure 6. The store
configurations to be ground and flight tested to verify analysis may
be actual stores available in the inventory or may be store ballast
to represent a critical loading.

Role of Analyses and Tests.

The feasibility of performing a parameteric flutter investigation
depends upon the following:

a. The ability to rapidly identify types of potentially critical
store loadings anu compute corresponding aircraft flutter speeds for
various combination of weight and pitch inertia for each pylon singly
and in combination with all others.

b. The ability to construct and verify an analytical model of
the aircraft store combination which accurately represents the actual
structure and can be used for detailed investigation of previously
identified critical loading cases.

Some recently developed digital methods useful for performing
rapid flutter calculations are presented in references 1 and 2. A
successful analog approach is reviewed in reference 3.

'I During the preliminary analysis, a rapid search of aircraft
stability versus weight and pitch inertia for loadings at the various
store stations is made. Figure 6 shows the type of flutter stability
plots which would be generated for various loadings.

It is important that the flutter analysis be refined during the
flutter investigated and verified as aircraft experimental data
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. becomes available. A general suggested sequencing of test and analysis
is shown in Figure 7. The division of the wind tunnel test, ground
vibration test, and flight flutter test into several segments allows
for optimum updating of analysis and reverification so that an
analysis described in (b) above evolves and all critical loadings
cases are identified and tested. Some important points to note are:

a. Pylon (and if so equipped launcher rail) stiffness and
cantilevered ground vibration tests should be performed as early as
possible to eliminate uncertainties in analysis.

b. Careful attention should be paid to measurement of modes and
frequencies during ground vibration test to .nsure that the "pure"
important normal modes are measured and none are omitted.

c. Low speed flutter model tests provide excellent opportunity
to acquire flutter data for correlation with analysis. For many
external store cases, the onset of flutter is mild and the low speed
flutter model can be taken to the flutter boundary with little
probability of destruction.

Flutter Stability Contour Plots.

Once the flutter analysis has been suitably verified, flutter
stability boundary plots can be generated for all pylon weight and
pitch inertia loadings. Not all types of stores configurations will
be critical. For the example aircraft, configurations involving
inboard stores only could be highly critical and require careful
attention whereas configurations involving both inboard and outboard
stores may be stable and require only minimal analysis. The
identification of the critical configurations is dependent upon the
judgement of the flutter analyst.

Figure 8 shows an example of the final flutter stability boundary
curves, with the specific stores to be certified during development
and some follow-on stores. The speeds associated with the stability
boundaries correspond to the speeds of the safe aircraft carriage
speed categories. The clearance speeds of follow-on stores can be
readily established, although the actual flutter speeds are only
approximately determined. For instance, follow-on store number 2
falls well within this range above 520 KEAS, and can thus, be cleared
for carriage at this speed. For stores which fall at or on the
flutter boundaries, either the next lower speed category can be
selected or, if maximum clearance speed is absolutely required, the
refined flutter analysis can be employed. External stores with
unusual properties may also require refined analysis.
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Flutter stability boundary plots of the type shown in Figure 8,
which are intended for practical use, associate the flutter clearance
contours with the established safe aircraft/store carriage speed
categories. Plots of this nature are sufficiently accurate to allow

determination of safe carriage speeds for most follow-on stores. If
the velocity increment between the flutter clearance boundaries were
reduced to 1 knot, and correspondingly the definition of safe
carriage speeds required to the nearest knot, then this type of plot
would have highly questionable validity. However, this latter case
is only of passing academic interest.

Summary of Parametric Approach.

In summary, the parametric approach to flutter clearance of air-
craft/stores combination require that all possible pylon weight and
pitch inertia loadings be examined in conjunction with all others, and
that the effect of all other important parameters be assessed.
Critical store loadings, which may not be constructed of inventory
stores, are chosen for ground and flight testing. The flutter analysis
is constantly refined and verified and finally, at the conclusion of
the flutter investigation, a data base has been assembled which
identifies all critical store configurations and which allows most
follow-on stores to be cleared by analogy. In addition, a highly
refined and verified analytical flutter program evolves which can be
used to clear all unusual store configurations which cannot be
cleared by analogy. Figure 9 shows the general flow of the parametric
flutter program as Figure 2 does for the conventional program.

PAST PARAMETRIC FLUTTER INVESTIGATIONS

The concept of utilizing the parametric approach for performing
flutter investigation is, of course, not new. However, the parametric
approach has not been widely accepted throughout the industry,
although it has been used and validated in a limited sense on recent
aircraft systems. The external stores certification programs for the
U.K. Jaguar (reference 4) utilized the parametric approach. This
aircraft is configured with two store stations per wing and a center-
line station. Not only were pylon loadings with singly store
considered, but fuel tanks and multiple carriage racks were also
included. Flight testing of 4 configurations resulted in full flight
envelope clearance for 85 possible couinations. Another U.K. aircraft,
the Harrier MK. 50 (reference 5) also utilized the parametric approach
to flutter clearance.

Reference 6 presents the results of a parametric investigation
for carriage of ECM pods on the F-4C aircraft. This study is limited
in terms of the weight and pitch inertia values considered for only
two pylons, but is much broader in terms of the technical disciplines
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considered. This parametric study was conducted to provide flight
clearance information on separation of speeds, allowable maneuvers,
aircraft stability with stores, and landing loads in addition to
flutter speeds. Figure 10 is an example flutter contour plot taken
from reference 6 . These plots have been used by ASD/ENFSL to clear
follow-on ECM pods on the F-4C aircraft.

CURRET F-5 PARAMETRIC

Currently, a parametric flutter program is being conducted on the
F-5 series aircraft (F-5A/B/E/F models) to certify modified versions
of the AIX-9 series missiles on the wing tip in conjunction with all
other currently authorized store loadings (Figure 11 shows F-5 general
store configurations). The flutter characteristics of the F-5 series
aircraft configured with underwing s tores are highly sensitive to the
weight, static unbalance, and pitch inertia of the wing tip missile.
The modifications being made to the AIM-9 missiles significantly
alter the missile mass properties with respect to the flutter
sensitivity of the aircraft.

It was determined that a parametric flutter program to clear the
specifically modified missiles and all future AIM-9 variants would be
the most cost effective approach. Figures 12 and 13 show the
relationship between the currently cleared weight versus pitch
inertia and weight versus static balance ranges and the corresponding
envelope to be cleared by the parametric program.

Flutter analyses using newly developed perturbation techniques
are to be conducted to determine critical missile loadings. Flight
flutter testing will be conducted for these configurations. The
specific missiles to be flight tested may not be currently existing
missiles, but may be ballasted to achieve the most critical case.
Dynamic loads and stress will also be evaluated and composite
clearance contours encompassing all these technical disciplines will
be developed.

CONCLUDOIG REMARKS

This paper has reviewed the conventional external stores
clearance program, the parametric approach to external stores flutter
clearance and provided some examples of use on actual aircraft
system. Some of the advantages of the parametric approach were
discussed and are listed below in summary.

a. Early discovery of flutter problems which could impact
design.

b. Full development of aircraft potential for stores carriage

at end of full scale development.
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c. Ability to certify additional stores without significant time
delay through clearance by analogy or mI-nImal analysis.

d. Full and efficient utilization of contractor capability
during aircraft full scale development to establish data base and
verified refined analytical flutter computer program for follow-on
store certification.

There has been a shift in attitude in USAF which is detailed in
reference 10 toward baseline and follow-on aircraft/stores
certification programs. In the future, along with certification of
initial stores, a mature technical data base will be established by
the c ntractor which will be used by government agencies for in-house

t certification of follow-on stores. A parametric approach is ideally
suited for accomplishment of this goal with respect to flutter
clearance.
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PREDICTION OF THE UNSTEADY AIRLOADS ON HARMONICALLY
OSCILLATING SPHEROIDS BASED ON AN ANALYTICAL SOLUTION

OF THE GOVERNING WAVE EQUATION(U)
(Article UNCLASSIFIED)

by

K. -L. Chao and H. Fdrsching
Deutsche Forschungs- und Versuchsanstalt

fflr Luft- und Raumfahrt e. V.
- Aerodynamische Versuchsanstalt Gdttingen -

Gattingen0 Fed. Rep. Germany

ABSTRACT. (U) Analytical solutions are presented for the un-
steady aerodynamic pressure distributions on slender ellipsoids of re-
volution, oscillating harmonically in subsonic compressible flow. The
governing potential equation is first transformed into the classical
Hetmholtz wave equation by applying a gauge transformation and a co-
ordinate scale transformation. Then, with introduction of non-orthogo-
nal prolate spheroidal coordinates, the wave equation is solved for the
prescribed body surface and flow field boundary conditions through ap-
plication of the method of separation of variables. For a variety of
slender spheroids, performing harmonic rigid body plunging and pitch-
ing oscillations, the unsteady aerodynamic pressure on the body sur-
face is calculated. These analytical results are compared to corre-
sponding experimental results and to numerical results obtained from
a panel approach and from Slender-Body-Theory.

"Approved for public release; distribution unlimited."
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NOTATION

Coordinates

X, y, z cartesian coordinates

x 0 . yo. z0  transformed cartesian coordinates, see
eq. (14)

, i7, e prolate spheroidal coordinates, see eq. (15)

Other notations

a velocity of sound of the undisturbed flow

a semi-major axis of the spheroid

b semi-minor axis of the spheroid

c characteristic length of the spheroid, see
eq. (21)

Cp= P/qc pressure coefficient

c' c" real and imaginary part of c
p P

f(x, y, z) body surface function

f(x, y, z) amplitude of the body surface disturbance

h parameter of the spheroidal functions, see
eq. (23)

i 4' unit imaginary number

p amplitude of the unsteady pressure

q0D = pcl0 T/2 dynamic pressure of the undisturbed flow

t time

amplitude of the plunging oscillation
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Amn, A coefficients of the spheroidal wave function

Dmn(h), En(h) coefficients of the spheroidal functions

F(x. y, z, t) surface function of the oscillating body

Ii(1, n), Ji(1, n) integrals over the spheroidal functions
S 1 (h, 7)

Ma IMach number of the undisturbed flow

Pm associated Legendre function of the first kind
n for > 1
m

P" (7) associated Legendre function of the first kind
for 77 <_ 1

Q Q (9) associated Legendre function of the secondn£ kind

R mn(h, ) spheroidal radial function of fourth kind
Rmn(h) spheroidal radial function of first kind

R (h, ) spheroidal radial function of second kindMn

S tn(h, 17) spheroidal angle function of the first kind

U velocity of the undisturbed flow

a reciprocal numerical eccentricity of the
spheroid

Prandtl factor, see eq. (12)

y characteristic parameter, see eq. (24)

8 = Z/a dimensionless plunging amplitude

radial coordinate of the spheroid surface,
see eq. (21)

x wave number, see eq. (4)
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p fluid density of undisturbed flow

angular amplitude of the pitching oscillation

Hgauged wave function

wave function, see eq. (11)

• perturbation velocity potential

W circular frequency of oscillation

W* reduced frequency, see eq. (2 7)
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*1 INTRODUC TION

In designing aircraft carrying external stores, aeroelastic aspects are
of considerable importance. The carriage of stores on wings may sig-
nificantly change their dynamic characteristics, and often adversely
affect their aeroeastic properties as a result of reduced wing frequen-
cies and the introduction of critical frequency ratios together with in-
ertia, elastic and aerodynamic coupling between toads. Adverse flutter
stability characteristics and considerably towered flutter speeds may
occur, and these restrictions severely constrain the flight envelope
and the manceuvrability of the aircraft.

As a prerequisite for performing aeroelastic analyses of aircraft car-
rying external stores, one needs knowledge of the unsteady airloads
generated by the structural oscillations of the wing/store configura-
tions. Whereas for general lifting surface configurations, sufficiently
substantiated theoretical methods and computer routines are available,
the prediction of the motion-induced unsteady airloads on oscillating
non-lifting bodies stilt requires further development.

For the numerical prediction of the unsteady airloads on oscillating
bodies, the Slender-Body-Theory, as originally established by G. N.
Ward (1) and further developed by many investigators (2), was for a
tong time the most important approach. However, with the advent of
high-speed computers and the development of panel techniques for the
numerical solution of lifting surface integral equations, new possibili-
ties became available. Thus, in recent time, several panel integration
techniques for the prediction of the steady and unsteady airtoads on bo-
dies and wing/body configurations have been developed, as shown in
references 3 to 5.

It is well-known, however, that a reliable prediction of the typical
pressure peaks at the front and rear part of a non-lifting body exposed
to an airstream is a difficult problem, and that the magnitude of these
pressure peaks is extremely sensitive to the local box arrangement
used with the panel techniques. For checking the quality of such nume-
rical approaches and for obtaining a better insight with regard to an
optimum panel arrangement, the knowledge of the related exact solu-
tions would be of great benefit. The elaboration of such exact solutions
for slender ellipsoids of revolution oscillating harmonically in subso-
nic compressible flow is the subject of this paper.
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GOVERNING WAVE EQUATIONS AND BOUNDARY CONDITIONS

The governing equation for a body oscilating with small amplitudes
about a steady mean position in compressible flow is the well-known
linearized potential equation (ref. 7)

2 2 2 ax2

8x 2 a 8y z a a 0

where If (x, y, z, t) is the perturbation velocity potential and ao the
velocity of sound of the undisturbed flow. If we specialize our conside-
rations to simple harmonic motions, for which 'P (x, y, z, t) becomes

(xyzt) ( z) (2)

with w as the circular frequency of oscillation, eq. (1) reads:

(1 - a 2  + A 2+ a 2 ixa 2 +20 (3)00a2 cy 2  az 2 o ax"

This equation is a modified (generalized) wave equation, where % (x, y, z)
is the so-called wave function, and

'=s- (4)a
co

the wave number. For Maco = 0 eq. (3) takes the form of the classical
Helmholtz wave equation for the medium at rest. If a solution of eq. (3)
has been found, then a solution for any oscillation can be derived for a
given initial condition by application of the principle of superposition.

The condition at the boundary of a body states that, over its surface,
the normal component of fluid velocity ao/an is fixed by the body's
motion. The geometry of the oscillating body at time t is given through
the equation of motion of its surface:

F(x,y, z, t) M 0 . (5)

In steady state the body surface is given through

f(x,y, z) = 0 (6)

so that the equation of the surface of a body oscillating harmonically
with small amplitudes about a steady mean position can be expressed
as follows:

iWt
F(x,yzt) f f(x,y,z) + F(x,yz)e t , (7)
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where f(x, y, z) is a given disturbance function (mode shape) of the bo-
dy surface. Then, the linearized kinematic boundary condition over the
body surface reads (ref. 7)

a 2ka ay aa* + ?o (8)y y +" k

In addition to eq. (8), the condition must be fulfilled that the wavelike
disturbances are propagating outward away from the body surface to
infinity without reflexion.

Finally, when the wave function 0 is found, the unsteady pressure
p(x, y, z) e1wt can be calculated from the following relation:

_P + (9)

where qco= pU /2 denotes the dynamic pressure of the undisturbed
flow.

SOLUTION OF THE BOUNDARY VALUE PROBLEM FOR AN
OSCILLATING SPHEROID

BASIC CONCEPT OF SOLUTION

Equation (3) together with the afore-mentioned boundary conditions
describes a boundary value problem of the Neumann type. In order to
find solutions of the modified wave equation (3) we try to make use of
the well-known solutions of the classical Helmholtz wave equation

82o + 2E + ap + X2- , (10)
a2 a2 az2
0 y0  a 0

which describes the radiation of waves in a x 0 . y 0 , z0 coordinate sys-
tem at rest relative to the flow, where 0 (x0 , y 0 , z 0 ) is the wave func-
tion for an observer who moves with the undisturbed free flow. Solu-
tions of eq. (10) can be found by application of the method of separation
of variables. Consequently it must be possible to find solutions of eq.
(3) in the same manner, provided it is possible to transform eq. (3) in
such a way that it takes the form of eq. (10) in an appropriate new co-
ordinate system. Then the known solutions of eq. (10) can be taken and
retransformed into the original coordinate system, thus yielding a so-
lution of the modified wave equation (3).
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However, before we can follow this way, we have to remove yet an ob-
stacle. Since eq. (3) is non self-adjoint, i. e. non-invariant with respect
to a reflexion x -x, we first must transform eq. (3) into an adjoint
differential equation. This is possible by appyling a gauge transforma-
tion (see ref. 6)

wh re(x, yZ) - (P(x, y, z) exp (iX l2 " x)  .(

where

Ma (12)

is the welt-known Prandtl factor. With this transformation, eq. (3)
reads

,4 a 2_p +0 2 820 + 02 82 + x29 = 0 .(13)
ax2 8y2 8z

Then, by application of a coordinate scale transformation

2x = x

z= z0

eq. (13) finally takes exactly the form of the classical Helmholtz wave
equation (10).

INTRODUCTION OF NON-ORTHOGONAL SPHEROIDAL COORDINATES

In order to apply the concept of separation of variables for the solution
of eq. (10) for a harmonically oscillating spheroidal body we introduce
the following prolate spheroidal coordinates:

x0 =c977

c~ cT

Y c1 - 7 7cose , (15)

z = c 2- sine

with
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I 5 co ; -1S 7 ; 0< O8. 27r . (16)

Here the x-axis is chosen as the axis of rotation. The coordinate sur-
faces 0 const consist of confocal ellipsoids with the linear eccentri-
city c, whereas 7 = const describes confocal hyperboloids, see Fig. 1.
e = const represents planes *oing through the x-axis. All these coor-
dinate surfaces are normal to each other. Hence the coordinate system
f, 77, E is orthogonal with respect to the initial coordinate system x 0
YO, z0"-

In the coordinate system 00 77,6 the Helmholtz wave equation (10) takes
the form

222~~~ 77 ri. .+2-( 2) .1+
L _7) gP a ia7 all

2 2 2(17)
+ . +22 2 2 = 0 .( -  )(1 -7 2 )

Introduction of eqs. (15) into eqs. (14) yields the following coordinate re-
Lations:

y = Pc 1/4?I7 71cose . (18)

z = 'T' .- 77' sine
That is, with these coordinate transformations, eq. (13) can be trans-
formed into eq. (17) and can then be sotved by applying the concept of
separation of variables.

It is mentioned in passing that the coordinate surfaces 6 = const are
perpendicular to the surfaces 0 const and 7 = const, respectively.
But this is not the case for the normals to the coordinate surfaces
const and ?7 = const as illustrated in Fig. 1. Moreover, upon introduc-
tion of eqs. (18) into the surface equation of the spheroid under consi-
deration

2 2  2__+ 2 z  (19)

a b

one gets a 2c0, b= 0- (20)

and therefrom
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c~ ~a = "b2 a
2 a2"-2 b2 '

In the ,, e coordinate system, c describes a characteristic lng
of the spheroid, which changes into the linear eccentricity c = 4a 2 -b -

for = 0. The surface of the spheroid is given by 9 = go.

Finally, we have yet to apply the transformations expressed in eq. (11)
and eq. (18) to eq. (8) and eq. (9). In the spheroidal coordinate system,
the boundary condition, eq. (8), reads

2 22 (a2"2) + a(1-0 2 )2p +
aca2 ( 0-7 I 2 ((22)

2 (02- 2 e = - [U +

with

h = cx , (23)

-y.) = h4 " ,o (24)

a= a (25)

where h is a characteristic parameter of the spheroidal functions and
a the reciprocal numerical eccentricity.

The pressure distribution, eq. (9), in spheroidal coordinates reads

.1) E!2 + 9(l-n 2 ) 2 icw*

;, wherewr* 
-

(27)

denotes the reduced frequency which is based on the body length 2a as
characteristic length.
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SOLUTION OF THE WAVE EQUATION FOR A PROLATE SPHEROID

The possibilities of solving eq. (17), by applying the method of separa-
tion of variables, have extensively been discussed by several investi-
gators in refs. 8 to 11. In particular, for a prolate spheroid, the so-
lution has been given by C. Flammer (9). This solution to eq. (17) con-
sists in a superposition of all partial waves expressed by the Lame-
product

= aU , A R (h, ) S (h,7) sinm8 " (28)
00 21 E mn ra rn
m-1 nm

The spheroidal angle function of the first kind Smn(h,77) of the degree
m and order n is given through the associated Legendre functions of
the first kInd pm(n):

S (h,7)= Dmn (h)Pm (77) , (29)SmnZ =k n +2k-(
k-1

with wih2, if n-rm is even (

n = (30)

1, if n-m isodd

The spheroidal radial function of fourth kind Rmn(h, ) is given by

R (h, e) = R.(h, ) - iR" (h, ) , (31)
rma

with
00

Rmn(h,) K (h) Pm+2k.( (32)
nn k=1

and
C

R" h,) D - (h) Qm+
mn K" In +2k-mn kl

(33)

~ ~mn,. In -(U I '~~ n1+ Ek  In) Qm.2k+2-n Z k 2k-m-3 +H(

k= 1 k=rm+1
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m
where Qn () denotes the associated Legendre function of the second
kind. The coefficients Dk , Ekr, Kn n and K n are given in ref.
12, whereas the unknown coefficients A.n are to be determined from
the boundary condition, eq. (22), as shown later. Then, with the coef-
ficients Amn, the unsteady aerodynamic pressure can be calculated
from eq. (26) as foLlows:

02 0 0 A 77 (92- 1 ) dmn(hd S ()

qu CArn Z 9 A 2_ 2 d9 Smn(h, 7 +

m1 n=m

+ R (h,) dSmn(h) + (34)

2 2 n(h d1 7

+ 2__ R (h,) h,7) sinm6 e i 7

28 2=E0

SOLUTIONS FOR RIGID BODY PLUNGING AND PITCHING
OSCILLATIONS

Since external stores of aircraft are relatively rigid bodies compared
to the flexible wing, their oscillatory motions in a wing/store vibration
mode consist primarily of rigid body motions. Thus, the rigid body
motions are of main concern in unsteady aerodynamics of external
stores, so that we may focus our further considerations on rigid body
plunging and pitching oscillations of the spheroid.

When the spheroid with the surface function

2 2 2
f(x,y,z) = x y +z

a 2 b2

is undergoing harmonic rigid body plunging oscillations with amplitude
= a 6 , the surface function has the form

2 irt2
F(x, y, z, t) = + L- + (z-ae1 (36)

a 2 b2  b2

For small amplitudes it follows from eq. (7)
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2a6 (37)

and the right hand side of eq. (22), taking into account eq. (18) and eq.
(20), reads:

CO f-;* 1 ll (38)

In the case of rigid body pitching oscillations with small angular de-
flections a~ about an axis x a i parallel to the y-axis, the surface
function is

F (x,y, z, t) = (x +z6 e 1 ~) 2 2+ [z -x N )a e iL (39)
a2 b2b2

For smal amplitudes, one gets

- 2a 2 240
f 22 (X-x-~) z (0cab

and the right band side of eq. (22) formulates as follows:

r 8 -12aU r*2 r '
[UI ay -+f j - 00 [1 + !-*(n - a fl]1-n sin 1 (41)

with

-7 a (42)

From eqs. (38), (41) and (22) it becomes obvious that for rigid body
motions only the wave function p of degree m = 1 is needed. Thus,
the solution given in eq. (28) takes the form

=aU, Z A R I (h. 1 S1I (h,i7) sine (43)
n-1] After introduction of eqs. (38), (41) and (43) into eq. (22), one gets the

following equation for the determination of the unknown coefficients

[z 2_2 In(h7) 2 1 7L 1772 x (44)
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x Rln(h,+ ) ( + 27 (2 2 )R1 n(h, ) Sn(h,) 77

2=0

wth

J Am7 1-7 for plunging oscillationsj
0 - e for pitching osciaatoons

8 C20 0

with
An
--6 for plunging oscillations

A n Al (45)

a for pitching oscillations.

In order to determine the unknown coefficients Ain from eq. (44) we
multiply both sides of eq. (44) with the function Sl 1 (h,77) of degree m = 1
and order 1, and integrate the resulting equation over 77 from - 1 to
1. Then we obtain the following set of linear algebraic equations with
constant complex coefficients for the determination of the complex un-
knowns Ain (n = 1,2,3,...c):

-- [dl(h, t) 2(I2)
D 1 d 10 (1 n) + R (h, 90 ) I1 (1 n) + (46)

a2  in hO I2 ( ,2n)] =

2

a iW* 1 o( j (,)M for plunging oscillations
2 2 0 [ 0~' J2(

= 0 0~

1w a( 2~ \ 2 + T L w* [ 2  J ( ) 3 1) '
2 [- 1J o 0(l u2~ 2 0~ J()}

0o o4-C2 --

for pitching oscillations
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with I- 1,2#3,..,o.

t Therein Ii(l, n), (i 0, 1,2) and Ji(l, n) (i = 0, 1,2, 3) are integrals
over the spheroidal functions Sj(h,?7 ), the solutions of which are given
in ret. 12.

In practical calculations, we have always to limit ourselves to a finite
number, N, of equations. It has been found that for N : 100, full con-
vergence within the range of computer accuracy can be attained. The

solution of the resulting system of N complex or 2N real algebraic
equations for the determination of the N unknown coefficients Aln can
then be performed, applying standard matrix routine procedures. Upon
introduction of these coefficients into eq. (34), the unsteady pressure
distributions for the spheroid oscillating in plunge and pitch can be cal-
culated.

NUMERICAL RESULTS

In order to compare these analytical results with those obtained from
panel and slender body approaches and from measurements, a compu-
ter program has been developed. Some typical results for the pressure
distributions on a spheroid with a/b = 4 oscillating harmonically in ri-
gid body plunging and pitching mode at various reduced frequencies w*
and Mach numbers Mao are illustrated in Fig. 2 and Fig. 3. For the
same mode shapes, Fig. 4 and Fig. 5, show the pressure distributions
on various spheroids at Mac z0, 5 and w* = 2. It is seen that strong
pressure peaks appear near the front and the rear body part. These
contribute considerably to the overall generalized airloads in aero-
elastic modal analyses.

Finally, in Fig. 6 and Fig. 7, for a slender spheroid oscillating again in
plunge and pitch, the results of the present theory are compared to
those obtained from GeiIller' s panel procedure (3), from Slender-Body-
Theory (2) and from experiment (13). With the exception of the front
and the rear part of the body there is generally good agreement be -
tween the theoretical results. Around the rear and front body parts,
Slender-Body-Theory yields necessarily a singular pressure behav-
ior, whereas Geiller's panel results are somewhat superelevated.
From that it becomes clear that a reliable prediction of the pressure
peaks in these regions is difficult, and that the magnitude of these
peaks is very sensitive to the local arrangement of the integration
boxes adopted in a panel procedure.
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F-16 FLUTTER MODEL STUDIES WITH EXTERNAL WING STORES
(U)

(Article UNCLASSIFIED)

by

Jerome T. Foughner, Jr.
NASA Langley Research Center

Hampton, VA 23665

and

Charles T. Bensinger
General Dynamics Corporation

Fort Worth, TX 76101

ABSTRACT. (U) The flutter prevention and clearance task for the
F-16 airplane is being accomplished in a combined analysis, wind tunnel
dynamic model test, and flight flutter test program. This paper presents
highlight results from transonic flutter model studies. The flutter model
was constructed to support the flutter prevention and clearance program
from preliminary design through flight flutter tests. The model tests
were conducted in the National Aeronautics and Space Administration's
Langley Transonic Dynamics Tunnel. The large full-span free-flying
model is shown to be an effective tool in defining airplane flutter
characteristics by demonstrating freedom from flutter for most configu-
rations and by defining optimum solutions for a few troublesome configu-
rations.

"Approved for public release; distribution unlimited."
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INTRODUCTION

The prediction and the prevention of flutter on fighter aircraft
carrying stores is a subject which is currently receiving widespread
attention (for example, see ref. 1). Because tactical airplanes such
as the F-16, shown in figure 1, carry a variety of external stores,
numerous potentially flutter critical store combinations must be
evaluated during flutter clearance studies. The addition of external
stores to the wing changes the structural dynamics of the airplane
usually resulting in a reduction of flutter speed.

The flutter prevention and clearance task for the F-16 airplane
is being accomplished in a combined analysis, wind-tunnel dynamic-
model test, and flight flutter test program. The purpose of this paper
is to present some results obtained from transonic flutter model studies
of the F-16 airplane with external wing stores. The flutter model was
constructed to support the flutter prevention and clearance program
from preliminary design through flight flutter tests. The wind-tunnel
results were used to demonstrate the required flutter speed margin and
to verify analytical methods. Approximately 270 wing-store configurations
have been identified for the F-16 airplane from the 21 take-off store
loadings shown in figure 2. The vast majority were found by analysis to
present no problem. A few loadings were found to be marginal from a
flutter standpoint with respect to the required flutter margin of safety.
The flutter model test configurations were chosen to include the marginal
loadings along with a representative cross-section of store weights and
shapes and those configurations to be flight flutter tested.

The model tests were conducted in the National Aeronautics and Space
Administration's Langley transonic dynamics tunnel. This facility was
specifically designed (refs. 2 and 3) for experimental studies on flutter
and other aeroelastic phenomena. The quarter-scale, full-span, free-
flying transonic flutter model was designed and constructed by the Fort
Worth Division of General Dynamics Corporation. The model was dynamically
and aeroelastically scaled to simulate the F-16 airplane during sea level
flight at Mach number of 1.2. The quarter-scale F-16 model wind-tunnel
test program was initiated in June 1975 and continued into March 1977.
One hundred and forty-nine model configurations were tested during four
tunnel entries made during this period, 86 days of testing. The first two
entries were preliminary tests where the model design was based on cal-
culated values of airplane mass, stiffness, and vibration modes. For
entries three and four the model was updated to incorporate measured
airplane mass and stiffness.
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MODEL

The quarter-scale flutter model is shown installed in the Langley
transonic dynamics tunnel in figure 3. The model is suspended in the
wind-tunnel test section by a two-cable mount system. The use of the
two-cable mount system (ref. 4) allows close simulation of the free-
flight rigid-body modes of complete aircraft in the wind tunnel. The
system consists of a pair of cables which pass through pulleys in the
model; one cable extends upstream in a horizontal plane and the other
extends downstream in a vertical plane. The cable mounted model was
"flown" in the wind tunnel by means of remotely controlled horizontal
tails which provided roll and pitch trim control.

MODEL FABRICATION

The wing, horizontal tail, and vertical tail were all constructed
in a similar manner. Precured fiberglass skins were bonded to a con-
toured Nomex honeycomb core. A machined aluminum fitting was bonded to
the root of each surface to provide a means of attachment to the fuse-
lage. Proper mass distributions for each surface were obtained during
assembly by use of ballast weights which were a mixture of tungsten
chips and epoxy resin. The wing included leading-edge and trailing-edge
devices. The leading-edge actuator stiffness was simulated by four
tuned steel springs. The flaperon actuator restraint stiffness was
simulated by a steel spring at the root. The wing assembly was bolted
to steel support beams which are rigidly attached to the fuselage spar.
The fuselage consists of a thin wall steel spar box with fiberglass
shell sections attached. The nine shell sections are of sandwich
construction with fiberglass skins bonded to Nomex core. A flow
through inlet duct was installed on the model to insure correct flow
around the fuselage. This inlet duct is a fiberglass shell with a
cross-sectional area sized to establish the proper flow conditions at a
simulated sea level altitude and a Mach number of 0.90.

WING PYLON STORE STATIONS

As shown in figure 4, external stores can be mounted at nine stations--
one on the fuselage centerline, six under the wing, and two at the wing
tips. Electronic countermeasure pods, bombs, and fuel tanks are examples
of stores carried on the fuselage centerline. Three types of flexible
pylons (fuel, weapons, adapter) attach to wing hardpoints. Flexible
pylon locations are shown in figure 4 as a fraction of wing semi-span.
The fuel tank store stations are located inboard (0.37) near the fuselage.
The air-to-ground stores are carried at the weapons station located out-
board of the wing mid-span (0.63) and at the inboard station. (0.37).
Air-to-air missiles are carried on an adapter pylon (0,83) and on a
launcher located at the wing tip.
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'I ANALYSIS

In support of the wind-tunnel tests, flutter analyses were made at
Mach numbers of 0.9 and 1.2 for each configuration to be tested. These
calculations were made by Dave Shelton, Darlene Watts, and Paul Waner of
the General Dynamics Corporation. The aerodynamic representation used
in the wing-store analyses was based on the technique developed by
Cunningham in reference 5.

It was found that the analysis gave a conservative prediction of the
wind tunnel test results. Differences between the analyses and test
results are attributed to the difficulties in accurately predicting the
flutter speed of lowly damped roots. In cases where the analytical and
model experimental results differ, the model results are considered to be
more reliable in predicting full scale airplane flutter characteristics.

RESULTS AND DISCUSSIONS

Highlight results from the wind-tunnel model studies are presented
in this section. The wind-tunnel model results are presented in the form
of a reference equivalent airspeed ratio V/VREF as a funtion of Mach

number. The following topics are covered herein:

1. Asymmetrical Store Configurations Have Higher Flutter Speeds

2. Flutter With Air-To-Air Missiles Increased By Use of Ballast

3. Low Damping Precedes Flutter of a GBU-8/B Heavy Bomb

4. External Fuel Tank Usage Sequence

ASYMMETRICAL STORE CONFIGURATIONS HAVE HIGHER FLUTTER SPEEDS

Asymetrical external store configurations are possible for an
airplane such as the F-16; that is, the store loading on one wing differs
from that on the other. The use of a complete flutter model flown on the
two-cable mount system allows for experimental flutter clearance of
asymmetrical external store configurations. A procedure often used (refs.
6 and 7) to reduce the size of the flutter prevention task is to analyze
all configurations as being carried symmetrically. The assumption is
that asymmetric configurations are inherently more stable than symmetric
configurations. Experimental evidence to support this assumption for the
F-16 is presented in figure 5. For the symmetrical fuel tank and under-
wing missile configuration shown at the top of figure 5, antisymmetric
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flutter occurred at a reference equivalent airspeed ratio of 0.875. The
asymmetric configuration shown at the bottom left of figure 5 was obtained

t by removing an under-wing missile. Flutter then occurred at a reference
equivalent airspeed ratio of 0.958. For the asymmetric configuration of
a wing-tip missile on one wing and under-wing missile on the other wing,
as shown at the bottom right of figure 5, no flutter occurred out to an
equivalent airspeed ratio of 1.05. The symmetrical configuration fluttered
at a lower speed than either asymmetrical configuration shown in figure 5.
The effect of asymmetrical store configurations in this case is to
increase the flutter speed.

FLUTTER SPEED WITH AIR-TO-AIR MISSILES INCREASED BY USE OF BALLAST

A large portion of the flutter model tests was devoted to configu-
rations with four air-to-air AIM-9J missiles. Preliminary model test
results are given in figure 6a. For the basic four missile configuration
symmetric flutter occurred at Mach numbers 1.12 and 1.09, near the required
flutter margin of safety boundary. As seen in figure 6a, removal of the
tip missiles resulted in antisymmetric flutter occurring at reduced air-
speeds at Mach number of 1.0 and 1.07. This flutter mode was the result
of coupling between two closely spaced antisymmetric modes, uwder-wing
missile pitch at 9.55 Hz, and wing first bending at 9.62 Hz. In view of
the above results, an analytical and model parametric study was undertaken
to evaluate methods of increasing the flutter speed by increasing the
frequency separation of these two modes. Methods examined included
moving the under-wing missiles forward, stiffening the missile launchers,
and adding ballast weight to the missile launchers.

When the first method (moving missile forward) was tested, the model
and analysis showed different trends. However, by refining the analysis
to include aerodynamic interaction between the wing and the missile, better
correlation with the model results was obtained. The flutter model results
showed that a 0.254 meter forward movement of the under-wing missile was
beneficial for the loading with the two under-wing missiles, but decreased
the flutter speed ten percent for the four missile loading.

The second method, stiffening the missile launchers, was successful
in increasing the flutter speed, but required too large a weight penalty
and was not considered an acceptable solution.

The third method, adding a small ballast weight to the missile
launchers, was selected to improve the flutter characteristics of thefour missile case. Ballasted-launcher test results are presented in

figure 6b. The changes in the model from the initial test are slightly
lengthened missile launchers (required to accommodate potential change over
to AIM-9L missiles) which have a small ballast added in the nose. With
launcher ballast, the four-missile loading (figure 6b) fluttered at a Mach
number of 1.10, at an airspeed slightly higher than the initial case (figure
6a). The loading with the tip missile removed showed no flutter (figure
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6b) out to a Mach number of 1.13. The model test was terminated at this
point (near maximum tunnel dynamic pressure) due to the development of a

lateral instability of the model on the cables. With the addition of
ballast to each airplane launcher, substantial improvement in flutter
characteristics for the loading with the tip missile removed is seen.
This result impacted the airplane design in that the airplane missile
launchers have been modified for flutter speed improvement.

LOW DAMPING PRECEDES FLUTTER OF A GBU-8/B (HEAVY BOMB)

Flutter model test results for a GBU-8/B heavy air-to-ground
weapon (1027 Kg, 2265 LBM) are presented in figure 7. This particular
bomb is the only one out of the list of air-to-ground weapons which may
be marginal from a flutter standpoint. All other weapons carried at the
63 percent span have more than the required flutter margin of safety based
on model test results.

Mild symmetric flutter was observed just beyond the required
carriage envelope (0.9 Mach). This flutter was preceded by a wide band
of lowly damped oscillations as shown on the right of figure 7. Similar
results were obtained with a half full 1400 liter (370 gallon) tank added
to the wing at the inboard station as shown on the left of figure 7. The
flutter occurred at approximately the same airspeed, but at a lower Mach
number. Again the flutter points were outside the flight boundary.
Variations in weapon pylon stiffness did not significantly change the
test results.

The tunnel results indicate the possibility of encountering some
lowly damped oscillations in flight although limited past experience (ref.
6) has shown this phenomena to be more prevalent in the wind tunnel than
in flight. Possible alternate carriage configurations for this heavy
weapon were investigated in the wind tunnel. Configurations without the
AIM-9J missiles or with the wing tip missile moved inboard to the under-
wing missile station were shown to substantially increase the flutter
speed.

EXTERNAL TANK FUEL USAGE SEQUENCE CHANGE INCREASES FLUTTER SPEED

External tank fuel usage sequence was found to be important for a
downloading of the four missile air-to-air configuration with a partially
full 1400 liter (370 gallon) fuel tank at the inboard station. The effect
of tank fuel usage sequence on flutter speed with the tanks half full is
presented in figure 8. The configuration shown at the top of figure 8
consists of the fuel tanks and under-wing AIM-9J missiles. The half full
tank shown in the lower tank sketch simulates the initial fuel usage
sequence: forward bay first, then aft bay, then center bay. Antisym-
metric flutter occurred for this configuration.
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The flutter onset was preceded by a period 
of lowly damped response.

Substantial improvement in flutter speed is shown for the half full tank

(upper tank sketch) with the fuel usage sequenced so that fuel was used

out of the center bay first. This modified fuel sequencing increases by

a factor of four the pitch moment of 
inertia about the tank center-of-

gravity for the half-full tank and eliminates 
flutter. This result

impacted the airplane in that the external fuel tank usage sequence has

been modified for flutter improvement.

CONCLUDING REMARKS

A large full span free flying model 
has proved to be an effective

tool in defining flutter characteristics 
prior to flight tests of a high

performance airplane with external wing stores. Satisfactory carriage

has been demonstrated for a wide variety 
of external store loadings.

The model test results were used to 
verify analytical methods and

resulted in improved carriage capability 
of certain store loadings by

changes to the missile launcher and 
external tank fuel usage sequence.
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THE USE OF FEEDBACK CONTROL AGAINST FLUTTER
DUE TO EXTERNAL WING MOUNTED STORES

(U)
(Article UNCLASSIFIED)

by

Rolland Dat, Roger Destuynder and Jean-Jacques Ang6lini
Office National d'Etudes et de Recherches A6rospatiales (ONERA)

92320 Chtillon (France)

SU14ARY. (U) This paper shows the reasons vhy the store induced
flutter of military aircraft is a privileged field of application of
active flutter control. Then the mathematical formulation of flutter
control is presented and the significance of the methods used to derive
a control law on a rational basis is shown. The activity of ONERA in
the field of flutter control is briefly presented.
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I
1 - 1l3TRODUCTION

The classical solution used so far to improve the flutter charac-
teristics of an existing aircraft consisted in structural modifications
mass balancing, modification of the stiffness distribution, or overall
stiffness augmentation.

With the improvement of electronic and electrohydraulic actuator
technology, the active flutter control has been made possible for
present and future aircraft. In this solution, an aerodynamic control
surface driven by an actuator is used to generate stabilizing aerodynamic
forces. The rotation of the control surface is related to the signals
of sensors located inside the wing, through a "control-law" which
characterizes the whole feedback system, including the actuator.

The flexibility of this solution is particularly interesting when
the wing is prone to meeting several marginal flutter instabilities due
to changes of configuration.

In most cases, the active control also provides a lighter solution
than that of a structural modification.

The major ifficulties of active control are- met in the determi-
nation of the control law. The first difficulty lies in the choice of
a mathematical criterion, allowing its derivation on a rational basis
the second difficulty is due to an insufficient knowledge of the unsteady
aerodynamic forces, and the third one, which is met in the actual reali-
zation of the control law, is of technological nature.

In this paper, the mathematical formulations proposed for the deri-
vation of a control law are presented and it is shown that they may be
classified according to the degree of knowledge of the structural
characteristics and aerodynamic forces which they need for their appli-
cation.

In the last paragraph, the investigations performed at ONERA are
presented and wind tunnel experiments are shown in a movie.

2 - STORE-INDUCED FLUTTER

The flutter instability of a wing is due to the coupled aerodynamic
forces, i.e. to the forces which are produced by the bending and torsional
deflections of the wing and modify its natural vibration modes. As a
first approximation, it may be assumed that the aerodynamic forces depend
linearly upon the motion of the structure, in the same way as the struc-
tural, inertial and elastic forces ; this assumption is also extended
to the structural dissipative forces, which are assimilated to viscous
forces. But instead of being only conservative and dissipative, as the
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structural forces, the aerodynamic forces may be acrive and perform a
positive work when the structure is performing a periodic vibration
that means that the generalized aerodynamic forces have a component in
phase with the velocity of vibration of the structure.

In the classical bending-torsion flutter, the structure motion is
a combination of at least two degrees of freedom of the structure, and
it is the phase lag between these two component motions which makes
possible the transfer of energy from the flow to the structure. This
motion is produced naturally only when the frequencies of the two na-

tural vibration modes are close enough. In figure 1, the full lines
show, in a qualitative manner, the variation of frequencies anddamping
ratios with velocity, at a constant altitude, for a typical wing bending-
torsion flutter. The flutter instability occurs- only when the two
frequencies are close to each other.

frequencies (f)

. __. with store

max speed of
'rcraft

flutter speed

dampings (m)

Fig. 1 - Wing bending-torsion flutter.
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The rapidity of evolution of the frequencies toward their crossing
point is strongly dependent on the structural stiffness and on the mass
and stiffness distribution. The military aircraft wings are generally
stiff and they are desig.nd with a view to make their flutter speed
much higher than the maximram speed of the aircraft in the clean wing

P configuration, as shown ir. .t'gure 1. But this design does not guarantee
that the aircraft will rejain clear from flutter when external stores
are fixed on the wing.

The addition of a store with large mass and inertia makes the
vibration modes "heavier", with lower frequencies and modified mode
shapes. It may have a stabilizing or a destabilizing effect according
to the store's relative values of mass and inertia and to the location
of its centre gravity and elastic axis. Usually the store is destabilizing
when its centre of gravity is in a rearward position and its pitching
inertia is high compared to its mass. This effect may be large enough
to make flutter appear inside the flight envelope. The instability
obtained in this manner is generally much- milder than the initial flutter
of the clean wing, because the flutter velocity and frequency are smaller
and the amount of energy which the flow can provide at each cycle of
vibration is smaller, compared to the elastic energy, than it was in the
initial flutter.

But actually, the effect of a store is complicated by the flexibility
of its pylon : instead of considering the store as an additional mass
and inertia, the designer must consider it and its pylon as an addi-
tional conservative system with two or more degrees of freedom, which
modifies the initial vibration modes of the structure. Among the modi-
fications observed, one of the most remarkable concerns the torsion
mode which is generally split into two modes : a false torsion mode at
low frequency, in which the predominant motion is the pitching oscillation
of the store, and the actual torsion mode, at a frequency a little
higher than the clean wing torsion frequency. The flutter instability
is mainly due to the coupling between the false torsion and the bending
mode.

The difficulty of flutter prevention of a military aircraft lies
in the number of combinations of stores which the aircraft is required
to carry. This number is so high that the structure cannot be expected
to be flutter free for all the store configurations. The classical
means of preventing flutter by a structural modification is not satis-
factory in that case, because it would necessitate several structural
configurations in order to clear all the stores combinations. Obviously,
that solution is not flexible enough and, further more, the additional
mass or stiffness'necessary to prevent flutter in the most critical
store combination may be relatively heavy.

On the other hand, the active flutter control is much attractive
for its flexibility : instead of changing a structural configuration
when the store combination is changed, one has only to change the control
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-aw. ,ur-thermore, since the socre-iduced fltze: iid, its ac ive
t4 control can be performed safely with a relatively small amount of energy

storage.

3 - MATHEMATICAL FORMULATION

3-1 - FLUTTER EQUATIONS

The equations which govern the response of a wing in a flow to a
harmonic excitation may be written :

Z(W I=q (1)

where Z is the impedance matrix given by

+ p V2A w)cipVB(iw) (2)

and 3 are the symmetric positive structural matrices of,
respectively, the generalized mass and the generalized stiffness (the
structural damping has been omitted for the sake of simplicity)

A and B are aerodynamic matrices

9 is the colun vector of generalized coordinates : when the modal
representation is used, •i, defines the contribution of the Vk
normal mode to the motion

Q is a column of hypothetical generalized harmonic external forces,
which is written here only to justify the harmonic response.

The natural frequencies and dampings of the structure coupled with
the flow are determined by the poles A of the impedance matrix Z()
Flutter occurs when the real part of one of the poles is positive.

3-2 - ACTIVE CONTROL

If a rotation % is given to the control surface (see figure 2),
the equations giving 9 must be written

Z)+ UCJ =Q(3

where Cciu)is the colu matrix giving the force and moment at the re-
ference axis of the control section due to the control surface rotation

Fb) (4)
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and i result from the inertial and aerodynamic effects of
the control surface and C may be written

C - COv2L (5)

where i (Gi) and ?Vtj(A") are the complex coefficients of aerodynamic
lift and moment due to control surface rotation; S , I , 9 f and z,
are inertial and geometric characteristics of the control surface and
control section (figure 2).

rv

*

Fig. 2- Control section.

U is the matrix of modal deflexions and torsions at the reference
axis of the control section:

and the resulting deflection and torsion are given by

is the conjugate transpose of U
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With two sensors in the control section, and can be mea-
sured and used as input signals to the servo-control which determines

.4 . The control law relating the output /3 to the inputs
and 9~ can be defined by a column matrix of order two, X(.W).
We have :(" ( )

where X is the conjugate transpose of the column X

Then equation (3) may be written as

[z. cRuJ Q (6)

This equation shows that the impedance matrix has been modified
by the active control and is now Z + dZ with

Az z CX u (T)

4Z is a singular matrix since its columns are proportional to the
same column UC

If several control surfaces are used for the active control, AZ
may be written as

zz:2LY (C) (.k) [Lii
kc k k kc

The uncontrolled wing is unstable if one of the poles of Z (4)
is on the right hand side of the complex plane. In that case we must
find a control law X(io) such that the poles of Z +46Z are all
on the left hand side. Since there is an infinity of solutions to this
problem, we must use a mathematical criterion to select a satisfactory
one. Several criteria are analysed in this paragraph.

3-3 - SELECTIVE CONTROL OF THE FLUTTER MODE

The selective control of the flutter mode has been investigated

at ONERA by J.J. Angelini (1). In this method, the problem which issolved is:

- to determine a control law which modifies only the damping

of the unstable mode, and makes it positive, without modifying the
other modes.

This problem can be solved if the impedance matrix is perfectly
known ; figure 3 from ref. (1), shows an example of computed fre-
quencies and dampings with and without the control.
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In this method, the resulting control law provides damped natural
* vibrations with the minimum of control surface deflections, for given

initial conditions. Unfortunately it cannot be applied in many practical
cases, and particularly in transonic flow, for the lack of accurate
information on the actual values of the coefficients of the aerodynamic
matrices A and

3-4 - ENERG COwnSIRAON

By premultiplying equation (1), by 190 4- we obtain the
complex power delivered by the generalized forcesQ

v Z- iw Z W -

The real and imaginary parts of wV can be separated

Wj' i /Zt W_ - J Z

The real part w'* in the active power delivered by Q ,or

the pover dissipated by the structure and the surrounding flow. If
W > o , power is actually dissipated, and if w 4 o the dissi-

pated power is negative, i.e. the flow provides active power to the
structure.
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The imaginary part W4' is an imaginary or "reactive" power
corresponding to the out-of-phase components of velocity and force. It
characterizes the effect of the conservative forces such as elastic
or inertia forces.

Let us define

- [Z-zJ as the matrix of dissipative power (8)

R -i [Z+zJ , as the matrix of reactive power (9)
With Z given by (2), we have

AD:- FpV2  A-AJ + 9 evLBJbl (00)
i9

-z +IpV(cA+A) -L- ev 0V 1B~]i)

The flutter is possible only if the dissipated power can be made
negative, i.e. if there exists q such that D ( 0. Therefore,
the necessary condition for fluttler to occur is that at least one eigen
value of the matrix D be negative.

The matrix R characterizes a reactive procedure which cannot
provide the transfer of power from the flow to the structure in a
cyclio vibration. Nevertheless its influence is predominant on the
natural frequencies, and it plays an important part in the determination
of the flutter velocity and frequency.

When the active control is provided to the wing, the matrices D
and R are modified and become respectively D+4D and

+ with:

~ L.~..A±J(12)

AR - (13)

may be called the control dissipative matrix and A? the
control reactive matrix.

3-5 - NISSIM'S MTHOD

In the Nissim's method (2), the problem which is solved is

- to provide a control dissipative matrix 4D such
that the resulting matrix D +4) is made positive or at least
semi-positive, i.e. it has no more negative eigen values.
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* Zn order to apply this method it is necessary to :nov the aerody-
namic matrices A and J which determine the matrix D according to
eq. (10). But since the property of positivity is not modified by a

variable change, it is sufficient to know the aerodynamic influence
coefficients which are independent of the structural dynamic characte-

ristics. On the other hand, since what we are seeking in this method
is to make the eigen values of D 4 AD positive or null, it is not

necessary to know the matrix D as accurately as in the preceding
method of selective control.

But generally, the condition of semi positivity of 3 + D can
be fulfilled only with several independent control surfaces. For
example, this method has been investigated at the NASA on a model with
two control surfaces : one leading edge control and one at the trailing
edge [3•

3-6 - DISSIPATIVITY CONDITION

In this method, which is investigated at ONERA, the problem which
is solved is to find a control law X preventing the control matrix

aZ from providing active power.

This condition is fulfilled if the matrix Z is positive or semi-

positive.

With Z Z given by (7) we have

-- 0(07 X ) u
Since the transformation by the matrix Ui does not change the

property of positivity, the same condition can be applied to the matrix

s&D given by :

ith y z / X

The eigen values of A are solutions of the problem

[ Cj +/ 2 3 g V = O (14)

Since the matrix 4V is built with the two vectors C and Y ,

it has only two eigen values and the corresponding eigen vectors are
linear combinations of C and y :

V - 4 C by (15)
After substitution of (15) into (14) it is found that the eigen

values A and are solutions of the second degree equation

* ~2A (j CcY). ZC~y-, 9Cay) 0
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is negative, and consequently one of the eigen values is

negative, except if o is proportional to C

Then it can easily be found that X -A->' must be given byY -k C where k iw z V+ , V is a co,,plex fuction
in the lover part of the complex plane
Then according to (T)i, ZZ = c UCCm

If -O ,the matrix AM is anti-Hermitian and the feed-

back control is purely dissipative : it modifies the dampings and has
only a small effect on the natural frequencies;

If V0 , AZ is Hermitian and the feedback control is equivalent
to a reactive system which may have a significant effect on the fre-
quencies and modify the flutter velocity, by its effect on the frequen-
cy separation of the two coupled modes.

The control sufc oainis given by: 13~ C ~

or :AA

with JA +J4 c
where C,(iw) and C2 (Aw7 are the coefficients of the column C

Therefore C determines the relative contribution of C and
to the control surface rotation. The function= C, 4 4 A
can be built directly with the signals provided by the two sensors, as
shown in figure 4.

The column C is determined by the inertial characteristics
of the control surface and by the aerodynamic coefficients of lift and
moment due to control surface rotation. The experimental values of
these coefficients can be determined in flight or in a wind tunnel
with pressure transducers distributed in the control section. In these
measurements, the control surface can be oscillated with the actuator
(figure 5).

When the column C has been determined it remains to determine
the complex function k (4a) . But k is the transfer function
relating t3 to A , and the techniques used for the determination
of feedback controls with only one input and one output functions can
be used. For instance, k may be derived from open loop transfer func-
tion measurements or from a systematic analysis of the variation of
eigen values with the modulus and argument of I , as shown, for
instance, in reference [6J and C7T•
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14 - TE ACTIVITY OF ONERA ON ACTIVE FLUTTER CONTROL

The ONERA has been investigating active flutter control for seve-
ral years.

A theoretical investigation of the method of selective control
of the flutter mode was performed by J.J. Ang6lini 1ll in 1973.

The experimental researches will be presented only briefly since
they will be illustrated by the movie.

Tests were performed in a low speed wind tunnel and in the tran-
sonic S2 wind tunnel of Modane.

The model tested at low speed was a rectangular wing, and flutter
was obtained in the wind tunnel domain with a store mounted on a
flexible pylon [4) . In the first series of tests, a small winglet
was mounted at the wing tip, as shown in figure 6, to provide an
"Identical Location of Accelerometer and Force" (ILAF) type of control.
This control worked satisfactorely and a substantial gain in flutter
speed was obtained, but the addition of a control surface specialized
in flutter control could not be considered as a realistic solution.

coblesufc

Fig. 6 - Rectangular model with its store in the

low speed wind tunnel.

The active flutter control is provided by
the winglet at the wing-tip.
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NMore recently, experiments have been performed in the transonic
S2 wind tunnel of Modane on a dynamic model of a military aircraft
which was modified in order to have a flutter instability with a
store, inside the wind tunnel domain. In that case also, the model
was stabilized with a trailing edge control.S p

The feedback control used in these experiments had only one input

(i.e. one sensor only was used) and one output (or one control surface).

The control law was derived from the Nyquist diagram made with open

loop transfer function measurements performed with the wind on. The

influence of the phase of the control law was also investigated in
order to evaluate the phase margin.

We nov intend to use two input sensors and to combine them with
the dissipative condition. The experimental determination of the lift
and moment due to control rotation, which is necessary in this case,

* will be based on unsteady pressure measurements in the control section
as shown in figure 5.

In another series of tests, the active control was performed
with, a classical trailing edge control surface[ 53 •

Figure 7 to 10 show respectively

- the model plan form,
- the.model mode shapes measured in the laboratory,
- the variation of frequencies and damping ratios with
velocity, with and without control,

- the recording of a flutter onset and restabilization
obtained by cutting the control and switching it on again.

Wind tunwi. -V

G eio \73o SA

1540

Fig. 7 - Flutter control one recangular half wing with external stare.
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Fig. 8- Measured normal modes of the rectangular wing with stores;
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A small electro-hydraulic actuator developed by ONERA was used
in all these experiments.

:.j The implementation of methods for measuring frequency and
damping in a turbulent flow was also necessary.

5 - CONCLUDING REMARKS

The problem of active flutter control has been formulated and
discussed. The determination of a stabilizing control law with one
input and one output (or with one sensor and one control surface, in
this particular case) is a classical problem. But as soon as several
inputs or outputs are used, new mathematical criteria are necessary
in order to determine the relative contribution of the different inputs
and/or outputs. An important characteristics of these methods is the
possibility of their application with an imperfect knowledge of the
unsteady aerodynamic forces.

In this paper the effects of non linearities and the technological
difficulties met in the realization of the control laws have not been
considered.

The first attempts to damp out store-induced flutter on wind
tunnel models have been sucessful even if the control law were not
optimized, and many experiments show that the stabilization with the
active control is generally relatively easy. But this does not mean
that the problem of active flutter control has already been solved
it remains to investigate the response of the active control surface
to turbulence or gusts, and the power delivered by the electro-hydraulic
actuator in the presence of turbulence.
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